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APSTHACT 

Transition rretal c ornrlex e s of li[ands c cntaininr 

thioether sulphur have been investirated. Section I, 

concentrates on Cu(II) complexes, and to a lesser extent 

Cu(I) complexes, of Thixed sulphur-nitrocen ligands . 

Some corr.plexes of Co(II) and the de rr.etal ions, Fi(II), 

fd(II) and ft ( II ) , .have alsc been incl�ded. In Section II, 

c::mplexes of the Group VIE r.:etals (Cr ( C ) , I"o(C), \'.(C)) are 

d i scu ssed . 

S:SCTIC·� I 

A ll of the complexes have been investicated usinc 

infrared an d electr onic sp ectros copy, �ith electronic 

srectra for sore of the Cu(II) comp�exes also �einr 

reccrded at SCK. The Cu (I I) corople�e s have also teen studied 

usinc electron spin rescr-ance ( esr) spectroscopy. For a 

variety of solvents at 77K, esr has been especially useful in 

revealing the complex behaviour of sorrie of the corr.pounds . 

i) Corr.plexes of 2-(3,3-dimettYl-2-1hiaQutyl)ryridine ( tbrr.p ) 

The ligand has been used to prerare the Cu(II) c omplexes, 

Cu(tbmp )nX
2 

( n=1, X=Cl-, Br-; n=2, X=BF4-, C104 , Cl-, Br-), 

[c u(tbmp)
2

X] BF4 (X=Cl-, Br-), and the Cu(I) cooplexes , 

Cu(tbmp)nBr (n=1,2) and Cu(tbmpH)X2 (X=Cl-, Br-). 

Crystallographic studies are rerorted for Cu(tbmp)Er
2

, 

Cu ( tbrnp)
2
Br and Cu(tbmpH)Br2• 

Cu(tbmp)Br2 crystallizes as discrete , non-centrosyrnmetric 

dibrorno-bridged dimers C[cu(tbmp)Fr2]2), in which each Cu ( II ) 

c entre has a distor ted tetraronal pyra�id al en�ir onrr ent. 
The tetrahed rally distorted basal plane of each Cu(II) centre 

consists of one thioether sulphur ligand, (rrean Cu(II)-S = 



2.352(6) 1), one pyridyl nitrocen (mean Cu(ll)-N = 

2.C6(2) A) and t�o bro�id e ion s [one ter�inal (mean Cu(II)

Br = 2.372(3) A) and on e brid[inE (mean Cu(ll)-Er = 

2.415(3) A)]. The apex of each t e traconal ryramid is 

formed by a lon[ bond to t he bridr_inr, be.sal cromide ion 

(�ean Cu(II)-Br = 2.SC2(4) 1) of the s e cond Cu(Il) centre. 

In monomeric, disto�ted tetrahed ral Cu(tb�p)2Br, 

each Cu(I) ion is bound by a terrrinal tro�ine (Cu(I)-Pr = 

2.426(2) A), two thicether sulphur atoms (m ean Cu( I)-S = 

2.331(4) A) and a ryridyl nitrc[en (Cu(I)-r = 2.11 (1) A). 
Cu(tbmrH)Br2 forms c e�trosj�rre tric dimers 

C[cu(tbmpE)Br2]2), in which the dis torted tet rahedral Cu(I) 

c en t res a re brid[ed by t�o bromide ions (mean Cu(I)-Br = 

2.5S7(1) l). The two remairing ccordinatinE position s of 

eacL C u(l) ion are o c c uried  by a terrdnal bromid e ion 

(Cu(l)-Br = 2.363(1) l) and a sulphur-bound (Cu(I)-S = 2.276 
0 + ( 2 ) A) tbmpH cation . 

The structural data for these and relat ed complexe s 

a r e  used in att empt ing to und erstan d  the natur e of Cu(I) and 

Cu(II) interac tion s wit h biologically relevant ligand s . 

The spec t ros c opic d a t a  sucg e s t s  that the Cu(tb�p)2x2 

c omplexes ar e ci£-Oc tahedral in the solid state , whereas  t h e  

[cu(tbmp)2X] BF4 c omplexes a r e  tetragonal pyramid al . 

An un s table d eep blu e  spe cie s is  formed by t he 

a d dition of t-butyl tLiolat e  to Cu(tcmp)2x2, where X is 

Cl04 or BF4-. The displa ce�ent of tbmp (by pyridine) 

f rom Cu(tbmp)2x2 (X = Cl
-

, BF4-) is also discus s e d. 

Witl: Co(II) and Yi(II), the cis-o c tahed ral 1.1(tbrr.p)2x2 

(X=Cl-,Br-) and 1:(tbmp)2(Cl04)2.nH2o (n = 1,2) comrlexes 

have been charac t erized. 



The nature  o f  p3ro.rnacnetic metal i on [r=cu(ll ) ,  

C o (II TI int eracti ons wi th tbmp under hydr optobic conditi ons 

are  investifated using 1H nrnr spectrosccpy . 

ii) C ompl exes  of 2-ethYl1r�2ettylamine ( e tea) 

The tetragonal c omplexes  Cu ( e t ea)X2 (X=Cl- , Br-) ,  

C u ( etea)2x2 (X=BF4
-, ClC4

- , Cl-, Br-) and �u(et ea)2Cl] BF4 
have b e en charac terized and th e di splac e�ent of etea fr om 

C u ( et ea)2 ( Cl04)2 (by �yridine) , is discussed. 

iii) Comol exes of 2-m ethvlthi o-2-imidaz oline (�ti) �-----------------

In the reacti ons  of rrti v.l tL 11 ( ll), t:t e tet rae: onal 

complexes  Cu(mti)4x2 ( X  = BF4
-, Cl-, Rr-) w er e  suc c e s sful ly 

synthe siz ed, t ogether with a t etrah edral compl ex , C o(�ti)3cJ2. 

In th e la t t er ,  one mti mol ecul e appears  tc re:-rain uncoDplexed . 

�ith Cu(mti)4(BF4)2 , th e lieand is not displaced b� 

an exc e ss of py r i din e. A 1II nmr line broad enint; exp erimen t 

pr ovid e s  g� od evidence  for Cu ( I I) bindin[ t o  mti via i t s  

n on-prot onated nitrogen. 

iv) Corr.pl exe§_ of  2=i.lt.3=_dim�l-2-thia:QutYl�in oline ( tbmq) 

Wi th trc.is ligand , the p s eud otetrahedral Cu ( II) c ompl exe s ,  

C u ( tbmq)X2 (X = C l- , Br-) and the Cu (I) c ompl exes , Cu ( tcmq)Br ,  

C u ( tbmqH)Br2 and Cu ( tbmq)2Cl04 , were synthesized . In 

c ontra st t o  tbmp and etea ,  tbmq d oes  not  form the six-

co ordina t e  c ompl exe s , Cu ( tbmq)2x2 (X = Cl-, Br-) .  

v ) C oml2.1.§.Xe§_2U-( 2-meth;yl thi ophen;vlimino) camp :t or ( l )  

Alth ou�h I. i s  su sc eptible  t o  hydroly si s ,  the 

succ e s s ful i s olati on and charact erization of the p s eud o-

t etrahed ral  Cul ( Cl04)2 .ac et one.xH20 (x = C , 2) c ompl exe s  wa s 

a chi eved from a c et one soluti ons . A 1H nrnr line broad eninc 

experiment indica t e s  tLat Cu ( I I)/S ( thi oether) int eracti ons  

tak e p la c e  und er hydr oph obi c c onditi on s. 



vi) ComTJlexes of 1�-bisiJ2entafluororhen;yltLiolg__!_Lane lfl2hl 
and ethyltliopentafluorobenzene ( C6F5sEt) 

In order to deter�ine the effects of the electro-

negative pentafluorcphenyl substituents, the spectroscoric 

data for cis-FtC12fpte, ci�-PdCl�fpte and trans-PtCl2( c6F5SEt) 2 
are compared with the data for some related thioether ligand 

complexes. The results can be explained by a comparison of 

the ionisation pote�tials of the s�lptur lone-pair electrons 

of fpte ( as determined by photoelectron sp::ctroscopy) \'.'ith 

those of 3,4-bis( alkylthio) toluene (alkyl = methyl, ethyl) 

and m eta- and para-bi s ( methyl tr1i o) benzene. 

SECTION II 

AlJ of tLe carbonyl corr.plexes in tl_is Section have 

been characterized b} infrared and electronic spectroscopy 

and in most cases, 1 H nrnr spectroscopy. 

i )  Complex��_Q!_�4-bis(methyl thio)toluen�(tmt.tl_and 

3,4-bis(ethylthio)toluene (bett) 

The bridged-ligand complexes, [K( Cc) 5] 2bmtt and 

[�(C0 ) 5] 2bett (K=Cr, W), and the chelated-ligand complexes, 

K(C0)
4

bmtt and �( CC)4bett ( �=Cr, �o, �) were characterized 

in this study. On the basis of force constant calculations 

and electronic spectra, it is a-r;parent that for aryl t1:ioether 

ligands such as bmtt and bett, the sulphur atom acts as a 

poorer <5-donor and, in general, a better n-acceptor than 

it does in aliphatic thioether ligands. A similar 

conclusion is reached for c6F5SEt ( s�Se above), with which 

unstable hl ( Co)5c6F5sEt (� =Cr, t) complexes were synthesized. 

Reactivity studies are reported for [�( CC) 5] 2bett 

and the mass spectra of (t( Co) 5] 2bmtt and the �(CC)4bmtt 



(K=Cr, �o, W) complexes are discussed. 

13c nmr spectra were recorded for [�(Co)5]2bmtt, 

K(C0)4bett (K=Cr, W), Cr(CC)4bmtt and tte ligands. The 

13co Cllemical sl:ifts for [v:(CC)
5
] 2br::tt and the v;(CC1)5l 

complexes of phosphorus and nitroeen ligands are correlated 

with their Cotton-Fraihanzel carbonyl force constants. 

ii) Complexes of 2-etb;yl thioethvlaJTiine ( etea) anc1 

2-(.i.t.J-dimethvl-2-tt.iabutyl)p;vridine (tbrr:p) 

Both the bridged-lie-and [r(co)5]2etea (I"=Cr,v�·) 

and the chelated-lieand V(C0)4etea (�=Cr, �o, �) complexes 

V;ere characterized for etea. Lowever, only the chelated-

ligand complexes were isolated and characterized for tbmp. 

13c nmr spectra for etea, Cr(C0)4etea and �o(C0)4etea 

(the carbonyl complexes sto�in£ two distinct trans-13co 

resonances) and reactivity studies for [�(CC)
5] 2etea and 

W(C0)4etea, arc also discussed. 

iii) Comnlexes of 2-meth.Yl thi oaniline (mta), 2-metrJylmercapto

benzimidazole (mmbi) and 2-meth:vlthio-2-imidazoline (mti) 

The combined spectroscopic data for the �(Co)5L 

complexes of these ligands, shows that mmbi and mti prefer 

to bind to the zero-valent Group VIB metals via one of their 

nitrogen donors. Cn the other tand, mta rrefers tc bind via 

the thioether sulphur. 

Alttouch the comrlexes of mta could not be isolated 

in an analytically pure form, good evidence for their 

identities was provided by their infrared and mass srectra 

and the observed replacement of mta from t(co)5mta, by 

triphenylphosphite. 
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liGAl\'})S .ALG ABJ?REVIATIO��S 
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tbrnp 

tbmpH + 

et  ea 

mti 

tbmq 

= 

= 

= 

"" 

= 

T HIS \','ORK 

2- (3 , 3-dimethyl�2- thiabutyl )pyridine 

2- ( 3 ,  3-dim ethyl-2-tbiabutyl )pyri dini urn ea ti on 

2-ethyl thi oe thylamine  

2-methylthi o-2-iiT-idaz oline 

2- (3 ,3-dim ethyl-2-thiabutyl )quinoline 

tbmqH+ i s  analogous to tbmpH+ (above ) 

I 

fpt e  

c 6F5SEt 

bTPtt 

b et t  

m ta 

mmbi 

A) SECTIO: I 

dm en 

0( -pi e 

tmen 

maep 

dth  

BBTE 

pdt o  

EEE 

=3- ( 2-methyl thi oph enylimino )  earr.pl:or 

= 1 , 2-bi s ( p enta fluor ophenylthi o ) ethane 

= ethyl thi op en ta fl uorobenzen e  

= 3,4-ti s ( me thyl thio)t oluen e  

= 3 , 4-bi s ( ethylthi o ) t oluene 

= 2-me thylthi oaniline 

= 2-methylmercapt obenzi�i daz ole. 

IIT:2EAT1:RE DATA 

C���ER 1 

= � , N-dimethylethylenediamine 

= 2-methylpyri dine ( e>< -pi coline ) 

= 

= 

= 

= 

= 

= 

= 

= 

= 

lT, l:, N', N�tetramethylethyl eneG.iamine 

2- (2-methylamin oethyl ) pyridine 

2 , 5-di tbiahexane  

5 , 8-di thiadodeeane 

1 ,8-bi s (2-pyri dyl )-3 , 6-dithiaoetane 

1 , 8-diamino-3 , 6-di thia octane 

1 -methylirni daz ol e  

3 , 4-bi s (2-amino ethylthi o ) t oluene 

N- ( 2-methyl thi ophenyl ) ( 2-pyri dyl ) methylenimine  



dmaep 

a ep 

amp 
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tu 

dip 

tren 

bipy 

t ctd 

t reru;: e 6 
tri enR6 
en 

d t o  

1 4-ane-s4 

PY282 
py2Et2S 2 
pea 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

= 

bi s (N , lJ-dimethylac etamid  o )  thi o e ther 

1 , 4 , 8 , 1 1 -tetrathiacycl otetrad ecane  

2-methyl thioethylamine 

[3 ,  3 '  -ethyl enedi tt.i obi s( o-phenyl eneimino

methylidyne ) bi s(pentane-2 , 4-di onat o ) ]2-

tri cycl o[1 7 . 5 . 5 . 5 7 '13]t etraaza- 1 , 7 , 1 3 , 1 9-di oxa-

4 , 1 6-tetrathia- 1 C , 2 2 , 27 , 32-t etratriacontane 

1 - oxa-4 , 1 3-di thia-7 , 1 C-diazacycl op entad ecan e 

2- ( 2-dimethylaminoettyl )pyridine 

2-(2-aminoethy l ) pyri dinc 

2-amin omethylpyri dine 

N , N'-tetramethyl enebi s ( 2-pyri dinaldirrin e ) 

t:bi our ea 

2 , 2' -bipyri dyl 

tri s(2-a�inoethane ) arr.ine 

2 , 2 ' -bipyridyl 

1 , 4 , 8 , 1 1 -t etrathiacy cl otetradecane  

[ 1  , 1 , 1 , 5 , 5 , 5-hexafluoro-2 , 4-p entanedi onat o]-

CHAPTER 2 

hexamethyl  N-substi tut ed tri s(2-amin oethan e ) amine 

hexaalkyl  N-substi tut ed 1 , 4 , 7 , 1 0-tetraazad ecane 

1 , 2-�iaminoethane ( ethyl enediamine )  

CHAPTER 3 

= 3 , 6-di thiaoc tane 

= 1 , 4 , 8 , 1 1 - tetrathiacycl otetrad ecane 

= bi s(2-pyridyl ) di sulphi d e  

= bi s [2-(2-pyri dyl ) e thyl]di sulphi d e  

= [2-( 2-pyridyl ) ethyl] bi s [2-( ethy l  thi o )  e thyl] amine  



tal-i -C 3H7 = N-(2-thenyli d ene ) i s opropyla�ine 

C8H8 = cycl o o c tatetraer.e 

DPPA = bi s(diphenylpho sphino )ac etylene 

tal-CH3 = N-(2-thenyli d ene )rnethylamine 

0�e 2R ) 2Et 2s2 = bi s [2-(R , R-dirnethylarnino )  ethyl] di sulphide 

CHAPTER 4 

Hpyrnt = pyrimi dine-2-t�i one 

mmp = 2-rnethyl thi ornethylpyri dine 

NSS_T = 1 , 6-bi s ( 2-pyri dy l ) -2 , 5-d i thiahexane 

rnrnt q = 2-methyl-8-rnethylthi oquinoline 

A = 1 , E-bi s ( 2-pyri dyl ) - 3 , 6-di thiaoctane 

Cf�FTER 6 

N-R- sal = [N-sali cylid enealkylarninat o] -

11 = N ,:N' - ( 1 ,  7 ,  7-trimethylbi cy c l o  [2 , 2 , 1] hep tane-

2 , 3-diyli d ene ) dianiline 

CHAPTER_]_ 

drnedt  = 1 ,  2-bi s (methyl thi o )  ethy l ene 

dnxd t = 2-methyl-4 , 5 -bi s ( n-butyl thi o )  t oluene 
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GENERAl INTRODUCTION 

The wide distritution of copper containinr proteins 

in plants and animals has stimulated interest 1 in the 

chemistry of Cu(I) and Cu(II) interactions �ith ligands 

containing biologically relevant donor groups. The 

intrinsic instabilitj of Cu(II) interactions with 

thioether-sulpl:ur ligands (e. g. tetrahydrotr..iophene; 

Cu2+ 2 logK 2+-0.4) Cul compared to nitrogen donor ligands (e. g. 
cu2+ 3 pyridine; 1 ogK 2+ = 2. 54) Cul and the instability of 

Cu(II) interactions v;ith thiolate sulphur, have probably 

been partially responsible for a previous general lack 

of interest in the study of sulphur-ligand/Cu2+ cterristry. 

However, within the last five years or so, inorganic and 

bioinorganic chemists have beco�e aware that coordinated 

cysteine thi ola te and/ or methionine thi oether sulphur are 

probably responsible for the intense optical absorptions 
4 that 2re observed near 6CC nm in the "blue" copper 

proteins. The realisation that coordinated sulphur can 

impart such unusual optical properties on a Cu(II) 

chromophore, has thus resulted i� a proliferation of studies 

into the cherr.istry of sulphur-ligand/Cu2+ interactions. 

�idespread investigations into the chemical and 

physical properties of metal carbonyl complexes have 

arisen from attempts to understand and explain their bonding, 

spectroscopic and structural characteristics. However, 

there has also been an interest in the use of carbonyl 

complexes as catalysts in the chemical industry and as 

spectroscopic probes for the characterization and 



comparison of ligand bondine- properties. The bondinr 

characteristics of a particular type of ligand are 

often more easily interpreted from the study of metal 

carbonyl complexes. This is bec�use tte influence of the 

ligand on the spectroscopic and chemical properties of 

the complex can be conveniently studi8d by a variety of 

techniques: for example, IR, Raman, electronic, 1H r�r 

and 1 3c nmr spectroscopy, and crystallographic and 

reactivity studies. 

Information obtained from the study of metal carbonyl 

complexes of biologically relev2nt ligands, can be used 

in considering the complexes cf these or similar ligands 

with transition metal ions such as Cu ( I ) and Cu ( II ) . 
Hence complement�ry studies, such as those that are 

described in trus thesis, are of direct relevance in 

attempting to understand the behaviour of related ligands 

in biological systems. 

2 



SECTION" I 

Cet.:PlEXES OF Cu(II), Cu(I), Co(II), 1-Ji(II), 

Pd(II) AND Pt(II) v,·ITH liGAl\'"DS CC'lTTAINil�G 

THIOETHER SUlPEUR. 



SECTION I 

INTRODUC TION 

Phy si cal and chemi cal investigati ons int o  the 

unu sual sp e c troscopi c prop erti es of the "blue-c opper" 

pro t eins  have irr.pli cat ed the binding of at l ea s t  two 

hi s ti dine  ni trogens , a cy s t eine sulphur and a fourth 

l i gand , whi ch ha s been prop osed t o  be a methi onine 

thioe ther sulphur , a tyrosine phenolate or a 

d epr o t onated , backbone ni troeen: Furtherm ore , 

the r e sul t s  of b oth theoreti cal and " mod el" Cu ( I I ) -c ompl ex 

s tud i e s  sugge sted that  a d i storted tetrahedral Cu( I I )  

g e ometry was likely . 

The cry stal structure  analysi s of oxidi s ed , 

p oplar-l eaf plastocyanin5 whi ch ha s b e en recently 

c ompl e t ed , shows that Cu( I I ) in  thi s Typ e I pro t ein 4 

ha s a d i s t orted te trahedral envir onment ,  c onsi s ting of 

two hi s ti dine  ni trogen s ,  a cy s t eine sulphur ( thi olate )  

and a methi onine sulphur ( thi oether ) . A c c ording t o  the 

P ear s on c l a s si fi cati on o f  "hard" and " s oft" aci d s  and 
6 ba se s ,  these ligand s thus c ompromi se t:r:e requi rements  

of  the Cu( I )  and Cu( II ) oxi dati on state s . 

The exi stence of  the di s t orted t etrahedral Cu( I I ) 

5 environment ha s l ed Freeman et al t o  sugge s t  that the 

reducti on of p oplar-l eaf plastocyanin can therefore 

pro c e ed wi thout signi fi cant changes in the c o ordinati on 

envir onment . On the o ther hand , the resul t s  of 

cry s tall ographi c studi es  on "model" Cu( II )/Cu( I )  c omplexes  

have l ed R orabacher et al7 t o  speculat e  that  the 

reduc ti on of Cu( I I ) in Cu-Zn superoxid e  di smutase  

3 



( in whi ct Cu ( I I ) ha s a square planar environment of  

four ni trogen d onors 8 ) may be acc ompanied by 

signi fi cant geometri c rearrangements  at the active si t e . 

In each of the three c omparative , cry stall ographi c 

s tudi e s  ttat have been rep orted for Cu(II) and Cu ( I )  

c ompl exes  of t:ti oether-c ontainine- l i gand s/'9 ' 10 ' 1 1 

i t  ha s been shown that a ctanr:e in c opper oxi dati on 

s tate  i s  acc ompani ed by signi fi cant struc tural change s . 

H owever thi s d oe s  no t  n e c e s sari ly imply ttat such 

changes  wi l l  be obs erved i� tte Cu-prcteins be caus e  of th e 

c onstraints  ttat  are imp o sed by the prot eins' s truc ture . 

Small change s  ITay oc cur and the se  may be vi tal for the 

proteins' functi on . Such changes in the metal-li gand 

b onding and/ or the c o ordinati on geometry of the metal i on 

(occurring for exampl e ,  when i t  changes its oxi dati on 

sta t e )  may not  be d e te c tabl e by protein cry stall ography 

because  of the limi ted r e s oluti on�0 The cry s tallo-

graphi c s tudy of l ow m ol ecular weight c ompl exes c ontaining 

bi ol ogi cally rel evant li gand s ,  i s  thus imp ortant in  

trying t o  d etect  sub tl e s truc tural change s . 

Al though transi ti on metal compl exe s  of mixed 

sulphur-ni trogen ligand s have been intensively s tudi ed :2 
l i ttle  att enti on has been pai d t o  ligand s  that  wi l l  

for c e  Cu( I I )  into a c c epting a di storted geometry , 

parti cularly di s torted t etrahedral . Tiespi t e  the relative 

eas e  wi th whi ch simple , bid entate thi oether-sulphur/ 

ni tr ogen ligand s can b e  synthesi zed , such s tudi e s  have been 

b e en limi t ed t o  8-methyl thi oquinoline 13 and 2-methyl-

8-methyl thi o quinoline ( rnmtq )  !4 Spectrosc opi c stud.i e s  

4 



suerested ttat the J atter compl exes (Cu(mmtq)X2 
where X=Cl-,Br-) are distorted tetrahedral �· 
N o  cry stallographic studies  have been r ep orted f e r  

the s e  compl exe s. 

Studies on simpl e ligand sy stems such as the 

2-alkylthioalkylpyridine s, have been lirr;ited to s ome 

sp ectro scopic, preparative and stabilit' -constant 

studie s on the Cu(II) corr.pl exe s of 2-methylt�iomethyl-

pyridine . 3 ' 15 N o  attempt has been made to 

manipulate the coordination geometry of potential Cu(I I) 

compl exe s by putting bulky , thi oether sid echains in 

the s e  ligand syst ems. 

�he synthetic, crystallograp�ic and sp ectroscopic 

studies  that are presented in S ection I c f  this the sis 

wer e  thus carried out for the followinr reasons : 

i) to synthesize structurally distorted, low 

mol ecular weight Cu(II) and Cu(I) compl exe s , using 

suitably de signed, biologically r el evant , thioether-

nitrogen ligands . Stability constant measurements show 

that the Cu( I I) compl exe s of both thioether-sulphur and 

nitrogen donor ligands can be  stabilized by the use of 

the chelate-ligand effect (Tabl e 1 ) .  This is a very 

imp ortant factor when tryine to isolate stable ,  but 

structurally distorted, Cu(II) complexes; 

ii) to carry out extensive spectroscopic studie s on 

thes e  compl exes; and 

iii) to carry out crystall ographic studie s on a sui tal·l e  

Cu ( II) /Cu(I) pair of complexe s having similar ligand sets . 

Befor e  this work was started , no crystall ographic studies 
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o f  thi s typ e had b e en carri ed out on the c ompl exes of 

mixed  thi oether-ni t r ogen ligand s .  l !owever , only very 

r e c ently the cry stal structures were rep orted for 

a Cu ( I I ) /Cu ( I )  pai r of compl exes of 1 , 8 -bi s ( 2-pyri dyl ) -

3 , 6-di thiaoctan e � 

The Cu ( II ) and Cu ( I )  c ompl exes  of  the foll owinf 

l igand s have thus b e en c onsi dered : 

2- ( 3 , 3-dim ethyl-2-thiabutyl ) pyri dine 

2- ( 3 , 3-dimethyl-2- truabutyl ) quinoline 

3- ( 2-methy l thi ophenylirnin o ) carnphor 

2-ethyl thi oe thylamine 

2-rnethyl thi o-2-imi dazoline 

Of  the s e  ligand s ,  tbmp , tbmo and l r�ve  not  been 

previ ously synthesi z ed . Alttough etea and mti are 

exten sively indexed in the che�i cal l i t erature , the 

s tudi es  on the se ligand s  have been confined to thei r 

uti l i sati on in  the phot ographi c and pharmaceuti cal 

i ndustri e s . 

tbrnp 

tbmq 

l 

et ea 

mti 

Thi s study ha s c oncen trated on Cu ( I I )  and Cu ( I )  

c ompl exe s .  However s ome  c ompl ementary studi e s  on the 

C o ( I I )  and Ni ( I I )  c ompl exes  of tbmp have also  been 

carri ed out , in ord er t o  a s si st in the interpretati on of 

the spe c tr o s c opi c data for the anal ogous Cu( II ) c ompl exe s .  

li t t l e  i s  kn own about the effe c t s  of ele c tr o

n egative substi tuent s on both the reactivi ty of thi oether 

l i gand s  and the sp e c tr o s c opi c properti e s  of their 

transi ti on metal i on c ompl exes .  C ons equently the 

r eac ti on s  of 1 , 2-bi s ( p entafluoropheny l thi o ) ethane and 

e thyl thi opentafluor obenz ene  ( both are previ ously 

unr ep orted  li gand s )  have be en bri efly inv estigated , 
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t ogether wi th some of  the spec tro s copi c proper ti es  

of  thei r Pt ( I I ) and Pd ( I I ) c ompl exes . 

TABLE 1 

STABiliTY c m:sTAJ'� T' D .. "._ TA 

1 c u2+ 
L_._I_G_�_�_D __________________________ �2f Kcu � +  ___________ R�E�F=E�R=E�R�C=E-

Pyri dine 

0 N 
Tetrahydrothi ophene 

Q 
2-methylthi omethylpyri dine 

OCH2 S M e  

2 -methylthi oethylamine 

2 -arnin omethylpyri dine 

0 N C H 2 N H 2 
2- ( 2-arninoethyl )pyridine 

2 . 54 3 

ea C .  4 0 2 

3 . 27 3 

5 . 30 1 6  

ea 9 . 30 1 6  

7 . 30 1 6  

7 



C HAP TER I 

DB: ERI C C OPPER ( I I )  C Cl\TlEXES 

OF 

2 - (  3, 3-I Hl\� E THYL- 2 - TH IABV TYl )PYRIDINE ( tbmp) 
�hen tbmp i s  reacted with C u c 1 2 . 2 H2 0 or CuFr 2 

in  a 1 : 1 rati o ,  the dimeri c Cu ( I I )  c ompl exe s ,  

[c u ( tbmp ) X 2] 2 where X i s  C l  or Br- , are formed . 

The structure  of [cu ( tbrnp ) Br2] 2 has been 

d et ermined by X-ray cry stall ography and the C u ( I I ) i ons 

are found t o  have d i s t orted tetra[onal pyramidal 

environment s .  K ol e cular wei ght mea surement s and 

electroni c ,  electron spin resonance and far-infrared 

spe c tral data , suggest  ttat [cu ( tbmp ) C l 2] 2 has a 

simi lar s t ruc t ur e . 
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TA:EIE 2 

SUM1,:ARY OF R ESUl T S  - (cu( tb�r.p )X2] 2 D ITI: ER S  

C OMPLEX S TATE STRPC TURE _____ �-- -

(cu ( tbmp ) c12] 2 

(cu ( tbmp ) Br2] 2 

s olid 

CH2Cl2 ( rm . t emp . )  

( 77K ) 

1.1 e OH ( rm • temp . ) 

( 77K , 9CK ) 

CH3No2 (77K ) 

s olid 

CH2Cl2 ( rrn . t emp . )  

( 77K ) 

Me OH ( rm . t ernp . ) 

(77K , 90K ) 

di s t . t etrag . pyr . d im er 

di st . t etrag . pyr . dimer 

trig . bipyr . d imer 

Cu ( tbmp ) Cl 2 . (N eOH ) n and 

( Cu ( tbrr.p ) Cl . (N. eOH) n] + 

t etrag . pyr . [cu ( tbrnp ) 2Cl] + + 
Cu(N e OH )  2+ n 
trig . bipyr . dimer 

di st . tetrag . pyr . dirner 

di st . tetraf . pyr . dim er 

di st . te trag . pyr . dimer 

Cu ( tbrnp ) Er2 . (MeOH )n and 

[cu ( tbrnp ) Br .  O�: eOH )n] + 

t etrag . pyr . [cu ( tbmp ) 2Br] + + 

CuO:: e OH )  2+ n 

PHYSICAl TECI-0TIGIE 

el ectr oni c ,  far-IR 

electroni c ,  � . � .  �r.eas . 

esr  

el ectroni c ,  c onduc tivi ty 

el e c troni c , esr 

esr 

X-ray 

el ectroni c , [ . � . meas . 

esr 

el ectroni c ,  c onductivi ty 

el ectroni c , esr  

"<> 



1 . 1 CRY S TAl STRr CTI . RE OF 
�IS [DIBROK O (  2 - (  3,  3-Dir ETHYl- 2- THIABL' TYl)PYRIDINE) 

C OPPER ( I  I ) )  
The exp erimental method tLat was foll owed i n  the 

eluci dati on of  tr� s  structure , i s  outlined at the end 

of thi s Chapt er . The observed  and cal cul ated struc ture 

fac t or s  can be found in the Appendi c e s . 

A .  DES CRIF TICN 

The c ompl ex �u(tbmp )Br2] 2 cry s tal l i zes  as  

d i screte , n on- c e nt r o syrr�"'Il e t ri c ,  di bromo-bri dged d imers . 

Each C opper ( I I )  i on i s  bound by a chelat ed tbmp ligand 

and three br omi d e  i ons  in a di st crted tetragonal pyramidal 

envir onment  ( s e e  Di scus si on bel ow ) . The t�i oetrer 

sulphur and pyri dyl ni tr ogen d onors of  tbmp , a t erminal 

bromi d e  i on and a bri dging br omid e  i on ,  form the 

t etrahedrally d i s t orted "basal plane "  of each t etragonal 

pyramid .  The apex of each pyrawi d i s  formed  by a l ong 

b ond  t o  the bridging , basal bromi d e  i on of the second 

Cu ( I I ) c entre ( Fi gure 1 a  ) . 

The t-butyl tti oether side-chain s  are d irect ed 

in  such a manner a s  t o  apparently bl o ck the approach 

of a sixth li gand t o�ard s each Cu( I I ) i on .  

The imp ortant structural detai l s  for [cu( tbmp ) Er2] 2 
can b e  found in  Tabl e 3a • 

B .  D I S CUS S I ON 

Tei�agonal Pyrami dal v s . Trig�nal Bipyramidal 
M odel  ---

Because  the c ompl ex has a di s t orted struc ture , i t  

i s  n o t  a trivial matter t o  choo se  the model whi ch b e s t  

d e scribe s  i t .  
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FIGURE 1 

S t£Q£ture o f_ [cu(tbmp)Br2] 2 

Br12 

---- - - - ----- · - - - - -· - - ·- - -

C2J 



1 2  
TABLE 3a 

STRUCTU1iAl D:O:TA I I  S FOR [cu( tbrr.p)Er2h 
FRO.: ATCl.l T C  ATO: DISTANCE[ A FR CO: A T or.: TO A T O.: DISTANCE[A 
Cu1 BI;"1 1 2 . 4 1 2 ( 3 ) N 2  C 2 6  1 . ! 1 ( 3 ) 
Cu1 llr1 2 2 . 35 6 < 3 ) N 2  C 2 2  1 . 36 ( 3 )  
Cu1 Br21 2 . 9 65 ( 4 )  C 1 1 C 1 2 1 . 48 ( 3 ) 
Cu1 S1  2 . 35 3 ( 5 )  C 1 2 C 1 3 1 . 4 0 ( 3 )  
Cu1 N1 2 . 04 ( 2 ) C 1 3 C 1 4  1 .  39 ( 3 ) 
Cu2 llr21 2 . 4 1 7 ( 3 ) C 1 4 C 1 5 1 . 4 2 ( 3 ) 
Cu2 Br22 2 . 388 ( 3 ) C 1 5 C 1 6 1 . 4 1  ( 3 ) 
Cu2 llr1 1 2 . 8 39 ( 4 )  C 1 7 C 1 8 1 • 54 ( 3 )  

Cu2 S 2  2 . 35 1 ( 6 )  C l ?  C 1 9 1 . 5 6 ( 3 ) 

Cu2 N2 2 . 08 ( 2 )  C l ?  C 1 1 0 1 . 5 5 ( 3 ) 

Cu1 Cu2 3 . 59 1 ( 4 )  C 2 1  C 2 2  1 . 5 1 ( 3 ) 

Br1 1 Br2 1 3 . 64 8 ( 3 )  C 2 2  C 2 3 1 . 4 C ( 3 )  

S 1  C 1 1 1 • 84 ( 2 )  C 2 3  C 24 1 • 38 ( 3 )  

5 1  C l ? 1 . 9C ( 2 )  C 24 C 2 5  1 . 4 1 ( 3 ) 

5 2  C 2 1  1 . 8 1 ( 2 ) C 2 5  C 2 6  1 . 4 3 (  3 )  

S 2  C27 1 . 84 ( 2 ) C 27 C 2 8  1 . 58 ( 3 ) 

N 1  C 1 2 1 .  37 ( 2 )  C 2 7  C 2 9  1 . 58 ( 3 ) 

N 1  C1 6 1 . 35 ( 3 ) C27 C 2 1 0 1 • 54 ( 3 )  

ANGLE DEGREES ANGlE DEGREES 

Cu1 -llr 1 1 -Cu2 8 5 . 9 ( 1 )  C 1 2-C 1 1 -S 1  1 1  2 ( 1 ) 

Cu1 -Br 2 1 -Cu2 8 3 . C ( 1 )  N 1 -C1 2-C 1 3 1 2 2  ( 2 )  

llr1 1 -Cu1 - S 1  1 6 6 . 5 ( 2 )  N 1 -C1 2-C 1 1 1 1 7 ( 2 )  

llr1 1 -Cu1 -N 1 9 3 . 1 ( 5 )  Cl 3-C 1 2-C1 1 1 2 1 ( 2 )  

Br1 2-Cu1 -Br 1 1 9 3 . 9 (  1 )  C 1 2-C 1 3-C 1 4  1 1 8 ( 2 )  

llr1 2-Cu 1 -Br 2 1  1 C 3 . 4 ( 1 ) C l  3-C 1 4 - C 1 5 1 2C ( 2 )  

llr1 2-Cu1 - S 1  9 3 . 5 ( 2 ) C 1 4 -C 1 5-C 1 6 1 1 9 ( 2 )  

llr1 2-Cu1 -N1 1 5 3 . 9 ( 5 )  C 1 5-C1 6-N 1 1 2 1 ( 2 )  

Br2 1 -Cu1 -Br 1 1 8 4 . 8 ( 1 )  C 1 8-C1 7-C1 9 1 1 4 ( 2 )  

Br2 1 -Cu1 -S1 8 2 . 6 ( 2 )  C 1 8 - C 1 7-C 1 1 C  1 08 ( 2 )  

llr2 1 -Cu 1 -N 1  1 C·2 . 3 (  5 )  C 1 8 - C 1 7-S1 1 0 3 ( 2 )  

S 1 -Cu1 -N 1 8 5 . 1 ( 5 )  C 1 9-C 1 7- C 1 1 0  1 1 1 ( 2 )  

llr21 -Cu"2-Br 1 1  87 . 5 ( 1 )  C 1 9 -C 1 7-S1  1 1 1 ( 1 )  

llr21 -Cu2-S2 92 . 3 ( 2 )  C 1 1 O-C1 7-S1  1 08 ( 2 )  

Br21 -Cu2-N2 1 7 1 . 0 ( 5 )  C 2 2 -C 2 1 -S2 1 1 3 ( 2 )  

llr2 2-Cu2-llr 2 1  9 2 . 7 ( 1 )  N 2-C2 2-C2 3 1 20 ( 2 )  

llr22-Cu2-Br 1 1 1 2 5 . 3 ( 1 ) N2-C22-C21 1 1 9 ( 2 )  

Br2 2-Cu2-S2 1 4 2 . 1 ( 2 )  C 2 1 -C 2 2 - C 2 3  1 2 C (  2 )  

S 2-Cu2-Er 1 1  9 2 . 4 ( 2 ) C 2 2-C2 3-C24 1 1 9 ( 2 )  

S2-Cu2-N2 8 5 . 3 ( 5 )  C 2 3-C 24- C 2 5  1 20 ( 2 )  

N2-Cu2-Br 1 1  8 3 . 9 (  5 �  C24-C25-C 2 6  1 1 8 ( 2 )  

N2-Cu2-B r 2 2  94 . 6 ( 5 )  C 2 5 -C 2 6-N 2 1 2 1  ( 2 )  

C 1 1 -S 1 -C 1 7 1 06 . 8 ( 9 )  C28-C27-C29 1 C9 ( 2 )  

C1 1 -S 1 -Cu1 9 1  . 9 ( 7 )  C 28-C 27-C 2 1 C 1 C8 ( 2 )  

C 1 7 - S 1 -Cu1 1 09 .  7 ( 7 )  C28-C27-S2 1 08 ( 2 )  

C 2 1 -S 2-C27 1 04 ( 1 ) C29-C27-C 2 1 G 1 1 3 ( 2 )  

C 2 1 - S 2-Cu2 9 5 . 4 ( 7 )  C 2 9-C27-S2 1 05 ( 2 )  

C 27-S 2-Cu2 1 06 . 9 ( 7 )  C 2 1  C-C27-S2 1 1 4 ( 2 ) 

C 1 6-N 1 -C 1 2 1 2 C (  2 )  

C 1 6-N 1 -Cu1 1 2 2 ( 1 ) NOTE : - e stimated standard 

C 1 2-N 1 - Cu1 1 1 7 ( 1 ) d eviati on s  are in 
C 2 6-N 2- C 2 2  . 1 22 ( 2 )  parenth e s e s .  

C 2 6-l'! 2-Cu2 1 2 C  ( 2 )  

C22-N 2-Cu2 1 1 7 ( 1 ) 
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TABLE 3c 
ATOfHC CCCRDH:ATES AND ISOTROPIC THERI.�AT. PARAHTEP.S FOR [cu( temp )Er2] 2 

· A TC:U xLa Y..Lb zLc BLA2 

Br1 1 0 . 7661 ( 3 ) .  0 . 8 5 6 0 ( 2 )  0 . 796C ( 2 )  

Br1 2 0 . 9 5 5 6 ( 4 )  0 . 67 1 3 ( 3 )  0 . 6397 ( 2 )  

Br21 1 . 088 2 ( 3 ) 1 . C 64 8 ( 2 )  0 . 74 3 3 ( 2 )  

Br2 2  0 . 7929 ( 3 )  1 . 1 7 28 ( 3 ) 0 . 7 3 29 ( 2 )  

Cu1 o . 8 2 C2 ( 3 )  0 . 78 9 8 ( 3 )  0 . 62 9 1 ( 2 )  

Cu2 0 . 8929 ( 3 )  1 . 1 1 4 4 ( 3 ) 0 . 8 388 ( 2 )  

S 1  0 . 9C44 ( 6 )  0 . 77 9 2 ( 6 ) 0 . 484 3 ( 4 )  

S 2  1 . 0794 ( 7 )  1 . 207 1 ( 6 )  0 . 9991 ( 4 ) 

N 1  0 . 625 ( 2 )  0 . 805 ( 2 )  0 . 574 ( 1 ) 3 . 0  

N2 0 . 7 2 0 ( 2 )  1 • 1 3 2  ( 2 )  0 . 92 2 ( 1 ) 3 . 2  

C 1 1 0 . 8 0 3 ( 2 )  0 . 877 ( 2 )  0 . 4 82 ( 2 ) 3 . 2  

C 1 2  0 . 64 0 ( 3 )  0 . 8 39 ( 2 )  0 . 50 3 ( 2 )  3 . 6  

C1 3 0 . 508 ( 3 )  0 .  84 1 ( 2 )  0 . 4 5 3 ( 2 )  4 . 2  

C 1 4  0 . 364 ( 3 ) 0 . 8 1 7 ( 3 ) 0 . 4 8 3 ( 2 )  5 . 4 

C 1 5 o .  348 (  3 )  0 . 7 8 1  ( 3 ) 0 . 55 6 ( 2 )  5 . 5 

C 1 6  0 . 48 2 ( 3 ) 0 . 77 5 ( 2 )  0 . 599 ( 2 )  4 . 4 

C1 7 0 . 7 8 3 ( 3 )  0 . 605 ( 2 )  0 . 36 3 ( 2 )  4 . 0 

C 1 8 0 . 906( 3 )  0 .  54 6 ( 3 )  0 . 34 9 ( 2 )  5 . 4  

C 1 9  0 . 61 7 ( 3 ) 0 . 527 ( 2 )  o .  37 6 ( 2 )  4 . 5 

C 1 1 0  0 . 74 8 ( 3 ) 0 . 6 1 5 ( 2 )  0 . 2 69 ( 2 )  4 . 5  

C 2 1  0 . 9 2 1 ( 3 ) 1 . 1 63 ( 2 )  1 . C 58 ( 2 )  3 . 6  

C 2 2  0 . 7 6 3 ( 3 )  1 . 1 62 ( 2 )  1 . 02 1  ( 2 )  3 . 4  

C 2 3  0 . 65 6 ( 3 )  1 . 1 8 1 ( 2 )  1 • 08 3 ( 2 )  4 . 4 

C 24 0 . 507 ( 3 ) 1 . 1 70 ( 2 )  1 . 044 ( 2 )  5 . 2  

C 25 0 . 4 62 ( 3 ) 1 . 1 37 ( 2 )  0 . 94 1 ( 2 )  5 . 3  

C 2 6  0 . 577 ( 3 ) 1 . 1 1 7 ( 2 )  0 . 88 1 ( 2 )  4 . 4 

C 27 1 . 1 65 ( 3 ) 1 • 38 8 ( 2 )  1 . 069C 2 )  3 . 6  

C28 1 . 27 2 ( 4 )  1 . 4 52 (  3 )  1 • 1 8 4  ( 2 )  7 . 4 

C29 1 . 284 ( 4 )  1 . 4 25 ( 3 )  1 • 008 ( 2 )  6 . 9 

C 2 1 0 1 • 0 34 ( 3 )  1 . 4 38 ( 3 )  1 . 079 ( 2 )  6 . 6  

- e stimated standard d eviati ons are in parentheses . 

TABLE 3d 
ANISOTROPIC THERHL PAR.U:ETERS FOR [cu� tbmp2Br2h 

A T OM  B1 1 B22 B}} B1 2 B 1 }  B2} 

Br1 1 0 . 01 78 0 . 01 24 0 . 0049 0 . 0088 0 . 00 5 2  0 . 00 6 3  

Br1 2 0 . 03 3 3  0 . 0 2 30 0 . 00 8 1  0 . 02 2 3  0 . 0095 0 . 01 1 2  

Br2 1  C . 0 1 48 0 . 01 4 3  C . C0 5 2  0 . 007 2 0 . 004 6 0 . 0060 

Br22 0 . 0 2 1 2 0 . 01 52 0 . 00 6 3  0 . 0099 0 . 00 30 0 . 0077 

Cu1 0. 0 1 4  3 0 . 01 26 C . C04 6 {) ..0089 0 . 004 1 0 . 0062 

Cu2 0 . 0 1 32 0 . 0 1 36 O . C0 39 O , CC8 1 O . C031 0 . 00 5 6  

S 1  0 . 01 06 O . C095 0 . 0037 0 . 0056 0 . 0027 0 . 0040 

S 2  0 . 0 1 20 0 . 0 1 28 0 . 004 2 O . C07 5 o ;co28 0 . 0056 



i )  Cu1  Envi ronment : The an&: l e s  tr�a t are subtend ed 

at Cu 1 b� any two of the ci s-c o ordinated atom s  in the 

Er 1 1 , Br 1 2 , S 1 , N1 basal plane , (N 1 -Cu1 -Br1 1 ( 9 3 ° ) , 

N 1 -Cu1 -S 1 ( 85 ° ) , S 1 -Cu1 -Br1 2 ( 9 3 ° )  and Br1 2-Cu1 -Er1 1 ( 94 ° )] 
d o  not  repr esent a large di s t or ti on from an i d ea] 

t e tragonal pyrami dal mod el . The l ong Cu1 -Br2 1 b ond 

( 2 . 9 6  A )  and the di splacemen t  of  Cu1  ( -0 . 1 1  A i . e .  

t oward s Br2 1 )  from the Br 1 1 ,  Br 1 2 , S 1 , N 1  basal plane , 

( Tabl e 3b ) are c onsi stent wi t� Br2 1 being th e apex of 

thi s t e tragonal pyramid . 

The e quat orial  plan e s  that are p o s sibl e  for a 

trig onal bipyramidal Cu1 envi r onment , are S 1 , Br2 1 ,  

Br1 1 and N 1 , Br 2 1 ,  Br 1 2 r e sp e c tively . In the former 

"plane " ,  S 1 -Cu1 -Br1 1 ( 1 66° ) '  and S 1 -Cu1 -Br2 1 ( 8 3 ° )  are 

both di s t orte d  by about 40° from an i d eal geometry . 

In the N 1 , Br2 1 ,  Br1 2 "plan e " , N 1 -Cu1 -Br2 1 ( 1 02c ) and 

Br 1 2-Cu1 -Br2 1  ( 1 0 3 ° )  are intermediate between i d eal 

trigonal bipyrami dal and s quare pyrami dal geometri e s . 

However , N 1 -Cu1 -Br1 2 ( 1 54 ° )  i s  si gni fi cantly di s t orted 

and the "axial " Cu1 -Br1 1 b ond  2 . 4 1 2 ( 3 )A i s  l onger 

than the " e quat orial " Cu1 -Br1 2 b ond 2 . 35 6 ( 3 ) A  

The lat t er obs ervati on i s  c ontrary t o  tl:.at whi ch i s  
9 1 7 18  expec ted  for trig onal bipyramidal d c ompl exe s . ' 
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ii ) Cu2 Envir onment : Simi lar arrurnent s  can be 

appli ed in consi d erinc the Br2 1 , Br22 , S 2 , N2 basal 

plane  o f  a t etragonal pyrami dal mod el , in whi ch the 

l ong Cu2-Br 1 1 b ond [2 . 8 39 ( 4 ) 1] forms the ap ex of the 

pyrami d .  The Cu2 atom i s  di splaced by 0 . 3 1 1 
( Tabl e  3b ) out of the basal plan e ,  t oward s Br 1 1 . 

The most  obvi ous e quat orial plane of a t rigonal 

bipyrami dal model , would be defined by Br2 2 ,  Br1 1 and 

S 2 . However , whi l e  Br22-Cu2-Br1 1 ( 1 2 5 ° )  i s  

c onsi s t ent wi th thi s model , Br22-Cu2-S2 ( 1 4 2 ° )  and 

Br1 1 -Cu2-S2 ( 9 2 ° )  are ver� di st orted . The angl e s  

sub t ended a t  Cu2 [Er2 2-Cu2-N 2  ( 1 7 1 ° ) ,  R2-Cu2-Br 1 1 ( 84 ° ) , 

Br2 1 -Cu2-Br1 1 ( 87° ) ] in the equat orial plane ( Br 2 1 , 

Br1 1 , N2 )  of the second tri Eonal bipyra�i dal rr od el 

that  i s  p o s sibl e ,  are al so  very di st orted . 

The foll owing di scussi on i s  thus based on the 

premi s e  that  the geometri e s  of b oth Cu1 and Cu2 can 

b e  b e s t  described as �eing d i st orted tetragcnal 

pyrami dal . 

Tii s t orti ons in the Cu1 and Cu2 Environment s  

The ext ent o f  the t e trahedral di storti on s  in 

the environments  of Cu1 and Cu2 i s  shown by the 

dihedral angl e s* ( w1 = 28 . 9 °  and w2 = 38 . 8 ° resp e c tive

ly ; these  would be 0°  for a square planar struc ture  

or  g c 0  for  a t etrahedral struc ture )  and the di splace-

rnent s  of  the basal atom s  fr om their mean l east-square s  

plane s  ( Tabl e  3b ) .  

* w1 i s  d efined by the planes  through Cu1 , S 1 , N 1  and Br 1 1 , 

Br 1 2 ,  Cu1  whil e  w2 i s  d efined  by the planes  through 

Cu2 , S 2 , N2 and Br2 1 , Br2 2 , Cu2 . S e e  end of Chapt er 

for equati ons . 
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TABlE 3b 

ATOJ,: IC  DISPJ A CEK'::N TS FROJ,: BASAL IIANES 

Plane  1 :  Defined by Br 1 1 , Br1 2 ,  S 1 , N 1  
Equati on : -0 . 38 3 6X-0 . 7707Y-C . 5089Z = 8 . 4 320  

Plane 2 :  Defined by Br2 1 , Br22 ,  S2 , N2 
Equati on :  -C . 1 1 79X-C . 8 9 4 CY-l . 4 32 3Z = 1 0 . 8 69 6  

BA SAl, :FIANE 

Plane 1 

Plane 2 

DISPIA CBf.ENTS FR011: PIAr_E_(�A"""') _______ _ 

Br1 1 (-C . 35 C ( 3 ) ] , Br1 2 (G . 32 1 ( 4 ) ) , 
Cu 1 (-C . 1 1 2 ( 3 ) ] , S 1  (-C• . 39C ( 7 ) ) , 
N 1  (C . 4 2 ( 2 ) ] , Br2 1 (- 3 . 074 ( 3 )] , 
Cu2 [-2 . 7 29 (  3 )] 

Br2 1 ( C . 4 C C· ( 3 )] , Er22 (-0 . 4 28 ( 3 )] , 
Cu2 [C . 3 1 3 ( 4 ) ) , S 2  (-0 . 47 6 ( 8 ) ] , 
N 2 (0 . 5 C ( 2 )] , Br 1 1 ( 3 . 02 5 ( 3 ) ) , 
Cu 1  [3 . 2 68 ( 4 )] 

The di splacement of Cu1 and Cu2 out of thei r 

r e spe c tive basal planes , t oward s their  api caJ br omi d e  

ligands , i s  a n ormal ob servati on for tetragonal 

pyramidal Cu( I I ) c ompl exe s �9 

P o s sibl e Reas on s  For The se  Di st orti ons . 

In most  s quare pyrami dal c ompl exes , the basal 

d onor atoms  are ei ther c oplanar ( wi th the Cu( I I )  i on 

b eing di splaced out o f  thi s plan e ,  t oward s  the fi fth 

ligand ) ,  or only m od era t e  di s t orti on s  from planari ty 

b d 19 , 20 , 21 are o s erve • 

The large t etrahedral di s t or ti on s  that are seen in 

thi s c ompl ex are not  unknown however . For exampl e ,  

i n  [ Cu(  BBTE ) 01 2] 2
18 ( bi s (di chl oro (  5 ,  8-di thiad odecane )-

c opp er( II � ) deviati ons from 0 . 4 1  A t o  0 . 68 A are 

ob served . 

Electroni c and el ectron spin res onance spe ctral 

inve sti gati ons ( se e � and � re spectively ) suggest  
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that the di st orti on s al so  exi st in soluti on and in  

vari ous flasses  at  77K . Thes e  observati ons thus  

imply that cry stal packinf forc e s  can be rul ed out 

as the s ourc e  of the di s t orti ons in the solid s tat e . 

Thi s i s  al so  sugge sted by the ob servati on that there 

are only two intermol ecular c ontacts  of l e ss  tr.an 

3 . 6  A . The s e  are Br 1 2 ( x , y , z ) . . .  C 1 8 ( 1 -x , y , z ) [3 . 5 7 .A] 

and C2 3 ( x , y , z ) . . . .  C24 ( x , 1 -y , 1 - z )  [3 . 5S A .] 

N ei ther of  the s e  c ontac t s  c ould explain the di s t orti ons 

in  the struc ture of [cu ( tbmp ) Br2] 2 • 

i ) The Cu1 -Br2 1  Bond : Thi s b ond ( 2 . 9 65 ( 4 ) A ) i s  
0 about C . 1 3 A l onger than the corresp onding Cu2-Br 1 1 

b ond ( 2 . 8 39 ( 4 ) A ) and i t  can be seen that i t s l ength 

wi ll  b e  limi ted by steri c in t eracti ons  between Br2 2 

and C 1 2 ( Figure 1 b ) of the N 1 , C 1 2-1 6 pyridyl ring . 

The Br2 2  . . . .  C 1 2 n on-bonded c ontact  ( 3 . 62 A ) i n  the 

pre s ent  structure c orre sp ond s t o  the sum of the 

( A0 ) 22 van d er Waals radius of Br 1 . 9 5  and the hal f 

thi ckne s s  ( 1 . 7 A ) of an aromati c  ring system . 22 

The two halve s  of the dimer cann ot therefore , b e  

brought any c l o s er by a c ontracti on in  the Cu1 -Br2 1  

b ond . Because  the dirner i s  n ot symmetri cal , there 

are n o  anal ogous steri c  r e s tricti ons  on the l ength of 

the Cu2-Br1 1 bri dging b ond . 

i i ) Tetrahedral Di s t orti ons in the Br1 1 ,Br1 2 , S 1  ,N 1  
Basal Plan e  

The Br1 1 . • .  C 1 6 c ontac t  ( 3 . 30 A ) wi thin the 

Cu1 ( tbmp ) Br2 mon omer , i s  about 0 . 30 A cl oser than the 

( Ao ) 23 n ormal van d er Waals c ontac t  ea 3 . 65 
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and i t  can be  calculat ed that the B r 1 1 • . • •  C1 6 

c ontact would be about 3 . 1  A in an undi stort ed struc ture . 

Such a cl ose  c ontact ( 3 . 1  A )  would be qui te 

unac c ep tabl e when it i s  c onsi d ered tr.at in 

an anal ogous Cl • . . .  C c ontact  

of  3 . 34 A ( van d er Waal s c ontact = 3 . 5 0 A)  resul t s  in 

si gni fi cant di s t orti ons in the �-pi c oline rinr that i s  

i nvolved . 

I t  i s  apparent t�erefore , that the Cu1 , S 1 , N 1  

plane  i n  �u ( tbmp )Br2] 2 has twi s ted ( Figure 1 b ) i n  

order t o  minimi ze  potential Br1 1 . . . •  C1 6 interacti ons .  

The ext ent. of thi s twi sting i s  limi t eE1 by the Br2 2  • • • •  C 1 2 

c ontact that was di s cussed above . The c orre sp onding 

twi st of the Cu1 , Br1 1 ,  Br 1 2 plane  ( in the opp osi te  

d ire c ti on )  thus al so  help s to bring the bridgin� br 1 1 ,  

cl o s er t o  Cu2 . 

A s  a r e sul t of these di stor ti ons ,  N 1 -Cu1 -Br2 1 

( 1 02 ° ) i s  increased and S 1 -Cu1 -Br2 1 ( 8 3° ) i s  r educ ed 

from an i deal 9 0° whi l e  S 1 -Cu1 -Br 1 1 ( 1 66° ) and N 1 -Cu1 -

Br1 2 ( 1 54 ° ) are si gni fi cantly reduced from an i d eal 

1 e o 0 • 

i i i ) Tetrahedral Di storti ons  in the  Br2 1 ,  Br2 2 , � 
N2 Basal Plane 

The di s t orti ons  are anal ogous to those  ttat are 

ob served in the Br1 1 ,  Er 1 2 , S 1 , N 1  basal plane . In 

an undi storted  s tructure , the Br2 2  • . . . C2 6 c ontac t 

( Fi gure 1 a )  would be ab out 3 . 0  A as  opp osed t o  3 . 2 6 X 
in  the pres ent  s tructure . The Cu2 , S 2 , N 2 and Cu2 , 

Br2 1 , Br2 2  planes  must therefore und ergo t etrahedral 
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d i storti ons  in ord er to reduce  tl i s  int eracti on . 

The twi stine o f  the Cu2 , ?r2 1 ,  Er2 2  plane  again 

hel p s to bring the bri dginr Pr2 1 ,  c l oser to Cu1 . 

The resul t of these  effects  i s  t�at S2-Cu2-Br2 2  

( 1 4 2 ° ) i s  si gni fi cantly reduc ed frorr an i d eal 1 P 0° 

ani the Br2 2-Cu2-Br 1 1 angl e ( 1 2 5 ° ) i s  increased by 

3 5 ° . The rernaininf angl es  are on1 y sl ifhtly 

di st orted . 

The tetrahedral di storti �ns thus ari se from 

attempt s  t o  minimi se  non-bond ed con tac t s  wi thin 

each Cu ( tbmp ) Br2 monomer . However , ttey al so have 

the effect of brineing the bri dging Er atoms ( Br 1 1 and 

Br2 1 resp ec tively ) cl o ser to the opposing Cu atoms . 

Other Intramol e cular C ontacts  

The Br . . . .  Br , Br . . . . S ,  Br . . . .  N and Br . . . .  cP 3 
c ontacts  in tr� s  mol ecul e can be ruled out as  

p os sibl e s our c e s  of  ma j or di storti ons .  

i )  Br • • . .  Br c ontac t s :  The cl o s e st Br . . . .  Br 

intramol ecular c ontac t ( Br2 1 . . . .  Br2 2 , 3 . 4 8  A )  i s  

about 0 . 5  A l e s s  than the sum of the van der Waal s 

radii ( 3 . 90 A ) . 22 Eowever there i s  no evidenc e  for 

anything other than a v ery minor effect on the 

Br2 2-Cu2-Br2 1 angle ( 9 3° ) .  A c omparabl e Br . . . .  Br 

c ontact  ( ea 3 . 4 C  A ) in the s truc ture of  dibromo -

[2- (  arninomethyl ) pyridine J copper ( I I ) 25 d oes n ot 

produce any ma j or di s t orti ons ei ther ( Br-Cu-Br , 9 2 ° ) .  

i i ) Br • . . •  S c ontact s :  The c l o s e s t  Br � . . .  S c ontact 

( Br 1 2 . • . •  S 1 , 3 . 4 3  A ) would be ab out 3 . 3 3 A ( van d er 

Waal s c ontact ,  3 .  8 C  A ) 22 i f  the geometry about Cu1 
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was p erfec tly tetraeonal pyramidal . However the 

di fference ( 0 . 1 C  A )  i s  only �inor . It i s  of intere st 

t o  note that the Br2 1 . . . .  S 1  c ontact ( 3 . 54 A )  ha s been 
0 

reduc ed from the 3 . 7e A c ontact tr.at w 0ul d occur in 

an undi s t arted struc ture . 'Ihi s sug:fests  t:�a t 

p otential Br . . . .  S interac ti ons  d o  not play a v ery 

imp ortant rol e in d e t erminine the over all structure . 

i i i ) Br • . . .  N c onta c t s : These  have been observed 
0 

in  the range from 3 . 1 0  to  3 . 2 0 A in c omplexes  such as 

dibromobi s ( 2-methylpyri dine ) c opp er ( I I ) , 23 

d ibromo [ 2- ( 2-aminoethyl )pyri dine ] c opper ( I I ) , 26 

and dibromobi s ( 2 , 3-dim ethylpyri dine ) c opp er ( II ) ;7 

On the ba si s of tr e s e  observati on s ,  the cl osest  

Br . . . .  N c ontact ( Br 1 1 . . . .  N 1 , 3 . 2 5 A )  in  [cu( tbmp ) Pr2] 2 , 

c an not be  regard ed as  bein[ severe . 

i v )  Br . . . .  cH3 c ontact s :  The cl osest  Br . . . .  cH3 
c ontac t ( Br 1 2 . . . .  C 1 8 ,  3 . 8 6 A ) i s  not signi fi cantly 

l e s s  than the sum of the Br and CH3 van d er Waal s 

radi i  ( 3 . 95 A ) 22 and i t  i s  c omrarabl e to the 

c ontac t s  ( 3 . 8 2 1 ,  3 . 7S A )  ttat are obs erved for 

di  bromobi s (  2-methylpyri dine ) c opper ( I I ) .2
3 

Other S truc tural Features  

The Cu( II ) -Br b onding wi thin the 

/Br 1 1"' 
Cu1 " / Cu2 

Br2 1 

b ri dge  ( Table 3a ) and the angles  that are subtended 

a t  the bridging bromid e  i on s  ( Cu 1 -Br1 1 -Cu2=85 . 9 ( 1 ) 0 

and Cu1 -Br2 1 -Cu2=8 3 . 0 ( 1 ) 0 ) appear t o  b e  n ormal for 

t hi s  typ e of tetragonal pyrami dal dimer , as i s  the 

Cu1 . . . •  Cu2 separati on [3 . 59 1 ( 4 ) .A] . R el evant 

c an.pari s on s  are mad e in Tabl e 4a .  

The chelate bi t e  [8 5 . 2 ( 5 ) 0] i s  slightly greater 
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TABlE 4a  

CRYSTALLOGRAPHIC DATA.i_BROMC-BRIDGED, DHTERIC 

Cu( II) CCl\1PlEXES 

C OMPlEX 

[ Cu (  tbmp )Br2 ] 2 

[cu (  dmen ) Br 2] 2 

TERr:INAL 
Cu-Br 

2 . 35 6 ( 3 ) 

2 . 388 ( 3 ) 

2 . 4 0 1 ( 1 ) 

[cu (o< -pi c ) Br2
] 2 2 . 4 1 3 (  3 ) 

[cu (  tmen )Br2] 2 

4> [ C u (m a ep ) Br 2] 2 

2 . 4 0 

2 . 4 C0 ( 3 ) 

BRIDG ING " 

Cu-Br Cu-Br-Cu 

2 . 4 1 2 ( 3 ) 8 5 . 9 ( 1 ) 

2 . 4 1 7 ( 3 ) 8 3 . 0 ( 1 ) 

2 . 9 65 ( 4 ) 

2 . 8 39 ( 4 ) 

2 . 4 6 3 ( 2 ) 8 3 . 7 1 ( 5 ) 

2 . 8 68 ( 2 ) 

2 . 4 2 6 ( 3 ) 1 o c . 4 ( 1 ) 

3 . 8 7 2 ( 5 ) 

2 . 4 2  95 . 6 ( 5 ) 

3 . 20 

2 . 4 68 ( 2 ) S 2 . 1 4 ( 9 ) 

2 . 8 C 2 ( 4 ) 

Cu . . . .  Cu 

3 . 5 9 1  ( 4 ) 

3 . 570 ( 3 ) 

4 . S 2 6 ( 6 ) 

4 . 20 

3 . 8 C 3 ( 4 ) 

4> trigonal bipyramidal Cu ( I I ) , remainine c ompl exes  

are t etragonal pyra�idal . 

bondl engths are l ,  ancl es i n  d ecre e s . 

REFERENCE 

Thi s Work 

1 9  

23 

2 8 

2 9 

"" 
w 



than the chelate bi te  of 2-aminomethylpyridine in 

on e of i t s  Cu ( I I ) c ompl exes  [ 8 2 . 8 ( 3 ) 0 ] 25 but i t  i s  

wi thin the range ( 74 -8 6 ° )  observed for other ri gi d 

fi ve-membered chelate rinr sy stem s  .25 

The chelate rings are puck ered in a manner 

simi lar to tLat of the chelate rine in Cu( tbmp ) 2Br 

( s ee Chapter 3 ) . In the Cu1 , S 1 , N 1 , C 1 1 ,  C 1 2 

chelate  ring , Cu1 , N 1 , C 1 1 and C 1 2 are c oplanar 

( s ee b el ow ) , But S 1  l i e s  0 . 8 5 1 ( 6 )  A out of the 

Cu1 , N 1 , C 1 1 ,  C 1 2 l east-squares plane . Similarly , 

in the Cu2 , S 2 , N 2 , C 2 1 , C 2 2  chelate  ring , S 2  li es 

0 . 65 C ( 8 )  A out of  the Cu2 , N2 , C 2 1 , C22  l east-squares  

plane . Cu2 , N2 , C 2 1  and C 2 2  are al so c oplanar . 

ATCI\: S IN PLANE DEVIATIONS  FRQl.; PlANE ( A l 
E ouati on :  0 . 1  02 3X 0 . 6203Y 0 . 7777Z = -8 . 544 8  

Cu 1 , N 1 , C 1 1 , C 1 2 Cu1 N 1  C 1 1 C 1 2 

0 .  0 1 4 ( 3 )  -0 . 0 3 ( 2 )  -0 . 02 ( 2 )  0 . 04 ( 3 )  

Eauati on :  -0 . 0 1 8 2X 0 . 9 1 0 2Y 0 .  4 1  38 Z = -1 0 .  2 3 34 

Cu2 , N 2 ,  C 2 1  , C 2 2  Cu2 N 2  C 2 1  C 22  

-C . 01 4 ( 4 )  0 . 04 ( 2 )  0 . 02 ( 3 )  -0 . 04 ( 3 ) 

The Cu( II )-S B onding 

The Cu( I I ) -S bond s (mean 2 . 35 2 ( 6 )  A )  in 

[cu( tbmp ) Br2] 2 are wi thin the range ( 2 . 3C 3 ( 1 ) -

2 . 488 ( 3 )  A )  obs erved for equat orial Cu( I I ) -S 

( thi o ether ) b onding . ( Tabl e 4b ) o The Cu1 -S 1  

2 4  

S 1  

0 . 8 5 1 ( 6 ) 

S 2  

-0 . 650 ( 8 )  



and Cu2-S 2 bond s of �u( tbmp ) Br2] 2 can be  rerard ed 

as  bein[ e s sentially sinrl e b ond s as an equat orial  

Cu( II )�S ( thi oether ) sinrl e b ond is  cal culated t o  b e  

ab out 2 . 34 1 [as suminr the c oval ent radius o f  S 

t o  be 1 . 04 1 22 and the in-plane radius of Cu ( I I )30 

t o  b e  about 1 . 3( Ao ] It  i s  evi d ent from Tabl e 4b 

that Cu ( I I ) -S b ond s signi fi cantly l onger than ea 2 . 34 
0 A are f ound . The se  may ari se  from unusual c on strain t s  

that are imposed  by sp eci fi c l i gand s .  

The m ean of the equa t orial Cu ( I I ) -S b ondl ength s 

for Cu( I I ) -thi oether c ompl exe s  ( Tabl e 4b ) i s  2 . 34 2 ( 2 ) 

1 .  The di fferenc e between thi s mean and the Cu1 -S 1 

( 2 . 35 3 ( 5 )  1 )  and Cu2-S 2 ( 2 . 3 5 1  ( 6 ) 1 ) bond s of  

[cu( tbmp ) Br 2] 2 , i s  insigni fi cant . 

On c omparing the t etrahedrally di st orted Cu( I I ) -S 

( thi o ether ) bonding in [cu( tbmp ) Br2] 2 and 

[cu ( BBTE ) Cl 2] 2 ( Cu ( I I ) -S = 2 . 308 ( 2 ) ,  2 . 369 ( 2 ) 1 ) � 

wi th that of  other Cu ( II ) -thi oether c ompl exe s , 

there i s  n o  evi d ence  t o  sugr e s t  that the Cu( I I ) -S 

b onding c ould have been weakene d  as  a resul t o f  the 

tetrahe dral di s t orti ons  in the s e  s tructures . Henc e 

al though in compl exes such as  Cu( d th ) 2 ( BF4 ) � ( mean 

Cu( I I ) -S = 2 . 3 1 7 ( 2 ) 1 ) 1� CuL3 ( Cl 04 ) 2 (mean = 

2 . 30 3 ( 1 )  1 ) : and [cu( p d t o ) Clo4] cl 04 C mea:;.1 = 

i t  i s  apparent  trat the Cu( I I ) -S 

b onds  are shorter than in [cu( tbmp ) Br2 ] 2 and 

(cu( BBTE ) Cl2 ] 2 , l onger Cu( I I ) -S equatorial b ond s are 

found in  c ompl exe s  such as  CuL4 ( Cl04 ) 2 (mean = 

2 . 366 (  1 )  1 ) 33 and cur2c1 2 ( Cu ( II ) -8=2 . 4 1 0 ( 5 )  1 ) !2 
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TAElE 1b 

Cu(II)-S(thi oether) BCKTll EXC T!-! DA TA 

Cct'JFLEX 
(cu( tbmp )Br2] 2 
Cu( dth) 2 (BF4 ) 2 
[cu(I0) ClCl04] 2 

cur.1 c12 
cur.2c12 
CuL3 ( Cl 04 ) 2 
CuL4 (Cl04 ) 2 
(cu(BBTE)Cl2] 2 
[cu(pd  to )  c1o4 ] Cl04 
[cu( EEE ) ( 1 -t.: erm) ] ( c1o4 ) 2 

. . . 5 CuL 

(cu216] 4+ 

[cur.7] ( clo4 ) 2 

1/:EAN 
CuPI}-SlA S TRGC TURE 

2 . 352 ( 6 )  Tetr . pyr . 

2 . 31 7 ( 2 )  trans-tetr . 

2 . 4  38 ( 6 )  Di st . oct . /dist . sq . pyr . 

2 . 587 ( 6 ) ax . 

2 .  34 1 Di st . tetr . pyr . 

2 . 4 1 0 ( 5 )  Di st . sq . py r .  

2 . 3C 3 ( 1 ) trans-tetr . 

2 . 36 6 ( 1 )  trans-tetr . 

2 . 338 ( 2 )  Tetr . pyr . 

2 . 31 3 ( 2 )  Tetr . pyr . 

2 . 4 1 4 ( 2 ) Tetr . pyr . 

2 . 56C ( 2 )  ax . 

2 . 488 ( 3 ) Di st . t etr . 

2 . 6C7 ( 2 )  ax . 

2 . 31 8 ( 1 ) Di st . tetr . pyr . 

2 . 31 2 ( 4 )  Tetr .pyr . 

REFERENCE 

Thi s W ork 

10 

2 1  

3 1  

32  

9 

33 

1 8  

1 1  

34 

35 

36 

37 

� :  - ax . = axial , all otter Cu ( II ) -S bonds are equatorially 

disposed . 

COMPlEX 
[cu( tbmp )Br2] 2 
[cu(aep ) 2Br] Br 

Cu( dmaep )Cl2 

TABlE 4 c  

Cu(II)-N(nyridyl) E GIDI ENC TH IlATA 

:t.:EAN 
Cu� II }-N S TRLC Tl.'RE 

2 .C6 ( 2 )  Tetr . pyr . 

2 . 065 ( 3 ) Intermediate 5-coord . 

2 . CO? ( 3 )  Di st . tetrahedral 

[cu(pdto ) Cl o4] Cl04 2 . 0 1 C ( 5 )  Tetr .pyr .  

Cu (aep ) 2 ( Cl04 ) 2 2 . 024 ( 2 ) tran s-tet r .  

Cu(o< -pi e)  2Er2 1 . 982 ( 6 ) Tetr .pyr . 

REFERE�1 C E  

Thi s Work 

3 8  

3 9  

1 1  

40  

23  

Cu(a:np )Br2 · 2 . 01 1 ( 9 )  Tetr . el ongated oct . ( p c ly.) 25 

Cu(o< -pi c ) X  2 . 1 6 ( 1 ) ax . Tetr . pyr . 

NOTES : - X = chloroaceta te ;  ax . axial 

4 1  
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In aJ l of these  c ompl exes , the c oordinated 

thi oether sulphur atoms are ei ther equat orially 

c oplanar , or they are di stort ed by no  more than C . C7 A 
from their resp e c tive equatorial plane s . 

The Cu(II)-N Eonding 

While  the Cu1 -N 1 and Cu2-N2 bond s (mean , 2 . C 6( 2 ) A )  
of [cu( tbmp )Br2

] 2 are l onger than ttn s e  o f  other Cu( I I ) 

comp l exes  of sub sti tuted pyri dyl lirand s ( Tabl e 4 c ) , 

the di fferenc es  are not stati sti cal ly si gni fi cant . 

The Cu( I I ) -N bonds  in tr.i s structure can be re[ard ed 

as being singl e bond s as  the e quatorial Cu( I I ) -N 

singl e-bond i s  cal culated t o  be  ab out 2 . 04 A ( taking 

( ) 0 30 the in-plane radius of Cu II as 1 . 30 A and the 
0 2 2  singl e-b ond c oval ent radius of N as 0 . 74 A ) .  

A s  with the Cu( I I ) -S bondin[ ,  th ere i s  n o  evi-

d ence  t o  suggest  ttat the tetrahedral di st orti on s  

s een here , have any si gni fi cant  effect on the Cu( II ) -N 

b onding . Thi s i s  supp orted by the fac t  t�at the 

Cu( I I ) -N bond s in the di storted tetrahedral monomer 

) ( ) 0 ) 39 Cu( dmaep Cl2 ( 2 . 007 3 A , and in the tetragonal 

) 26 c omp l ex Cu( aep Br2 ( 2 . C2 1 ( 5 )  A ;  the c oordinated 

pyri dyl-ni trogen atoms are di storted from th e 

equat orial , mean l east-squares  plane by up to  0 . 38 A ) , 
are indi stingui shable  from those  of c ompl exes  such 

( 2 . 01 1 ( 5 ) , 2 . 008 ( 5 )  A )  and 

� 25  Cu( arnp ) Br2 ( 2 . 01 1 ( 9 ) A ) . The latt er c omplexes  

exhibit  planar , e quat orial Cu( I I ) -N bonding . 
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1 . 2  ET ECTRC� IC  SPECTRA 
The ten tative a ssignment s  for tt e spec tral 

maxima have b e en mad e by c omrarinf tte spec tra 

of [cu ( tbmp )X2] 2 wi th the spec tra of the comp l exes  

that are  di scus sed in  sub s equent chapter s .  

C ompari sons hav e al so  been mad e wi th published d a ta , 

where tLej are rel evant . 

The sp ec tra and the assignmen ts  are presented 

in Tabl e 5a . 

A )  LIGAND FIElD TRANSITIONS 

Introduc ti on 
Q 

The d �  c onfi gurati on of Cu ( I I ) can the oreti cally 

give ri se t o  a maximum of four d-d transi ti on s  but in 

the ma j ori ty of  c ompl exes , it i s  usual for only on e 
42 , 43 or two t o  be  observed . The singl e ,  unpai red 

elec tron of the eg ground s tate  wil l  usually b e  

found i n  ei ther the dx�y2 or d22 orbi tal , d epending on 

the s tereochemi stry of the c ompl ex . The large s t  

prop orti on of c ompl exes  have a d  2 2 ground state 30 
X -Y 

a s  thes e  c ompl exes  have  s tereochemi stri es  that can 

be  d erived fr om a basi c t etragonal stereochemi stry . 

However , c onsi d erable overlap oc cur s  between the d-d 

transi ti on energi e s  of  the vari ous basi c geom etri e s  

and a s  a c ons equence , i t  i s  dangerous to draw 

c onclusi ons  about tte s tructure of a c ompl ex on the 

basi s o f  the el ec troni c sp ectra al one .44 ' 45 

Where i t  i s  p o s sibl e ,  addi ti onal physi cal data such as 

the e sr spectra , whi ch can five  informati on on the 

e l e c tr oni c ground state  wi th  greater c ertain ty , and 

infrare d  spe c tra should al s o  be c onsidered . 
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I t  i s  in the interpre ta ti on of the de[ree of 

t etrag onal di s torti on ,  that d-d abs orpti on energi e s  

become valuabl e .  Inc�caDing the t etragonal di storti on 

shift s  the c entre of gravi ty of the transiti ons  t o  

:ti gher energi es .44  

Th��ctra of [cu( tbmp)Br2]2 and [Cu( tbrr.p)Cl 2]2 
i )  R efl ectanc e :  The cry stal s truc ture of 

[cu( tbmp ) Br2] 2 shows that the Cu ( I I ) i ons have a very 

di stort ed tetrag onal pyrami dal  environment in whi ch 

the basal atom s  hav e und ergon e  si gni fi cant tetrahedral 

di storti ons . A s  a c onsequenc e of the se di st orti on s ,  

t:te li gand fi eld maximum ( 84 0  nm ) i s  at qui t e  l ow 

energy �hen c ompared to other compl exes of t:ti s typ e ,  

such a s  Cu (o<-pi c oline )  2Br 2 ( 6 04 nm ) •2 3 ' 46 

Whi l e  there are no  other kn own exampl e s  of 

CuSNX 3 five-coordinat e chr omophore s wi th whi ch 

c ompari s on s  can be  mad e ,  [cu ( BBTE ) . 2Cl ] 2 , ( BBTE = 

5 , 8-di thiadod ecan e )  whi ch i s  a di s t orted tetragonal 

pyramidal  Cus 2c1 3 dimer , has a li gand fi eld maximum 

at  about 8 00 nm , ( mull , 80K) . 
1 8 , 47  

(cu( tbmp ) Cl 2] 2 ha s a refl ec tan c e  sp ectrum simi lar 

t o  that of [cu (  BBTE ) . 2Cl] 2 and [ Cu( tbmp ) Br2] 2 and i t  

i s  al so  dimeri c i n  non-coordinating solvent s .  The se 

ob servati on s  are c on si st ent wi t:t (cu ( tbmp ) Cl 2] 2 
having a structure  similar t o  that of  the bromid e  

c ompl ex i n  the solid  stat e .  

The reflec tance spec tra of these compl exes 

( Figure 2a ) , are in agreement wi tL tbe cri teria 

that were recently suggested for di stingui shing 

between s quare pyramidal and trigonal bipyrami dal 

2 9  



3 70 

3 72 

352 

FlGD-:E 2 

El ectroni c Spect.�r=a ___ �u ( tb�p)x2] 2 Dimers 

2a 
C.T. MAX IMA d - d  MAXIMA 

420 840 

C l  

400 n m  500 600 BOO 

Refl ectanc e  

2b 

870 

582 

Di chl oromethane s ol�ti on 

30 

Br  

1 200 



structures . From a study of (cuN
5
] 2 +  chrn� orh ores , 

Ha thaway et al 48 noted  tl .at t�e l ower energy 

transi ti on of square pyrami dal stere ocherri stri es  

wi ll be l e s s  intense  than the main band , �hi l e  in 

trigonal bipyrami dal struc ture s ,  tte l ower intensi ty 

shoulder wi ll be blue-shifted in relati on t o  the 

main ab sorpti on band as st ovm in Fi gure 2c . 

FIGURE 2c 

Lf.GAND FIEI.D M A X IMA OF FIVE- C OORDil:ATE Cu( I I ) c m: PIEXES . 

' 
E 

nm -+ 

SQUARE PY'RAM10Al 

t E 

n m -o+ 

TRIGONAL BIPYRAMIDAL 

I t  ha s al s 0  been sugrested  that d-d transi ti ons  

for square pyramidal c ompl exe s are found in  the 

g eneral regi on from 5 5C-670 run v.:hi.l e  for tri gonal 

bipyrami dal structures ,  they are found from ab out 

8 C0-8 5C nm .49 H owev er , a limi ted number of  example s  

taken from the li terature  ( Tabl e 5b )  show that there i s  

an overlap between the s e  two extremes .  

i i )  Di chl oromethane : The spectra in thi s s olvent 

( Fi gure 2b )  are very simi lar to the refl ectan c e  

spec tra and the dimeri c nature  o f  the c ompl exe s  in 

c hl oroform ( Tabl e 8 )  imp li e s  that the di storted  

five-c oordinate s tructures  are beinf retained . 

On the basi s of Hathaway ' s  cri teria , the 

[cu( tbmp )X2] 2 dimers are more  likely to  have  d i s t ort

ed  tetragonal pyramidal struc tures  in di chl oromethane . 

3 1  



TAB1JL2§: 

ElECTROKIC SPECTRA-L- [�� tbmpl_!2] 2 CO�:PlEXES 

C OMPLEX REFLECTANCE ASSIGNMENT CH2Cl2_i§l_ AS S IC N1V1 ENT KeCH l§.L ASS IGNrENT 

[cu (  tbmp ) c1 2] 2 

[cu ( tbmp )Br2] 2 

37 2 
4 33 
8 5ot 

ea 370 ( sh )  
4 20 
5 60 
84Ct 

2 92 ( 54 5 2 )  

ea 354 ( sh )  
367 ( 3GCC ) 

cr -+ cu ( I I ) 447 ( 1 1 3 3 ) 
I F  8 2C ( 308 )t 

ea 32C ( sh ) 
3 5 2  ( 5C C:·7 )  

Br-_. Cu( II ) ca 4 1 5 
Br- -+ Cu ( I I ) 5 82 ( 63 1 ) 
LF 870 ( 39 1 )t 

api cal Cl- --+  Cu(  I I ) 

cr ( S ) -+  Cu ( I I )  
Cl- ---+ Cu (  I I ) 
Cl- --+ Cu (  II ) 
LF 

apical Er---+ Cu ( I I )  
cr ( S ) -+ Cu( I I ) 

Pr----+ Cu ( I I )  
Br- -+ Cu ( II ) 
LF 

357 ( 1 1 77 )  

2 5C ( 1 44 )t 

3C 9 ( 2 C 62 ) 
352 ( 1 276 ) 

8 5C ( 2 67 )t 

N OTES : - abs orpti on maxima are nm . ; extincti on c oeffi ci ents  are l . mol . - 1  cm . - 1  

- s h  = shoulder ; L F  = ligand Fi eld 

t = asymmetri c 

- tbmp has int ense  intra-ligand charge tran sfer ab sorpti ons at about 2 65 nm . 

cr ( S )-4 Cu ( I I )  

I .F 

Br---+ Cu( I I ) 
cr ( S )� Cu( I I )  

LF 

w 
,....., 
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TABlE 2b 

ElECTRONIC SPECTRA OF 2-C OORDINATE Cu�II} C(l{.PLEXES 

C01�PIEX LF N.AXIKA S TATE REFERENCE 

TETRAG ONAl PYRAN'IDAL X-Ray Spectrum 

Cu(o< -pi c ) 2Cl 2 

Cu(o< -pi e )  2Br2 
(cu(  trnen ) Cl 2] 2 
(cu(EBTE ) Cl2] 2 
[cu(  tmen ) so4 • ( H20 )  2] . H2 o 

TR IGOl':AI EIPYRAKIDAL 

C u ( pib) tu( Cl 04 ) 2 
Cu(dip) 2 tu( Cl04 ) 2 
[cu(tren )Ncs] SCN 

[c u ( bipy ) 2 r] I 

Cu(NH3 ) 2Ag( SCN ) 3 
N OTES : - IF maxima are nm .  

- sh = shoulder 

5 1 7 ( sh) , 58 5 ,  
625 ( sh)  

604 

� 675 

� 800 

67 6 

670 

770 

680 ( sh) , 840 
8 00 

69C ( sh) , 78 1  

TABlE 2c 

Refl . 24 46 

Refl . 2 3  46 

11ull , 8CK 4 7  4 7  

ll.ull , 80K 1 8  4 7  

lJull 50 50 

Refl . 5 1  52 

Refl . 5 1  5 2  

Refl . 5 3  54 

Refl . 55 56 

R efl . 8CK 5 7  54 

C . T .  ASSIGNMENTS FOR (cu( tbmp}x2) 2 A:t-.'D (cu(BBTE}X2) 2 • 

C ON:PLEX 

(c u ( BBTE )Cl2] 2 

(cu( tbmp ) Cl2] 2 

� (c u ( BBTE )BrJ 2 

[cu( tbmp ) Br2] 2 

C . T .  MAXTI.1A/nrn 

363  
44 9 

� 354 ( sh) 
367 
447 

358 ( sh )  
� 4 20 

544  

352  
� 4 1 5 

5 82 

ASS IGNMENT 

Cl-� Cu( I I ) 
cr ( S ) -f  Cu( II ) 

er ( S ) -+  Cu( I I ) 
Cl---t Cu( I I ) 
Cl- --t Cu( I I ) 

Br--+ Cu( I I )  
er ( S  )---+ Cu( II ) 

cr ( S )--t Cu( I I )  
Br---+ Cu( II ) 
Br----+ Cu ( I I )  

N OTE : � mull data ( 8CK ) for thi s  c ompl ex , otherwi se 

CH2Cl 2 s oluti on . 

+ Er---+ Cu ( I I )  



iii ) � ethan ol : The di s app earan c e  of the charge 

tran sfer abs orpti ons ttat are assirned t o  "in-plane "  ., 

Cu-X (X=Cl- , Br-) b onding , ( s e e  bel ow ) , indicates  

that the dimeri c structure i s  not  retained . 

Partially s olvated sp eci es  such a s  Cu( tbrnp )X2 . (N eOH )n 
and [cu(  tbmp )X . ( N: eOH )n]

+ would acc ount for the 

l ow energy , l i gand fi eld rr:;axima ( 8 5 C  run for both 

c ornp�exes ) and the partial el e c trolyti c behavi our 

( Tabl e 8 )  o f  the c ompl exes in thi s solvent . Thus , 

[ K CH Cu( tbmp )X2] 2 ' e Cu ( tbrnp )X2 . ( ll! e0H )n 

( Cu( tbrnp ) X .  (M eOH )  nJ + 

where n= 1 or 2 . 

and 

B )  CHARGE TRANSFER TRANS I T i m; s  ( L  --+ Cu( I I ) )  

Introducti on 43 

Ligand ---... Cu( I I )  charge transfer spectra are m ore  

easily interpreted and are bet ter und erstood than 

L---+ C o (  II ) and 1--+ Ni ( II ) charge transfer spe ctra . 

In the lat t er group , transi ti on s  t o  metal stat e s  that 

have di fferent interelectroni c repul si on parameters  

r e sul t in a greater number of overlapping L� M ( II )  

charge transfer tran si ti ons . 

Hal ogen ligand s and thi oether sulphur d onors have 

cs and 11 -symmetry l one pair el ectrons  and a s  a 

c onsequence ,  two type s  of L� Cu( I I )  charge tran sfer 

ab s orpti on can theoreti cally be ob served : 

i )  cs --+  singly occupi ed Cu( I I )  d-orbi tal , and 

ii ) 11 � singly occupi ed Cu(  I I ) d-orbi tal . 

I f  more than one ligand i s  b ound t o  Cu( I I ) or i f  

spin-orbi t c oupling i s  suffi ci ent  t o  lift  the 
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d egen eracy of  s om e  of  the orbi tal s ,  s everal 

ab s orpti on s  o f  a speci fi c  typ e may b e  observ e d . . . 

Where  the li gand s d o  n ot have any TT- symme try 

orbi tal s ( e . g .  amine  l i gand s ) , only cr ( L ) ----i Cu( I I )  

charge transfer ab s orpti on s can o c cur . 

The Spe c tra of [cu( tbmp)Br2] 2 and [cu( tbmp)C l 2] 2 
i )  X- ----t Cu ( I I ) :  Api cal l i ga ti on of hal i d e  i on s  

should re sul t in  "weak "  x- � Cu( I I ) charge tran s fer 

absorp ti on s  a t  relatively hi gh·  energi e s 47 but the 

a s si gnmen t s  of S chugar e t  a l  app ly to mull sp e c tra , 

f or whi ch the i n t en si ti e s  are  not  kn own . In the 

sp ec tra o f  Cu( e t ea ) 2 Cl 2 and C u ( e t ea ) 2Br2 ( se e  

Chap t er 5 ) , the ab s orp ti on s  that are a s sign e d  a s  

api cal X-� Cu( I I ) charge transfer tran si ti ons 

( CH2Cl 2 s oluti on ) are  reas onably s tr ong , and are  

ob serv e d  at  28 3 nm ( e = 68 2 5  l .m o l . - 1 cm-1 ) and 

327 nm r e sp ec tively . Simi lar abs orp ti on s  

( Tabl e 5a ) ar e al s o  ob serve d  ( CH2 Cl 2 s oluti on ) for 

[cu( tbmp ) Cl 2] 2 and [cu( tbmp ) Br 2] 2 a t  292  nm ( e = 54 5 2 )  

and ea 320 ( sh )  nm r e sp e c tively and the s e  are thu s  

a s sign e d  a s  api cal x-� Cu( I I ) charge transfer 

ab s orpti on s . 

The r emaining x-� Cu( I I ) charge tran s f er 

ab s orp ti ons are  c on si st ent wi th the e quatori a lly 

di sp o s ed Cu( I I )-- X bonding t hat i s  shown by the 

struc tur e  o f  [cu( tbmp ) Br2] 2 and they are in 

agr e ement wi th the a s si gnment s  for square  planar 
2- 5 8 , 59 CuX4 sy s t em s . 

Supp ort for the s e  a s si gnmen t s  c omes  from the  
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di sappearance of the ab sorpti ons in methan ol ,  the 

impli cati on be�ng that the dimeri c struc ture i s  

di srup t ed . 

All  of the X-� Cu( I I ) charge tran sfer transiti ons 

wi l l  ari s e  from TT -orbi tal s on the halid e i on s ,58 

the 6 ( X- )� Cu( I I ) abs orp ti ons being found only 

a t  very high energi e s ,  ( �  2 00 nm ) .  

i i ) _qi§l--+ Cu(II ) :  Thes e  abs orpti ons ( Tabl e 5a )  

r emain relatively c on stant i n  going from di chl oro

m ethane [X=Cl- , � 354 ( sh )  nm ;  X=Br- , 35 2 nm 

( e  =5 097 )] to methan ol s oluti on [357 nm ( e  = 1 1 77 ) 

and 35 8 nm ( e  = 1 27 6 ) r esp . ] and on changing 

t he hal ogen . 

i ii ) Di s cussi on :  The spectra of  [cu( tbmp ) Cl 2
]

2 
and [cu( tbmp ) Br2

]
2 are very simi lar to  thos e  of  the 

t etragonal pyrarr.i dal dimers , [cu BBTE . 2X]
2 

( BBTE = BuSCH2CH2SBu , X = Cl- , Br- ) whose  sp ectra 

have been di scussed by S chugar et al .47 

H owever their assi gnment s di ffer from those of thi s 

w ork , b eing bas ed on the a ssumpti on that the 

er ( S ) � Cu( II ) charge transfer abs orpti on o ccurs 

n ear 440  nm as assi gned for Cu( BBTE ) 2 ( Cl 04 ) 2 • The 

c harge transfer abs orpti ons for the [cu( tbmp ) X2
]

2 
and (CuBBTE . 2X]

2 c ompl exes are c ompared in Table 5 c .  

C )  ELECTRONIC SPECTRA AT 90K ( in 20% Glyc erol/M eOH ) 

The respective sp e c tra are virtually i d enti cal 

t o  tho s e  of the Cu( tbmp ) 2x2 ( X  = Cl- , Br- ) and 

[cu( tbmp ) 2X]BF4 ( X=Cl- , Br- ) c ompl exes  ( at 9 0K )  that 

are  di scussed in Chapt er 2 .  Hence the t etrag onal 



pyrami dal , [cu( tbmp ) 2x] + m on omer s  ( d erived 

a c c ording to equati on ( i ) )  are probably re sp onsibl e 
. . 

for the s e  spectra ( Tabl e 1 1  ) .  The exi stence of a 

s olvat ed Cu( I I ) speci e s , Cu (N eOH )  2+ , i s  apparent n 
in the e sr spec tra ( 1  . 3 ) of the dimers in 2 0%-

Glycerol/II1 eOH ( at 77K ) , but thi s i s  not  imm ediat ely 

obvi ous in the el ectroni c sp ectra at 90K .  

( i ) [cu( tbmp )X2] 2
nKeOH [cu( tbmp ) 2x] + + Cu( t� eOH )�+ + 3X-

1 . 3  ELECTRON SPIN RESONANCE SPECTRA 

i )  Introducti on 

T� o of the m ost imp ortant fac t or s  that d e termine  

the e sr spectrum of a Cu (  I I ) c ompl ex., are the 
30 s t ereo chemi stry of  the c omp l ex 

60 typ e .  

and the ligand 

Tetragonal Cu( II ) s tere ochemi stri es that have a 

dx2 - y2 ground stat e ,  result in I A 11 1  values that  

fall approximat ely in the  range from 1 50 x 1 0-4 

t o  200 x 1 0-4 cm- 1 and g11 i s  great er than g.L • 

S everal studi e s  have n ow succ es sfully shown that , in 

agreem ent  with theoreti cal predi c ti ons , di st orting 

a s quare planar stere ochemi stry t owards a t etrahedral 

s t ereochemi stry generally r e sult s  in a relative 

increas e  in g11 and a d ec reas e  in I A ul for the same 
• 61 62 63 lJ.gand d onor s et s . · · For a given 

geometry , small er g 11 values  can b e  achi eved by 

substi tuting "hard " d onor ligand s  wi th " s oft " d onor 

ligand s and thi s i s  exempli fi ed by the Cus4 
2+ 

chrom ophore s  of Cu( dth) 2 ( BF4 ) 2 ( g 0 = 2 . 1 2 2  and 
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The sp ectral charac teri sti c s  of the i d eali sed  

five-c oordinate Cu( I I ) c omplexes  are  al so  well 

e s tabli shed now . Trigonal bipyramidal Cu( I I ) 
c ompl exe s  have a d z2 ground state  and these  are 

rec ogni s ed by g 11 being � 2 . 00 and g.l > g 11 , 

whi l e  I A 11 1  and I A.ll li e approximat ely in the range 

from 60 x 1 0-4 t o  1 00 1 0-4 - 1 64 ,65 x cm • 

However , a c ompl ex where I A 11 1 i s  as l ow as 38 x 1 0-4 cm-1 

[cu-Zn ( F6acac ) 2H2o] , has been charac teri zed :6 

Whi l e  the Cu( II ) c ompl exes  of thi o ether d on or li gand s 

can have g 11 value s that are charact eri sti c of a 
60 d 2 ground state , trigonal bipyramidal c ompl exes z 

are easi ly rec ogni sed by their "rever sed"  spe ctra . 

An excellent exampl e  of thi s typ e ,  i s  the p owder 

Square 

pyramidal c ompl exes  have a dx2 _ y2 ground state  

and thi s usually re sul t s  in the spe ctra and e sr 

paramet er s  being simi lar t o  those  of  t etragonal 

c ompl ex e s  •67 ' 68 

Intermediate  five-c o ordinate  geometri e s  have 

r e c eived li t tl e  att enti on , al though cri t eria were 

recently suggested by Bencini e t  al ,64 for 

rec ogni sing thes e  geometri e s  in frozen s oluti on 

sp ectra . S tr ong rhombi c di s t or ti on s , which resul t in 

one of the g values being l e s s  than 2 . 04 , a more 

di ffuse spectrum in the hi gh fi eld r egi on and a 

n ormal t etragonal-like l ow fi eld regi on , characteri z e  

these spe c tra .  
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i i ) The Spec tra of [cu( tbmp) Br 2] 2 and 
[cu( tbmp ) Cl 2] 2 
The cal culati on of the g and A parameters , and 

the exp erimental c ondi t i ons , are d e s cribed in the 

App endi ces . The data for the se  c omplexes i s  given 

i n  Tabl e 6 ,  for vari ous glasses  at 7 7K . 

Di chl oromethane and Chl oroform : K ol ecular 

weight measurement s ( Tabl e 8 )  i ndi cate that tpese 

c ompl exes r etain their dimeri c nat ur e  in  chl oroform 

and thi s i s  refl e c ted in the p o orly resolved e sr 

sp ec tra 69 ( Fi gure 3 ) . The broad ening of the sp ectra 

i s  p robably due t o  exchange-c oupling effect s  /0 
The sp e ctrum of (cu( tbmp ) Br2] 2 in di chl oro

methane ( Fi gure 3 )  c ould n ot be improved suffi ci ently 

t o  enabl e the cal culati on of g and A values .  The 

di ffuse nature of the spectrum at high fi eld s  would 

b e  c onsi stent  wi th a di storted five-co ordinate 

s tructure . 

Although the hi gh-fi eld r egi on for [cu( tbmp ) Cl 2
]
2 

i n  di chl oromethane i s  only weakly r e solved ( Fi gure 3 )  

( whi ch may b e  indi cative of an intermediate five-

co ordinate g e ometry ) :4 the g ( ea 2 . 000 , � 2 . 34 9 ) 

and A ( � 9 3 ,  � 7 1  x 1 0-4 cm-1 ) values  s trongly 

sugges t  that  i t s  structure i s  tri gonal bipyramidal . 

Ni tromethan e : For [cu( tbmp ) Cl 2 ] 2 , the spectrum 

( Fi gure 3 )  i s  qui t e  well-resolved . The g value calcu-

lated  for the w eakly resolved p eaks on the high-fi eld 

of the ma j or spe ctral line i s  c onsi s tent  wi th a 

t rig onal bipyramidal structure  ( g _, 2 . 00 , I AI - 3 1  x 1 o4 
cm- 1 ) . However , the di fferenc e  b e tween the 
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FlGURE__l 
ESR Spectra - [Q�_(_ tbmp )X2] 2 Dlmers ( a t  77.K ) 

GAUSS --+ 
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K ey t o  Fir:ure 

( Cu( tbrr.p ) Cl 2] 2 
[ Cu ( tbmp ) Br 2] 2 
[cu ( tbmp ) Cl 2] 2 
[cu( tbrnp ) Cl 2] 2 
[cu (  tbrnp ) Br 2] 2 

3 

in 

in 

in 

in 

in 

cr"l oroforrn 

di chl orornethane 

di chl oromethane 

ni trornethane 

m ethanol 

Cu ( I I )  in methanol 

N OTE : In all of the e sr spe c tra tLat are 

pr e s ented in tl.ci s thesi s , the 2 8 C C  G aus s fi eld 

line i s  given as a reference  p oint . 
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C OMPLEX 

[cu ( tbmp ) c12] 2 

SOLVENT 

CH3No2 

ESR SPECTRA, 

gll 

TABLE 6 

[Cu( tbmp )X2 ] 2 COMPLEXES 
4 I cm -1 1 o:J.A11 1 gl 

� 2 . 00 � 3 1  2 . 2 27 

1 04 1A1
1 /cm-1 

g i so 14N shfs -

1 3 5  

CH2 Cl2 ea 2 . 00 � 9 3  ea 2 . 349  ea  7 1  

[cu (  tbmp ) Br2] 2 

CHC1 3 
A cet one 

Me OH 

Gly c /MeOH 

CH3No2 
CH2c12 
A c e t one 

MeOH 

a )  
b )  

a )  
b )  

a )  
b )  

Glyc/MeOH a )  
b )  

2 . 4 30 1 2 5 
2 . 279  1 44 

2 . 4 2 6  1 2 3  
2 . 270  1 4 3 

2 . 4 2 5  1 27 
.£§.2 . 1  6 1  .£§,1 5 1  

2 . 4 24 1 2 1  
2 . 288 1 50 

N OTES : - i so . = i sotropi c ;  shfs 
G = Gaus s ;  

= superbyperfine spli tting ; 

- all sp ec tra rec orded at 77K . 
- Gly c /MeOH:20% Glycerol/M ethanol 

2 .  1 1 5 

2 . 1  36  

� 1 9  G 

2 . 1  04 

2 . 1 08 

2 .  1 3 1  

ea 1 9  G 

18 G 

in methan ol glasses , sp eci es  
a )  i s  Cu (M eOH )!+ whil e  speci es  
b )  i s  tetragonal pyramidal 

[cu (  tbmp ) 2x] + 
l:o
w 



l ow-fi e l d  and high-fi eld I A I value s ( 1 35 x 1 0-4 

and 3 1  x 1 0-4 cm- 1 resp . )  i s  greater than previ ously 

observed for trigonal bipyraiTidal c ompl exes . 

Acc ording to these  studi e s ,  I A11 1 

b e  of c omparabl e magni tude s .71 

M ethanol and 20% Glycer ol/K eOH : There are two 

ma j or speci es pre s ent in thes e  gla s ses  ( Figure  3 ) . 

On e of the sp eci e s  i s  solvated  Cu( I I )  [cuO�: e OH )n 
2+] 

as the g 11 and I A 11 1 paramet er s  c orrespond t o  those  

that are  m easured fo r Cu( II ) und er the same c ondi ti ons . 

For [cu ( tbrnp ) Cl 2] 2 , the i d enti ty of  the sec ond 

c ompl ex i s  not immediately cl ear al though the 

electroni c sp ectra at 9 0K suggested that a t etragonal 

pyramidal [cu( tbmp ) 2Cl] + c!lrom ophore i s  pre s ent . 

The two hi gh-fi eld p eaks in the e sr sp ec tra of 

[cu( tbmp ) Br2] 2 c orrespond to those  that are observed 

for Cu( tbmp ) 2Br2 and [cu( tbrnp ) 2Br] BF4 under the 

same c ondi ti ons ( se e  Chap t er 2 ) .  Henc e the 

t etragonal pyrami dal rnon omer [cu( tbmp ) 2Br] + ,  i s  

probably present . 

1 . 4  INFRARED SPECTRA 

FAR INFRARED 

In  b oth spec tra ( Fi gure 4 )  there are two 

( - 8 - 1 -absorpti ons X=Cl ; 2 2 , 29 6  cm : X=Br ; 227 , 244 cm 

that can b e  assign ed as  str e tching vibrati ons of the 

" equat orial " Cu-X bonding , but there are n o  

absorpti on s  that can b e  r eadily as signed a s  stretch-

ing vibrati ons of  the api cal Cu--X bonding . The 

-1 )  
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FIG URE 4 

Far-IR Sn ec tra - [cu ( tbmnt: 2] 2 Dirr er s 

1 5 0  200 2 5 0  300 c m - 1 

"V( Cu-Cl ) abs orpti ons shown 

T 
227 

150  200 250 3 0 0  

v( Cu-Br ) absorpti ons sho�n 



assignment s are in agreement wi th those of 

similar dimeri c Cu( II ) c ompl exes , such as 

[ ( ) ] ( - -1 - 1 Cu o< -pi c oline  2x2 2 X=Cl ; 305 cm : X=Br- ; 2 3 3 cm- ) 

23 ,  24 , 72 
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EXPERIMENTAL 

DETERJ.:INATICN OF STRUCTURE OF [�u( tbm-p)Br2] 2 

i )  G eneral 

The approximate  uni t c ell dimensi ons of the 

black crystal s of [cu( tbmp ) Br2] 2 were d etermined 

by preliminary oscillati on ,  Viei s s enberg and 

precessi on photography . The crystal s were prepared 

a s  d e scribed in the SYNTHESES . Densi ty measurement s 

and mol ecular weight d eterminati ons indi cated that 

there were two dimers p er uni t c ell , suggesting the 

space  group P1 as the m ost l ogi cal choi c e . Ac curate 

c ell dimensi ons were calculated after a cry stal 

had been aligned on a four-circle  X-ray di ffractometer . 

The l east-squares analy si s of the posi ti ons of twelve 

g eneral refl ecti ons  was used to define the crystal 

ori entati on . 

TABLE 7a 

CRYSTAL DATA FOR [cu( tbmp)Br2 ] 2 
M . W .  

CRYSTAL SYS T:Erl 

SPACE GROUP 

CELL DDlENSIONS 

CELL VOLUME 

DENSITY 

RADIATION 

f- (M o-KcX; 

809 . 30 g .  

T ri clini c 

P1 

a=9 . 040 ( 1 ) A o< =1 20 . 2 6 ( 1 )0 

b=1 3 . 1 00 ( 2 ) {3 =92 . 8 0 ( 1 )  

C=1 5 . 4 55 ( 2 ) l =1 1 1 . 3 1 ( 1 ) 

U=1 4 1 1 p}  
D* M = 1 . 89 6  g cm-3 

DCALC . = 1 . 9C 5  g .  cm-3 ( Z =2 )  

M o  - Ko< 

77 . 2 cm-1 

NOTE :  * Determined by fl otati on method . 
M easured in CH3I/p-dibromob enzene/bromobenzene  
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i i ) Data Coll ecti on and R educti on 

The data was c ollected on a c omputer 

c ontr olled Hilger and Watts four-circl e X-ray 

di ffractometer for a cry stal whi ch had dimensi ons 

of  approximately 0 . 0 3 x 0 . 0 1 x 0 . 02 cm and whi ch 

was mounted about i t s  a axi s .  

TABlE 7b 

DATA COLlECTION FOR [cu( tbmn)Br2J 2 
A l\i o-Ko< 0 .  7 1 07 A 

Background C ount Time 

C ounting S t ep s  

C ounting Time/ st ep 

S tandard Refl ec ti ons  

9 s .  each sid e  

30 
1 • 5 s .  

( -3 ,  - 1 , 0 ) ; ( 0 , 0 , 8 )  

The checks that were mad e  on the standard 

r efl e cti ons did not reveal any si gni fi cant , 

n on-random , intensi ty . changes .  The data was 

c oll e c t ed ( 634 1 measurement s )  for the hkl , hkl , hkl and 

hkl refle c ti ons  in two shells ( 0° < 8 < 20° and 

2 0° ( 8 < 2 6° ) .  Equivalent refl ecti ons were then merged 

t o  give 5 504 ind epend ent refl e cti ons of whi ch 3070 
had inten si ti es  greater than 2 � . Lorentz and 

p olari zati on c orrecti ons were appli ed t o  the data , but 

n o  abs orp ti on c orrecti on s  were mad e .  

iii ) Structure S oluti on and Refinement  

Although i t  was apparent that quit e  a f ew of  

the  maj or vector s  in the Patterson vect or map were 

r elat ed , the s oluti on of thi s map was not obvi ous . 

The program DANFIG , a l ocally adapt ed versi on of 

ORTEP , 73 was used to calculat e  the di stanc e s  of 

the ma j or vect ors  from the origin , as well a s  the 
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anc:l e s  tl-Ia t arc subtend ed at  the ori ein ,  by these 

v ec t ors . A copp er atom was assicned to th e orifin 

and U:i s [ave a set  of Cu-Br , Cu-Cu and Br-Br 

v e c t ors  that wer e c on si s ten t  wi th a dimeri c 

s truc tur e ,  such a s  ti:.at shoYm in Fi eure  5 .  
FI G1JRE 5 

P OSSIBL� STRCCTDRE, AS I�m i CA TED B "Y PA 'I'T ER S o:t� VECTORS  

The  c oordinat e s  of the  two c opp er and four 

bro�ine atoms , that had been d educ ed from the 

F at t er s on map , were used t o  cal culate  an el ectron 

d ensi ty map phased on these  atom s . The space  group 

wa s a s sumed t o  be P 1  and c opp er (1 ) was kep t  at 

t he ori gin . Thi s el ectron d en si ty map reveal ed the 

p o si ti on s  of the remaining c opper and br omine at o�s  

and al s o  the sulphur and ni trogen a t oms . The 

c o ordinate s  of all of the a t oms that had been found 

gave reas onable environment s  for each o f  the four 

c opp er atoms i n  the uni t c ell . 

On cl ose examinati on of the a t omi c c o ordinates  

at  thi s stage , i t  was noti c ed that pairs  of at oms  in  

b oth dimers were r elated by an apparent inv ersi on centre 

c entre . The spac e  group thus app eared t o  b e  P1 

a s  anti cipated , and s o  the c oordinate s  of the atoms 

were ad j usted acc ordingly . A second el ectron 

d en si ty map was cal culated aft er tt e new x , y , z 
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param et ers had been eiv en one cy cl e of least-square s 

refin emen t . From tr:.i s map , all of the r emaini�r 

twenty carb on atoms  were l ocated . 

The structure was refined usin[. the full-matrix 

1 t CUCI.s . �  eas  - squares  pr ogram , Tte l east-square s 

r e fin em ent was carri ed out on F ,  wi th the quanti ty 

� w( I F  01 - I F  c l ) 2 beinr miniJTli sed and the v:ei rht 

( w )  b eing 4 ( F0 ) 2/ [ er ( F 0 ) 2 ] 2• 
Four cycle s  of l east-square s  refinement , wi U: all 

of the atoms  beinc given i s otropi c t emperature fac t ors , 

r educ ed  R to  0 . 1 74 . A di fferenc e Fouri er v:hi ch was 

cal culat ed at thi s  stage , indi cated t.tat there  were 

n o  unac c ounted-for atoms  ir.. tb e uni t cell . H owever , 

�r1 2 had a pair of p eak s  of  ab out 1 0 e . A- 3 ass ociat ed 

Vii th i t  and the other heavy atoms  had acc ompanying 
o -3 pairs  of  p eak s of up t o  7 e o A . Tr� s  suggested t�at 

p erhap s the unit c ell was n ot truly c entrosyrnmetri c . 

Vari ous at t empts  t o  break the apparent c entre of  

symm etry were unsucce s sful and s o  i t  was d ecid ed to  

retain the  c entrosymmetri c space  group . The bromine  

and c opp er atoms were given ani s otropi c t emperature 

fac t ors and refined . T:bi s was followed by a cycl e in 

whi ch ani s otropi c temperature fac tors were al s o  given 

t o  the sulphur atoms  and R was reduc ed to 0 . 080 . 

C orre c ti ons  for anomal ous di sp ersi on were appli ed to  

the  bromine and c opp er atom s  ( as for Cu( tbmp ) 2Br ) and 

two further l east-square s  r efinement cycl e s  re sult ed 

in  R c onverging at 0 . 079 ( R' =0 . 097 ) . 

A di fferenc e  Fouri er indi cat ed that there was 
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still  s ome  unac c ount ed-for d ensi ty ar ound the 

bromine , c opper and sulphur at oms . The r� che s t  

pair o f  p eak s ( ea  2 . 0 e .A-3 ) was a s s ociated vri th  

Br2 2 , the  remaininc heavy a t oms  havin[ p eak s of  

ea 1 . 8  - 1 . 0 e .A-3 • 
N o  att emp t ha s b e en mad e t o  l ocat e or 

cal culat e the p � si ti on s  of the hydr ogen a t om s  in 

tri s structure . 

Th e ani s otr opi c a t oms have the foll ov:inf m.� s 

c omp onen t s  of thermal di splac em ent al one the prin cipal 

axes , R :  
ATCXI! R = 1 R = 2 R - J 
Br1 1 0 . 1 4 04 J.. 0 . 2 1 2 5 0 . 2 6 24 

Br1 2 0 . 1 57 6  0 . 2208 0 . 3777 

Br2 1  0 . 1 65 2  0 . 2 2 31 0 . 27 37 

Br2 2 0 . 1 49 5  0 . 2 6 1 2 0 . 28 4 1  

Cu1 0. 1 3 39 0 . 1 8 2 2  0 . 2599 

Cu2 0 . 1  370 0 . 1 87 6  0 . 2 660 

S 1  0 . 1 5 5 0  0 . 1 74 0  0 . 2 2 2 1  

S 2  0 . 1  398 0 . 1 8 2 8  0 . 2 5 7 5  

- --

TABLE 7c 

MEAN LEAST-SQUARES PLA1� EQUATI CNS 

ATCJv\S IN PLANE EQUAT I CN 

Cu1 , S 1 , N1 -0 . 09 30X-0 . 8 299Y-0 . 5 501 Z -8 . 2009 

Br1 1 ,  Br1 2 ,  Cu1 -0 . 5 6 3 2X-0 . 69 1 7Y-0 . 4 5 2 1 Z = -8 . 3277 

Cu2 , S 2 ,  N 2  0 . 1 5 6 8X-0 . 9 658Y-0 . 2066Z -8 . 005 3 

Br2 1 , Br2 2 , Cu2 -0 . 29 34X-0 . 7 205Y-0 . 6 2 8 3Z = -1 1 . 9 32 0  

Br1 1 ,  Cu1 , 51 ' N 1  -0 . 064 9X-0 . 901 5Y-0 . 4 27 9 Z  -7 . 61 5 2 

Br1 2 ,  Cu1 , 5 1 . N1 -0 . 2490X-0 . 66 20Y-0 . 7 070Z -8 . 9 24 2 

Br2 2 ,  Cu2 , 5 2 ,  N 2  0 . 2030X-0 . 794 3Y-0 . 57 2 6Z -1 1 . 2 5 4 1  

Br2 1 , Vu2 , 5 2 , N2 0 . 1 09 1 X-0 . 98 57Y-0 . 1 2 8 7 Z  -7 . 28 4 6  

N 1 , C 1 2-1 6 0 . 1 09 1 X-0 . 66 5 1 Y-0 . 7 38 8 Z  -8 . 4 9 5 2  

N 2 ,  C 2 2- 2 6  0 . 0001 X-0 . 9 3 57Y-0 . 35 2 7 Z  -9 . 605 6 
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SYNTHESES 
G en eral c omm ent s t hat r e l a t e  t o  th e s e  synth e o e s  

c an b e  f ound i n  t h e  exp erimental s e c ti on o f  th e 

Ar:penc i c e s . 

]2i s [Di c L l o r o - [2-(  3, 3-dim e th v l -2-t !-:ia butYl )pvri d i n e]

c opper( II )] 

2 mrnol e  o f  Cuc1 2 . 2H2 0 ( 0 . 34 C g . ) v:e r e  a d d e d  t o  

2 mr:10l e  of li gand ( 0 . 3 6 3  e; . ) t o  gi v e a d2.rl� gre en 

s oluti on . Shi ny d ark gr e en c ry s tal s w e r e  p r e ci p i t a t e d  

fr om tl1i. s soluti on aft er it  had b e en c onc entrated 

i n va cuo . 

YIElD : 0 . 4 1 8 g . ( 66%) 

Bi s [Di br or w- [2-( 3,  3-dirr. e thyl-2-thi abutvl )nyri d in e]

c opper( I I  )] 
'.'.'i th the s oluti on V olu.rn e a t  a mi niJT.um , 1 r.Jn ol e of 

lit;and ( 0 . 1 8 1 g . ) was ad d ed t o  a n  e x c e s s  o f  anhyd r ous 

CuEr2 ( > 0 . 2 2 3 g . ) . C o oling the b l a ck s oluti on 

p r oduc e d  black c ry s t al s . 

52 



COMPLEX COlOUR 

[cu (  tbrnp ) Cl 2] 2 

[cu ( tbrnp )Br2] 2 

d . green 

black 

TABLE 8 

MISCELLANEOUS PHYSICAL DATA 

M . P.f°C ANALYSES : Cal c . (Found)/% C ONDUCTIVITYLohm-1 rn ol: 1 crn2 

1 2 P - 1  30 

1 0 8 - 1 1 0 

C H N Other CH3No2 :r eOH 

38 . G4 4 . 7 9 4 . 44  

( 38 . 24 ) ( 4 . 8 C )  ( 4 . 1 5 ) 

2 9 . 68 3 . 74 3 . 4 6  

( 2 9 . 8 1 ) ( 3 . � 5 )  ( 3 . 1 1 ) 

Br 3 S . 5 C  

( 39 . 3 2 ) 

4 67 

1 0  74 

NOTES : - molar c onductivi ti es  at 2 5 °C : Nitrorn ethane 1 : 1 ( 7C-90 ) ,  2 : 1 ( 1 5 C - 1 7 0 )  

d = dark 

M ethanol ( 1 00 - 1 30 ) , ( 2 1 0-2 5 C ) .  

.,� "' · "' ' ( 1' .-, l ,.., '\ n . • v 1 . n ea s . �� 

CF1Cl 3-66 2 g .  
( 6 3 1  ) 

A c e t on e- 6 6 2  f ·  

CHC1 3-72 5 g .  ( 8 09 ) 
Acetonc-7 S 9  r; .  

Vl 
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CHAP TER 2 

�I S  [2-( 3, 3-DICETHYL-2-THIABUTYI..)PYRIDIIm] 
C OPPER( I I) C OLPLEXES 

The Cu ( tbmp ) 2x2 c omplexes  ( X=BF4- ,  c 1 04 ,  Cl- , Br- ) 

that are d e scri b e:: in thi s Chapt er , are formed by the 

reacti on of the r e spective Cu( I I ) sal t s  wi t� tbmp 

i n  a 1 : 2 rati o . In the s olid stat e ,  far-infrared 

sp ec tro s c opi c i nve s ti gati ons ( X=Cl- ,  Br- ) sue:cest that 

these  c or:;plexe s  have dist orted ci s-oc tahedral struc tures  

( Ficure 6a ) and the el ec troni c sp ec tral data  is  not  

inconsi stent r;i th  thes e  r esul t s . T.: o lecular model s tudi e s  

als o  suggest that t t.e binding of ani ons v:i ll be  l e s s  

s t eri cally hind ered i f  the tbwp li gand s bind i n  a ci s 

c onfi gura ti on . 

In s cluti on their behavi cur i s  vari ed and the 

speci es  that are f ormed  can be b oth s olvent and 

t emp erature d ep endent . 

I f  LiBr ancl Li Cl are reacted  v.ri tl: Cu( tbr.1p ) 2 ( BF4 ) 2 

i n  1 : 1 rati o s , the r e sp ective [cu ( tbmp ) 2X] BF4 c ompl exe s  

( X=Cl- , Br- ) are formed . These app ear t o  have tetragonal 

pyramidal struc tures  ( Fi cure 6b ) in the s olid stat e and 

in n on-li gating s olven t s . 
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FlC l R E  6 

Fos§_:i_bl��,!ruc ture�for C�l!E:rr.n)2�2 
ans_ [cu ( tbrr.nl2�] BF4_QQ�l��e s  

X 

N S � 

s 
�N 

X N 

"-s 
F igure 6a 

(Cu ( tbmpl2X]BF4 ; X=  Cl�  Br-�S 
N X 

S N "----/ 
F igure 6b 
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C OMPLEX 

Cu( tbmp ) 2x2 

( X=BF4- ,  Cl04 - )  

Cu( tbmp ) 2 cl 2 

Cu( tbmp ) 2Br2 

[cu( tbmp ) 2x] BF4 

( X=Cl- , Br- ) 

TABLE 9 

STATE 

SUMMARY OF RESUl TS - Cu( tbmp) 2!2 COilPLEXES 

STRUCTURE PHYS ICH TECP.NICUE 

solid 

n on-ligating s olvent 

( rm .  temp . ) 
( 77K ) 

ligating s olvent 

( rm . temp . )  
( 77K ) 

solid 
non-ligating s olvent 

( rm . temp . )  

( 77K ) 

ligating solvent 
( rm .  temp . ) 

( 77K , 90K ) 

s olid 
non-ligating s olvent 

( rm . temp . )  
( 77K ) 

ligating solvent 
( rm . temp . )  

( 77K , 90K ) 

solid 

n on-ligating s olvent 

( rm . temp . )  
ligating solvent 

( rm . temp . )  

( 77K , 90K ) 

ci s-octahedral 

ci s- �u( tbmp ) 2]
2
+ 

(cu ( tbmp ) 2]
2
+ minor sp . wi thout excess tbrnp . 

Maj or speci es with excess tbmp . 

electronic 

electronic ,  conductivity 
ear 

(Cu ( tbmp ) 2 . ( solvent) 2]
2
+ electroni c ,  conductivity 

Cu( tbmp ) ( solvent ?• (n=2 or 4 , wi thout excess tbmp ) esr 
r n J 2+ �u ( tbmp ) 2 ( solvent)n (n=O or 2 , wi th excess tbrnp ) 

ci s-octahedral 

di st . tetrag .pyr . (cu ( tbmp )Cl2] 2 
ci s-Cu( tbmp ) 2cl2 with and wi thout excess tbmp 

Cu( tbmp ) 2cl2 � [cu ( tbmp ) 2Cl . ( solvent ) ] +  + Cl

( In H20 ,  both Cl- dissociate )  
tetrag . pyr . [cu( tbrnp ) 2Cl] +  wi th and wi thout 

excess tbmp 
ci s-Cu( tbmp ) 2cl2 in CH3No2 , wi th excess tbmp 

ci s-octahecl ral 

dist . tetrag .pyr . [cu ( tbmp )Br2] 2 
trig . bipyr . Cu ( tbmp ) 2Br 2 or [Cu ( tbmp ) 2B r] + 

Cu( tomp ) 2Pr2 ..=-[cu( tbrnp ) 2Br . ( solvent )] + + Br-

tetrag .pyr . (cu(  tbmp ) 2Brj + ( 2 i somers) 

tetrag .pyr . [cu(  tbrnp ) 2x] +BF4
-

tetrag .pyr . [cu( tbrnp ) 2x] + 

[cu (  tbmp ) 2x .  ( solvent )] + 
tetrag . pyr .  [cu ( tbmp )2x] + 

electroni c ,  far-IR 

electronic 
esr 

electroni c ,  c onductivity 

electroni c ,  esr 
esr 

el ectroni c ,  far-IR 

electronic 
esr 

electroni c ,  c onductivity 

electroni c ,  esr 

electronic , infrared 

elec tronic 

electroni c ,  conductivi ty 
electroni c ,  esr 

l/'1 
0. 



2 . 1  :Cl::::C TR C'l� IC  SPEC TRA 

\';here p o s si bl e ,  the sp e c tral r.1axirr.a h2.ve b e en 

t entatively a s signed ,  the a s si e:nment s beinc: based on 

c ompari on s made r:i t hi n  thi s s eri e s  of c orr.p l ex e s  and 

a c c ording t o  argument s p r e s en t e d  in tl;. e  li teratur e . 

The sp ec tra and tl:.e a s si gnmen t s  for Cu( tbrr.p ) 2x2 

( X=Cl04 , BF4 , Cl- , Br- ) and [cu( tbmp ) 2X J EF4 ( X=Cl- , Br- ) 

are p r e s en t ed in Tabl e 1 0 .  

A )  L IGA1� FIEL:D TRAl�S I T i m;s 

i )  Cu( tbmn) 2 ( Cl 04 l2 and Cu( tbmn ) 2 (BF4 l2 

R e fl e c tanc e :  The li gand fi eld maxima ( 600 , 5 S 5  nrn 

r e sp . )  ar e c onsi s t en t  v:i th  the c ompl exe s  having C.i s t or t ed 

t e tragonal g e ome tri e s  where the ani on s are n eakly 

c o ordi na t ed and tri s i s  supp ort ed b�.- the infr2.red sp e c tra 

o f  the � e  c or.1pl ex e s .  The sp e c tr2. are v ery sirr.ilar t o  

tho s e  o f  the relat ed  c ompl ex e s  Cu ( rr�p ) 2 ( Cl 8 ,  � �  - Lj- . c:. 

( mmp = 2-me thyl thi ome thylpyri dine ) 15 and 

C u (  e tmp ) 2 ( BF 4 ) 2 ( e tmp = 2 - ethyl thi omethylpyri dine ) 75 

whi ch have b e en p o stul a t e d  t o  have t etrag onal struc tur e s . 

The li gand fi eld maxima o f  the s e  two c ompl ex e s  ar e at 

ea 620 nm ( shoul d er s  a t  600 and 7 1 0 nm ) and 602 nm 

r e sp e c tiv ely . 

S ol ut i on :  The sp e c tra are unchanged in di c hl oro-

m ethan e and in ni tr ob en z en e  ( X=Cl 04 only ) and ac e t on e , 

they m ove t o  sli ghtly l ower energi es . A red-shi ft of 

1 5 0 nm oc curs in methan ol , implying that a s olva t e d , 

cati oni c c ompl ex such a s  [cu( tbmp ) 2 . 0.1 e 0E ) 2]
2+ i s  being 

f orm ed . 

i i ) Cu ( tbmp) 2 Cl 2 and Cu( tbrnp) 2Br2 

R e fl e c tanc e :  Two abs orp ti on s are arparent 
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( X=Cl - ;  7 30 ,  .£§; 97 0 ( sh ) ; X=Br- ; 8 4 0  nrr. ) o.J thouc-h the 

l ov:- en erc-y should er in e:1ct sp e c trum i s  n ot cl e-:'  ly 

r e s o lved . The sp ec tra are c onsi s t en t  �i t� t� e 

c ompl ex e s  havine di s t orted si x
-

c o ordina t e  g e o� e tri e s }5 
The far-infrar ed sp ec tra of these  c c�pl exes 

sugc est  t�at the struc tur e s  ar e di s t or t ed ci s

o c tahedral . 

Few di s t orted  ci s-octahedral Cu( I I ) c onp l ex e s  

hav e b e en chara c t eri zed  and c on s e qu ently i t  i s  unc ertain 

whether or n o t  ttere i s  a basi c di fferen c e  b e tween the 

d-d ab s orpti ons of ci s- and tran s-t e trag onal Cu( I I ) 

c omp l ex es . The m o s t  well kn ovm ci s- o c tahedral c ompl ex , 

[cu ( bipy ) 2mTo] no3 , and a s eri e s  o f  c l o s ely r ele.ted  

c ompl exe s ,  hav e  two  di stinct d-d maxima of ab out e a ual 

i n t ensi ty at ab out 640-7 00 nr::. and 9 2 5-1 090 nm in the 

s oli d stat e ,  at r o om t em:p eratur e .76 Simi lar 

di s tinctive spli ttings though , have b e en ob s erved for 

t ran s-tetragonal c ompl exes  and relat ed t o  th e d egr e e  of 

t etrag onal di s t orti on !7 

S oluti on : In c o ordinatin[. s olvent s such a s  

m e than ol , tvvo ab s orp ti on s ( Tabl e  1 0 ,  Fi gur e 7 )  are 

r eadi ly appar ent . I t  i s  pr obabl e that partial s olvati on 

i s  o ccurring a s  the s e  c ompl exe s  exhi bi t appr eciabl e 

c onduc tivi ti e s  in ni tromethane and m ethan ol ( Tabl e 1 4 )  

and in the l a t t er s olvent , the sp e c tra ar e simi lar 

t o  th o s e  of the [cu ( tbmp ) 2X] BF4 c ompl exe s  ( X=Cl- , Br- ) 
under the s am e  c ondi t i on s . 

In d ei oni s ed wat er the 2 : 1  el e c tr olyti c b ehavi our 

( Tabl e  1 4 ) of Cu( tbmp ) 2Cl 2 sugge s t s  ttat at  least two 
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FIGtRE_]. 
�1_e c t!:.Q�i c Sp§_ctr�_Cu ( tb�2Br 2_§.nd [ Cu( tbmp l2Br] 1:?E4 
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TADLE 10 
ELECTRONIC SPECTRA, Cu(tbmp)2!2 Atffi [cu(tbmp)2!) � COI:PEXES 

C O.:PLEX REFLECTANCE ASS IGNMENT CH2Cl2{E) ASS !GID: ENT MeOH(€) A S S IGNMENT ACETC!IE OTHER 

9}:-102 
Cu( tbmp ) 2 ( Cl 04 ) 2 4 20 a ( s )�cu( I I )  390t 

a ( S )�Cu ( I I )  

a (  s )-.cu(  r r )  34 6 ( 1 C 2 3 )  a( S )-. C u ( I I ) �  38C ( sh )  
� 4 40 ( sh )  

6CO 
Cu( tbmp ) 2 ( BF4 ) 2  407 

Cu ( tbmp ) 2Cl2 

� 4 55 ( sh )  
5 9 5  

L P  600 
a ( s )�Cu ( I I )  � 37C ( sh ) 

a( s )-. Cu ( I I )  387 
LF 595 

LP 

a ( s ) -. cu ( ! I )  

a( S ) -t Cu( I I )  

L F  

ea 2 1' 6 ( 5 37C ) a p i cal cr- cu ( I I )  

7 50 ( 60 )t lF 
344 ( 1 C8 6 )  a ( s ) � C u ( I ! )  

74 5 ( 74 )t L F  

368 ( 2 5 37 )  mixed 361  ( 1 4 8 0 )  mixed 

Cu( tbmp ) 2Br2 

[cu( tbmp ) 2cl] BP4 

[cu(  tbmp ) 2Br] BP 4 

� 4 1 0 ( sh )  mixed 
7 30 LP 

� 97C ( sh)  LP 

� 4 50 ( sh ) mi x ed 

840t LF 

� 375 
8 1 0  

£.i! 960( sh) 

4 1 9t 
84o t 

mixed 
LP 
LP 

mi xed 
LP 

H 8 ( 92 6 )  cr---+ cu( I I )  

8 1 2 ( 1 9 5 )t LF 8 1 0 ( 209 ) IF 
� 965 ( eh )  L F  

� 320 ( eh )  
3 5 4  ( 4 68 5 )  

� 4 1 v ( eh )  
580 ( 54 6 )  

apical Br----+ Cu( I I )  31 0 ( 1 8 92 )  Br·--.cu ( II )  
mixed 

862 ( 327 ) I.F 

Br·-. cu ( II )  

Br-:...... cu(  I I )  

e a  280 ( eh )  Cl----+Cu( I I )  

- 38C( 1 7CO l mixed 
7 6C ( 5CO)  lF 

1 C 20( 5C4 ) LF 

365 ( 28 9 6 )  
� 395 ( eh )  
780 ( 64 5 )  
1 0 1 0 ( 507 ) 

a ( S )-+ Cu ( I I )  

P.r- ---+ Cu ( I I )  

L F  

LF 

� 34 2 ( eh )  mixed 

80C ( 35 C )  LP 

� 940 ( eh )  L P 

363 ( 1 4 68 )  mixed 
800 ( 2 1  2 )  L P  

950 ( 1 94 )  LP 

35 5 ( 1 61 0 )t mixed 

8 05 ( 300 ) LP 
� 950 ( eh )  LP 

�: t a symmetric maxima , implying a second , unresolved maximum , 

- where charge transfer maxima are a s e i cned as being "mixed " ,  maximum probably c onsi s t s  

o !  a ( S ) -+Cu ( I I )  and x·__. cu ( I ! )  charge transfer maxima . 

- Cu( tbmp ) 2x2 (where X i s  C l 04- and BP4-) were only partially eolubl e in CH2c1 2 ,  

- e h  • shoulder;  lP • Ligand Pi eld ; a l l  maxima are i n  nm . 

- extincti on c oe!!i ci ents are l . mol . - 1 cm-1 

4 C 5 ( 1 5 6 2 )  
6 35 ( 38 9 )  6 37 ( 5 5 6 )  
3P 1 ( 31 66 )  

6 1 2 ( 37 9 )  
� 8 5C ( sh )  

tl2Q 
� 35 1 ( sh )  34 3 ( 1 C58 ) 

4 4 8 ( 1 ( 6 1 ) 
8 2 G (  1 78 Y 7 65 ( 9 1  )t 

352 ( 4 07 8 )  
� 4 1 5 ( sh )  

577 ( 4 C 3 )  
875 ( 3 1 8 )t 

9i3li92 

7 60 ( 4 67 )  
1 0 1 c ( 47 6 )  

o-
0 



o f  th e Cu( I I ) c o ordinati on si t e s  wi l l  b e  oc cupi ed by 

\'Jater m olecul e s . 

P o s sibl e  e qui li bri a ar e :  

wter e the s olven t  i s  me than ol or ni trome ttan e ,  but i n  

v:ater 

In c ontra s t ,  the sp ec tra in the p o orer li catinf 

solvent s ,  di chl or ome than e and a c e t on e , st c� only sli ght l y  

asyrr� e tri c d-d ab s orp ti on envel op e s  ( Fi cure 7 ) .  The s e  ar e 

and form , t o  th o s e  of th e di stor t ed fiv e- c o ordi na t e  

[cu ( tb�p ) X2] 2 dimer s ( X= Cl- , Br- ) i n  di chl or ome thane 

( Chap t er 1 )  and the charge tran s fer ab s orp ti on maxima 

are al s o  very simi lar . The s e  r e s ul t s  succe st that the 

Cu( tbmp ) 2x2 ( X=Cl- , Br- ) c ompl exes  are dimeri zing i n  

d i chl oromethan e and a c e t one ; 

i . e .  2 [ Cu(  tbmp ) 2x2] ----+ [cu ( tbmp ) x 2] 2 + 2 tbmp . 

i i i ) [cu( tbmp) 2 cl] BF4 and [cu( tb�p ) 2Br] BF4 

Refl e c tanc e :  The i nfrar ed sp e c tra ( s e e  2 . 3 )  of the s e  

c ompl exes civ e  g o od evi d ence  for tte t etrafluor ob ora t e  

ani on being unb ound i n  -t h e  s oli d .  sta t e  and s o  the sp e c t ra 

are a s si gned t o  tlle five-c o ordina t e  chr om ophores 

[cu( tbrnp ) 2x]+ . The f o rm o f  the d-d ab s orp ti on envel op e s  

( Fi cur e 7 )  ( X=Cl- ; 8 1 0 , � 9 6 0 ( sh ) : X=Br- ; 840 ( a sym ) nrn ) 
sugg ests  that the s e  chr om ophor e s  are t e trae;onal pyrami dal 

( s e e  Chap t e r  1 . 2 ) . 

S ol uti on : In di chl or om e than e ( and ni trom ethane 

wher e X=Cl- ) , t he s e  c ompl ex e s  have tv.' o , \'Jell-d efin e d  

ab sorp ti on s a t  7 60-7 8 0  nm and 1 01 0-1 C 2 0 nrn r e sp e c tively 
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( Fi cur c 7 ) . S i rr.i l ::r sp e c tra CJ.re c omm o�ly ob s erv ed f0r 

t ri c onal bi pyrarr.i da l  c omp l ex e s  such a s  (cu ( t r eni.� e 6 ) x] X 

. 1 t " 6 7 , 78 , 79 l n  s o  u l on but t h ey are a l s o  n o t  unkn ov:n f o r  

s quar e pyrami d a l  c omp l ex e s 67 wh er e t h e  maxima a r e  

o b s erv e d  a t  hi eh er en e rgy . A c nn si d erati on of the 

c onduc tivi t i e s  ( Tab l e 1 4 )  and the i n frar e d  sp e c tra 

( s e e  2 . 3 ) of th e [cu( tbr.-.p ) 2X] BF4 c ompl ex e s  sugg e s t s  t1--:at 

t b. e s e  sp e c tra ar e due to fi v e- c o or d i na t e , [cu(  tbr::p ) 2x] + 

c rlT om oph or e s . The i n t en s i ty arcum ent s ( s e e  1 . 2 )  app li e d  

b y  Ea thav:ay e t  a l  48 i rr.ply tt.a t i n  di chl or om e than e an d 

ni t r om e than e , [cu (  tbmp ) 201] BF 4 may a s sum e  an interm e d i at e 

e e om etry a s  b o t :t  ab s orp ti on s  ar e · o f ab out e qual i n t en si ty . 

[cu( tbrEp ) 2Br] BF4 app ear s t o  r e tai n a t et rag onal pyrami dal 

s tructur e  in di cl .l or ome than e . 

B )  CEARGE TRANS FER TRAl': S I T I ON S  

i ) Cu( tbmp) 2 ( Cl 04l2 and Cu( tbmp) 2 ( B�4l2 

Th e a s si gned O" ( S ) --+ Cu ( I I ) charge t rans f er 

a b s orpti on s a r e  in agre em ent wi t h  o t h er s tud i e s  on simpl e 

C u ( I I ) / t hi o e ther c omp l ex e s  wher e t h e  ab s orr. t i on s  hav e b e en 

sp e ci fi c a l l y  a s si gne d  47 , 69 , 80 or r e c ogni s e d  a s  

b eing charg e  t ran s f er ari sing fr om thi o e t h er li gand s . 81 - 83 

I t  i s  appar ent fr om the s e  s tudi e s  that 

O" ( S ) �  Cu( II ) charge t ran s f er abs orp ti on s wi l l  b e  

f ound fr om ab out 300 nm to  4 6C nm .  

The two O" ( S )� Cu( I I )  c harge tran s fer ab s orp ti on s 

i n  the Cu( tbmp ) 2x2 (X=Cl04 ,  BF4 ) refl e c tan c e  sp e c tra 
60 , 80 are indi c a tive o f  a c i s-li gand a rrangem ent . 

The sp e c t r a  i n  di c hl or om e than e suggest  that thi s l i gand 

a rrang em e n t  i s  r e tain ed . 
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Po or r e s ol uti on at  tt e blue end o f  tt e vi sibl e 

r eri on in the refl e c tanc e  sp ec tra d o es  not  all ow 

sp ecifi c  a s si gnment s t o  b e  mad e . In di ctl or omethane 

s ol uti on , the charge tran sfer �axima of the (cu( tbmp ) X2] 2 
d imers that are formed  ar e di s cussed  in Chap t er 1 .  

i i i ) (cu( tbrr.p) 2 c1 J �I4 and [cu( tbmp) 2Br] BF 4 

" In-plan e "  Cu( I I )- Br b ondin[ i s  impli cated b:· 

the a s signm ent of a Br----+ Cu( II ) charge tran sfer 

ab s orp ti on at  ab cut 39 5 nm in di chl or om ethan e , a s  i t  i s  

pr obably t o o  l ow in en ergy t o  hav e ari s en fr om api cal 
4 7 Cu-Br intera c ti ons ( s e e  Chap t er 5 . 1  ( B ) ) .  

A simi lar s truc ture i s  inferred from the sp e c tra of 

[ Cu ( t brr.p ) 2 C l] BF 4 • 

C )  ElECTRCl\I C  SPEC TRA AT  9 0K ( in 2 C% G ly c erol /t: e OE )  

The sp ec tra and a s signment s for the s e  c cmpl ex e s  are 

presented  in Tabl e 1 1  and typi cal sp ec tra for the ani on s 

X=Cl and X=Br- are sho�� in Fi gur e 8 .  

i )  Cu( tbmn)2!2 (X=Cl 04, Cl-, Br-) 

li gand Fi eld Tran si ti on s : The n e t  similari ty of the 

two well r e s olved d-d abs orp ti ons  suggest s that the same 

type of sp e ci e s  i s  r e sp on sibl e for each o f  the se  sp e c tra . 

Where X i s  chl ori d e  and br omi d e , the sp ectra are 

i d �nti cal t o  tho s e  of the  fiv e-c o ordina t e  [cu( tbmp ) 2X] BF4 
c ompl ex e s  ( X=Cl- , Br- r e sp ectively ) i n  di chl or omethane 

s oluti on and thi s s t r ongly i mpli es  that  simi lar fiv e-

c oordina t e  chr orn oph ore s are resp on sibl e for the s e  sp ec tra 

a t  90K . El ec tron spin re s onance  evi den c e  i s  c on si s t en t  

wi th b oth li gands  rewaining c 0 ordinated  and the c ompl ex e s  
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sp e ctra rec ord ed for 2C% G ly c er ol /I,: e OH gla s s e s , 

---

for the re sp e c tive ani ons ,  sp e c tra of [cu ( tbmp )X2] 2 
and Cu ( tbmp ) 2x2 are i d enti cal t o  these  sp e ctra . 
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C C:�.PlEX 

C u ( tbrr.p ) 2 ( Cl 04 ) 2 

C u ( tbmp ) 2 Cl 2 

(c u (  tbmp ) 2 c l] BF4 

[ Cu(  tbmp )  C l 2] 2 

Cu ( tbmp ) 2Br2 

[cu ( tbmp ) Br2] 2 

[cu ( tbmp ) 2Br] BF 4 

TABlE 1 1  

EI EC TR C � I C  SFEC TR.t. 

ABS ORF T I ON/nm 

3 6 2 ( asym ) 

6 9 5  
1 02 0  

37 2 ( a sym ) 

7 5 0 

1 0 1  0 

37 6 ( a sym ) 

7 6 2 

1 0 2 5  

3 67 ( a sym ) 

7 6 2 

1 C 2 5  

3 6 6  

3 9 5 ( sl: )  

7 8 C  

1 C 2 C  

3 69 
39C ( sh) 
7 8 5 

1 0 1 0  

3 6 5  
3 9 6 ( sh ) 

7 8 0  

1 G 2 C  

A T  90K 
- 1  - 1 e Ll:_m ol • cm 

1 4 2 

8 1  

244 9 

4 5 5  
6 3 1  

1 30 3 

3 36 

3 5 4  

2 6 0 6  

1 7 9 6  

9 1 4 
2 62 

7 09 
6 6 9  
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A S S I GW.' EN T 

rr ( s ) ---. cu ( I I )  

LF 

lF 

rr.ixed 
lF 

lF 

r.!ixed 
lF 

lF 

mixed 
LF 

LF 

rr ( S ) ----+ Cu ( I I ) 

:Er-----+ Cu ( I I ) 
lF 
LF 

rr( S ) ----+ Cu ( I I ) 
Br----t Cu ( I I ) 

LF 

LF 

<:r ( S ) ---. Cu ( I I ) 
Br---t Cu ( I I ) 

l F  

LF 

N OTES : - where extincti on c oeffi ci ents have not b e en given , they 
were c onsidered t o  b e  unreliable .  
"Illixed " impli e s  that maximum probably c onsi sts  of 

<:r ( S )--+ Cu ( I I ) and Cl-----+ Cu( II ) C . T .  maxima . 
Cu ( tbmp ) 2 ( Cl0

4
) 2 app eared to b e  reducing 

sh = shoulder ; a sym = asymmetri c ,  implying a s e c ond , 
unres olved ab s orpti on . 
e i s  unc orrected for c ontracti on on c ooling . 



havinc t etragonal pyrami dal s truc tures und er these  

c ondi t ions ( s e e  2 . 2 ) . 

C�aree Transfer Tran si ti on s :  Tr� oet�er bindin� 

i s  imp l i cated b:. the ab s orp ti on at about 365  nrn v;hi ch 

appears  in eac h  of  thes e  c ompl ex e s  and i s  as si£ned 

as a cr ( S )-+ Cu( I I ) charge transfer transi ti on . In t he 

chl ori d e  c omp l ex ,  thi s ab s orpti on probably overlap s a 

Cl--+ Cu ( I I ) charge tra� sfer tran si ti on , the anal o[ous 

Er-� Cu( II ) transiti on b einf obs erved at 3S 5 nm in 

Cu ( tbrnp ) 2Br2 • The latt er assignments  ar e rr. ore c on si s t ent 

�i th in-plan e  Cu-X b onding . 

ii ) [cu( tb�2!;]BF4 ( X=Cl-, Er-) 

The sp ec tra at ? CK ( Fi [ur e 8 )  are virtually 

i d enti cal t o  th o s e  of tLe r e sp e c tive c orrpl ex e s  in 

di chl orornethane at room t eop erature  ( Fi [ure 7 )  and to 

those  of Cu( tbmp ) 2x2 ( X=Cl- , Br- r e sp e c tively ) at 90K 

( Tabl e 1 1  ) .  El ectron spin resonance sp ec tra at 7 7K in 2 C% 

G ly c er ol/K e OH are c on si s t ent wi th the [cu ( tbmp ) 2� + 

chromophor e s  being cl o s er t o  having tetragonal pyramidal 

s tructures  rather t han trigonal bipyrami dal struc tures . 

2 . 2 ElECTROF SPIE RES O��.ArCE SPEC TRA 

The data for these  c ompl exes  i s  giv en in Tab l e  1 2 , 

f or vari ous glasse s  at  77K . 

i )  Cu( tbmp)2(BF42_2 
A c e t one : Two sp eci e s  are present , b oth having 

simi lar I A 11 1 values ( 1 69 x 1 o-4 and 1 65 x 1 o-4 cm- 1 ) 

but with di fferent  g11  ( 2 .  2 64 , 2 .  320 r e sp . )  values 

( Fi gure 9 ) . On adding exc e s s  ligand , a signi fi cant  increa s e  

in  the c onc entrati on of the minor speci e s  i s  observed 

( Ficure 9 )  but there i s  no  change in the g 11 
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values of ei ther c omplex . The sp ectral ctanges suceest  

that the  g 11 = 2 . 32C c ompl ex is  basi cally a [cu( tbmp ) 2]
2+ 

chromophore where t e trahedral di st orti on s and/ or 

c� e creased  c ovalent b ondin[ in the Cu( I I ) c o ordinati on 

h h . d 60 sp 1ere ave lncrease  g 11 • 

Ni trometha� e and J\·� ethan ol : The c ompl ex al s o  

breaks d ovm in  the s e  solvents  and d ramati c spectral 

changes ( Fi gure S )  can be induced by adding exc ess  

ligand . In  the  abs ence  of exces s  li gand , the  sp ectra 

are probably due to a tetragonal s olva t ed [cuNs] 2+ 

chromophore such a s  [cu ( tbrr.p ) ( s olvent  ) n] 
2+ where 

n = 2 or 4 .  In methanol , a very small quanti ty of a 

sp eci e s  havin[ similar g 1 1 ( ea 2 . 3C )  and I A 11 1  ( ea 1 5 0-

1 6 5 x 1 0-4 cm- 1 ) value s t o  one of the c ompl exes  in 

a c et on e ,  is  al s o  formed . 

In the pre s ence  of exces s  ligand , the spectra are 

typi cal of  a t etrag onal Cu( I I ) chromophore , wi th or 

without ni tromethane and methan ol i n  the Cu( I I )  c o ordin-

ati on sphere . The sp ec tra are thus a s si gned to a 

[ cu( tbrnp ) 2 ( s olven t ) n]
2+ speci es  ( n  = 0 or 2 ) . 

i i ) Cu(tbmp)2!2 (X=Cl-, Br-) 

Di chl oromethane : It  wa s appar ent  from the 

e l ec troni c sp e ctra that these c ompl exe s  form 

[cu( tbmp )X2 ] 2 fiv e-c o ordinate dimer s in  thi s solvent at 

r o om t emperatur e but there is n o  esr  evi d enc e for the 

presence  of the s e  dimers at 77K . The addi ti on of  exc e s s  

l igand gives a be tt er re s olved spec t rum ( Firure 9 )  

where X i s  chl ori d e , but the g 11 and I A ul values sucgest  
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F I G UR E  9 

ESR Sp e c t ra - Cu ( tbmp)2�2 C o�p l ex e s  ( a t  77K ) 

a 

b 

c 

GAUSS 

91 = 2 ·26 � - - - - - - - -.- - - - - - - -: - - - - - - - , 
I o : � 

2 8 0 0  

9 11 = 2 ·2 3  
� - - - - - , - - - - - - r - - - - - ,  
: I I : 

I 
' 

I . 
' ' ' 
'- - - - - - - J  _ _ _  - _ _  _, _ _ __ _ _ _  � 
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d 

e 

2 800 

I 
I I L _ _ _ - - - - - -' - - - - - - - - - - - - -, 

I I I I I 
'- - - - - - - - - - -- - - - - - - - - .L - - - - - - - - - � 

GAU SS 
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Y ev t o  F i cu r e �  

a Cu \ tbmp ) 2 Er? ( +  exc e s s  tbrp ) i n  d i chl or orr. e t ha� e 

b Cu \ tbcp ) 2Br2 i n  2C� G l y c e r ol /� e CH 

c Cu ( tbrr.p )
2 c J 2 i n  m e t han ol 

d Cu ( tbmp ) 2cl 2 i n  di chl or om e than e 

e Cu l tbrr.p ) 2cl2  ( +  exc e s s  tbrr.p ) i n  d i c l .l c r om e t :t3.ne 

f 

f. 

h 

i 

Cu( tbmp ) 2 ( BF4 ) 2 
Cu ( tb:up ) 2 ( EF4 ) 2 
Cu ( tbmp ) 2 ( BF4 ) 2 
Cu ( tbrrp ) 2 ( BF4 ) 2 

i n  

( +  

i n  

( + 

ni t r c rr. e tl-:an e 

ex c e s s  tbmp ) i n  ni t r or:J e than e 

a c e t on e  

e x c e s s  tbmp ) i n  a c e t on e  



7 1  

911 = 2 · 1 8 9  
r - - - - - - - - - - - ; - - - - - - - - - · · r · ·  - - , 

f 

2 8 0 0  

911 = 2 · 2 6 4  
r - - - - - - - - - - - , - - - , - - - - - - - - - - - ,  

1 

g 

GAUSS 



h 

9 u = 2 ·264 
r · · - - - - - · - - - - T · - - - - - - - - - - - l  
I I ' 

: 2800 I 
1- - - - - - - - - - - - - - ! _ _ _  - - - - - - - - - -- - - _ _ _ _ __ _ _ _ _ _ _ : 

911 = 2 · 3 2 0  

, - - - - - - - - - - - - - r - - - - - - - - - - - -r - - - - - - - - - - , 
I 1 1 1 ' : 

J. ' ' 
' 
1 I I I 
'- - - - - - - - - - - - - - - - - - - - - -L - - - - - - - - - - .J. 

GAUSS 
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TABLE ]2 

ESR srECTRA, Cu(trmr)2!2 Al!D [cu(tr�p)2�)� 

CC'l.' PlEX SOlVE!:T gu 1 04 f A1 f  '"N $HI I 
Cu( tbmp) 2 ( BF4 )2 CH3No2 2 . 1 8 9  1 69 

+ excess L 2 . 264 1 90 1 4  

Acetone a )  2 . 264 1 69 
b )  2 . 320 1 65 

+ excess L a )  2 . 26 3  1 69 
b )  2 . 31 2  1 63 

l!eOH a )  2 . 296 1 50 
b )  2 . 36 3  1 5 1 

+ excess L a )  2 . 252 1 7 3  
b )  2 . 1 94 1 64 

Cl y e .  /1: eOH a )  2 . 29 3  1 47 
b )  2 . 338 1 62 

+ e:.c:cess L 2 . 249  1 44  

Cu( tbmp) 2 ( 0l 04 ) 2 Cl!3No2 2 . 1 80 172  

Cu( tbmp)2cl2 CH2Cl2 .£.2 2 .  24 .£.2 1 62 
+ excess L 2 . 257 1 57 

CH3No2 a)  .£!!. 2 . 26 .£.2 1 00 � 1 6  
b )  .£.2 2 . 26 .£.2 1 59 

+ excess l 2 . 260 1 58 1 4  

lleOH 2 . 1 85 1 24 � 1 8  

Glyc . /l."eC!i 2 . 1 79 1 24 1 7  
+ excess l 2 . 1 8 5  1 1 9 .£.2 1 8  

H2o 2 . 1 20 ( r1 50 ) 

Cu( tba:p )2Er2 CH2c12 .£.2 1 . 95 .£.2 97 
+ excess l .£.2 1 .  94 .£.2 92 .£.2 1 O (g� )  

£! 1 2 ( gl 
CH3No2 2 . 1 C4 ( gi so) 

lie OH a)  .£.2 2 . 1 P  .£!!. 1 42 1 9  
b )  .£.2 2 . 2 3  � 1 04 

+ excess 1 a )  2 . 1 9 1 1 36 20 
b) .£.2 2 . 2 3  .£.2 1 04 

Glyc . /l:eOH a )  .£.2 2 . 1 8  � 1 44 � 1 9 
b)  .£.2 2 . 23 .£.2 1 09 

[ou (  tbmp )2ol] El' 4 CH3No� 2 . 1 8 3  1 1 7  � 1 7 
+ excess L 2 . 1 83 1 1 7 � 20 

lo!eOH 2 . 1 83 1 33 .£.2 1 7  
+ excess l 2 . 1 88 1 31 .£.2 1 7  

Glyc . j�:eOH 2 . 1 91 1 26 1 8  

[cu (  tbmp ) 2Br] BF 4 CH3No2 a )  2 . 1 8 1 1 29 � 20 
b )  2 . 225 97 

l! eOH .£.2 2 . 1 9  .£.2 1 38 
+ excess L a)  2 . 1 80 1 22 1 7  

b )  2 . 220 1 07 

Glyc . /MeOH a )  2 . 1 80 1 42 1 8  
b )  2 . 225 1 04 

+ excess L a )  2 . 1 85 1 38 1 9  
b )  2 . 225 1 04 

�: - un1 ts  o! l A. I and I AJ.I are cm-1 , 
- uni ts  o! 14N$HIS are Gauss ,  
- 1so  "' i sotropic ;  shfs superhyperfine spli tting , 
- all spec tra recorded at 77K , 
- Clyc . /1: eOH = 2C� C lycerol/t:ethan ol , 
- unl ess other�ise indicated , 14NSHI$ lines appear in g.l. regi on . 
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l 104! A1f _ 

� 2 . 055 

� 2 .068 

2 . 060 

£! 2 . 2 3 � 1 26 
.£.2 2 . 26 � 1 4 0  
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t r..at the S'l.rr. e c ompl ex , ( pr obably ci s-Cu ( t brrp ) 2 cl 2 )  

i s  pre s ent both wi t h  and wi tr.. out exc e s s  l i gand . 

Ci s-di s t ort ed oc tahedral c ompl ex e s  have a d 2 
z 

e;round s ta t e  and s:t oul d ttus exf.ibi t a l owest-g val u e  

of  ea  2 . 00 ,  howev er a l ower t:tan i d eal ge om etry , whi ch 

i s  lik ely to  be  the cas e here can rai s e  thi s l ow g 
1 3 0 ' 76 va ue . ESR param e ters  for what were 

d educ ed t o  be ci s and tran s- [cu( bipyri dy l ) 2 ( s olv en t ) 2] 2+ 

84 sy stem s  have b e en rep orted rec ently , but th� 

d i s simi l ari ty betw e en the studi es  d e scri b ed herein and 

those d e s cri b ed by Kar ov et al , d o e s  not make a 

c ompari s on very m eaningful . 

Und er the sam e c ondi t i on s , Cu( tb�p ) 2Br2 behav es  

d i ffer ently t:tan Cu( tbmp ) 2 c12 . v: i th and ·wit h out exc es s  

l i gand , the sne c t ra exrJ.bi t p o orly re s ol ved , l ow- fi eld  

hyp erfine  struc tur e  ( G 1 1  ) and t r..i s i s  overlapp ed by a 

c ompli cated 1 4N sup erhyp erfine struc ture in  the pre sen c e  

of  exc e s s  li gand ( Fi gure 9 ) . The number of sp eci e s  

c ontributing t o  th e sp ec tra i s  di ffi cult t o  deter�ine . 

I t  i s  cl ear from the hi gh-fi eld regi on ttat the maj or 

c ontribut or t o  the sp ectrum i s  a di s t orted trigonal 

bipyrami dal sp eci e s . Thi s c ould be ei ther [cu( tbmp ) 2Br] + 

or Cu( tbmp ) 2Br2 i f  one ligand i s  mon od entat e . The g U 
f or thi s c ompl ex ( g 11 - 1 . 94 ) i s  characteri sti c of 

trigonal bipyramidal c ompl exes  c ontaining c o ordinated 

hal ogens and i t  p robably ari ses  from a c ombinati on of 

spin-orbi t c oupling with  a bromid e  ligand 67 

t}li oether interacti ons .  60 
and Cu( I I ) -

Ni trom ethan e : Two speci e s  are apparent for 

Cu( tbmp ) 2cl 2 and the addi ti on of li gand causes  the 
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d i sapp earance  � f  on e of  tl�es e  ( g 11 ...._ 2 . 2 6 ;  I A 11 1 � 1 CCx 1 C�1 cm- 1 ) 

l eavinf, tLe sp e c tru:-"' of wba t i.s probably  ci s-octahedral 

Cu ( tbmp ) 2cl 2 • 

The sp ectrum of  Cu( tbmp ) 2Br2 i s  p o orly re s olv ed 

and n ei t her the addi ti on of  exc e s s  li gand n or varying 

the c on c entra ti on re sul t ed ln an impr oved sp ectrum . 

L: ethan ol and 2 0% G lyc ero;VFe than ol : Cu( tbmp ) 2C l 2 
gives  i d enti cal sp e c t ra ( Figur e 9 )  t o  [c u ( tbrnp ) 2 Cl] BF4 
i n  methan ol , gly c er ol /me than ol and ni tromethane glas s e s  

and th ere  i s  n o  change on adding  exc e s s  li gand . The 

c on si st ent wi th the c ompl exes  having t e trag onal 

pyrami dal geometri e s  at 7 7K 67 , 68 , 85 where ha s 

b e en l owered  from typi cal ly t etr�gonal values by increa s ed 

. 1 . t t .  85 axla l n  erac l on s . The se  re sul t in  a c onc omi tan t 

increa s e  in the 4 s orbi tal populati on , c omr.ared t o  ci s-

oc tahedral Cu ( tbmp ) 2 Cl 2 p ostulated  in  ni tromethan e 

( plus exc e s s  ligand ) and di chl or ome than e gla sses  ( ab ove ) . 

The p o s sibi li ty that  Cu( tbmp ) 2cl2 i s  six- c o ordinat e  i s  

ruled  out by a c onsid erati on of i t s e l e c t r oni c sp ectrum 

i n  20% G ly c er ol /M e OH a t  9 CK .  ( s ee  2 . 1 ( C ) ) .  

Sup eri or re  s ol uti on of the g 1 1 lines  for the tw o 

sp eci es  ari sinf from Cu( tbmp ) 2Br2 in  m ethan ol gla s s  

i s  achi eved b y  adding exc e s s  li gand . N o  r e s oluti on 

p r oblem s  are enc ount er ed wi th 2C% Glyc erol/1:: eOH .  The 

spec tra ( Fi gure 9 )  are vi rtually the same  a s  tho s e  of 

[cu( tbmp ) 2Br] �F4 in m ethan ol ( plus  exc e s s  li gand ) ,  20% 

G lyc erol /M eOH and ni tromethan e e:l a s s e s , wi th two sp eci e s  

b einf ob served . Their rel ative c on c en trati on s are 
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unaffec t ed by exc es s  li e;and . Speci es  ( a )  ( e 11 -., 2 . 1 8 ;  

I A 11 1 - 1 42 x 1 0-4 cm- 1 ) appears t o  be anal ocous t o  tte 

t e trag onal pyrami dal mon omer whi ch i s  p o stulated 

t o  be r e sp onsibl e for the spec tra of Cu ( tbmp ) 2Cl 2 and 

[cu ( tbrr.p ) 2 cl] EF4 in methan ol c ontaining gla s ses . 

Speci e s  ( b ) ( g 11 -- 2 . 2 3 ;  I A 11 1 .._ 1 04 x 1 0-4 cm- 1 ) may 

a l s o  hav e a t etra[ onal pyrami dal s t ereochemi stry 

are equally c on si stent wi th a 

p seud o t etrahedral [ CuN 2s 2] 
2+ chromophore where g ll 

has b e en l owered by Cu ( I I ) -thi oether interac ti ons .60 

H owever , the el e c tr oni c spectra at 9 0K d o  not  supp ort 

t te lat t er sugge sti on . It i s  plausibl e ttat the esr 

spec tra are due t o  two of  the i s omers that are p o s sible  

f or a t etragonal pyramidal ( Cu (  tbmp ) 2Br] 2+ speci es . 

The l ow I A 1 1 1 values for tl:e twn sp eci e s  rul e out the 
, ,  

p o ssi  bili t:y that tetragonal pyrami dal +-+ s quare planar 

interc onversi on , simi lar t o  ttat p o s tulat ed for Cutri enR6x2 
( - - ) 67 X=Cl , Er c ompl exe s , i s  occurri ng . 

i i i ) [cu( tbmn)2!] EF4 ( X=Cl-, Er-) 

�.� ethan ol , 20% Glyc erol/t: ethan ol : The spe c tra 

are vir tually i denti cal t o  the r e sp e c tive  Cu ( tbmp ) 2x2 
c ompl ex e s  ( where X i s  chl orid e  and bromi d e )  that were 

di scu s s ed ab ove . There i s  one min or d i fference though , 

i n  that only one sp eci e s  i s  apparent f or [cu ( tbmp ) 2Br] BF4 
in  methan ol ,  the sp ectrum being p oorly res olved . 

Nitromethane : The spectra are similar t o  tho s e  of  

the re sp e c tive c ompl exes  in methanol and 20% Gly c erol/KeCH 

( Tabl e 1 2 ) .  However , they di ffer from ttose  of Cu( tbmp ) 2-

C l2 and Cu( tbmp ) 2Br2 i n  ni tromethan e glas ses  in whi ch 
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the ci s- oc tahed ral Cu ( tbmp ) 2x2 chrom orhor e s  are 

probably pred o�inant . 

2 . 3  IKFRARED SFECTRA 

FAR-IrFRARED ( Cu( I I  )-hal ogen stret chinEl_ 

One v( Cu-X ) abs orpti on ( X=hal ogen ) i s  exp e c t ed 

f or tr1.n s-tetragonal CuL4x2 c ompl ex e s  (D4h syrr.m etry ) 

�hereas two ab s orpti on s are exp e c t ed for the ci s 

c ompl exe s  ( c 2v syrnrnetry ) . 86 The tc�p corq l exes  

V1i l l  b e  o f  l ov. er symmetry becau se  of the  a syrr.rnetri cal 

nature of the ligand s and so predi cti ons  regarding the 

expe c ted  numb er of V( Cu-X ) ab sorp ti ons , in the ah sen c e  

of  � ore netai l ed struc tural informati on , can not b e  

ac curat ely mad e . 

S om e  cry stal struct�re- c orrel a t ed far-in frared 

data f or C u (  I I ) c o�pl exe s i s  pre s en t ed in 'Iat-l e  1 3a and 

thi s can be c ompared with the data f o r  the Cu ( tbmp ) 2x2 
( X=Cl- , Er- ) and [cu ( tb�p ) 2x] BF4 ( X=Cl- , Br- ) c ompl exe s  

in  Table  1 3b . The tentatively a s si c ned "V( Cu-X ) 

abs orp ti ons o f  the s e  c o�pl exes  are c on si s t ent wi t h  

e quat orial Cu-X bondine;- and they can b e  c ompared -vd th  

the l ow frequen cy "V( Cu-X ) abs orpti on s  that have b e en 

a s sirned for the tran2-tetragonal Cu ( e t ea ) 2x2 c ompl exe s  

( Chap t er 5 . 3 , Tabl e 29  ) . Two V ( Cu-Cl ) ar- s orrti on s  are 

ob s erv ed for Cu ( tb�p ) 2cl 2 ( Fi [ure 1 C )  and the sp e c trum 

i s  similar t o  tho s e  o f  Ni ( tbrnp ) 2C l 2 and C o ( tbrnp ) 2 Cl 2 
for whi ch di st orted ci s-octahedral structures  al so  s e e� 

t o  be  lik ely ( Chapt er 4 ) . 

G EFEF AI IH FR A R ED 

i )  Ani on c oordination : S e�i - c o ord inati cn of  

p erchl orat e  ann t etrafluoroborat e ani on s  resul t s  in  a 

7 7  
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FIGURE 10 

Far-IR Suectrurn - Cu( tbu.u) 2 Cl
2 

1 5 0  250 350 cm- 1  

- the two 1J ( Cu-Cl ) absorptions (indicating 

that the chloride ions are cis with respect 

to each other ) are shovm . 



TABJJE 1 3a 

S OI\!E FAR-IR DATA FOR Cu( li) C Ol'v1Pl EXES 

C 01.IPLEX STRUCTURE '\J( Cu-llL cm -1 
__________ REF . _ 

C u ( en ) Cl 2 
Cu ( en ) Er2 
[cu(  en ) 2 c1 . H2 o] Cl 

[cu(  en ) 2Br . H2 o] Br 

[cu(  dm en ) c1 2] 2 
[cu ( dmen ) Br2] 2 
Cu (o< -pi c ) 2 cl 2 
Cu (o< -pi e )  2Br 2 
Cu ( 4-EtPy ) 2 Cl 2 

Cu (py ) 2Cl 2 
Cu ( py ) 2Br2 
Cu (p-i s o spart eine ) Cl 2 

F olymeri c t etr . ; bri ding Cl 

I s om orphous wi th Cu ( en ) Cl 2 
Tetr . ; axial Cu-Cl and Cu-E2 o 

Tet r . ;  axial Cu-Br and Cu-H2 o 

Di chl or o-bri dged , t etr . pyr . dimer 

Dibr om o-bri dged , t etr . pyr . dim er 

Chl or o-bri dged , t e tr . pyr . dimer 

Brom o-bridged , tetr . pyr . d im er 

T etr . , 

Tetr . , 

Tetr . ,  

l ong Cu-Cl br . s q . planar CuN2Cl 2 
l ong Cu-Cl br . s q . planar CuN2c1 2 
l ong Cu-Br br . sq . planar CuN2Br2 

Di st ort ed tetrahedral 

87 

8 8  

8 9  

9 1 , 97 

1 9  

1 9  

2 4  

2 3  

9 2  

9 3  

94 

95 

NOTES : t etr . = t etragonal ; pyr . = pyrami dal ; br . = bri dging ; s q . = s quare . 

4> ;J( Cu-X ) b el ow the range of the instrument that wa s used . 

2 67 

1 8 7 

< 200 4> 
< 200 4> 

302 

2 3 3  

305 

2 3 3  

3 1 0 

2S· 5 , 2 34 

2 5 6  

28 2 ,  2 7 5  

REF . 

72 

72  

9 0  

90 

7 2  

7 2  

7 2  

7 2  

7 2  

8 6  

8 6  

96 
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TAEI E 1 3b 

FAR-IR DA TA , tbmp/Cu( II)  c cr�:PIEXES 

C OJ.'PlEX --------�v( Cu-XlLcm-_1 ____ �P�R�O�P OS ED S TRf C TURE 

ci s-o c tahedral , monomeri c Cu ( tbrrp ) 2Cl 2 
[cu (  tbrr.p ) c1 2] 2 
[cu (  tbmp ) 2c1] BF 4 
Cu ( tbmp ) 2Br2 

[cu (  tbmp )Br2] 2 

27 2 , 277 ( st )  

2 8 2 , 2 9 6  t etragonal pyrarni dal , dimeri c 

2 92 

1 84  

2 27 , 244 

t etragonal pyrami dal , monomeri c 

ci s-oc tahed ral , m onomeri c 

t etragonal pyra�i dal , dimeri c 
( X-rayed ) 

t etragonal pyrami dal , monomeri c 

N OTES : - sp e c tra r e c orded for paraffin mull s ,  room t errp erature . 
s truc tur e s  prop osed on basi s of  c oll ective spectro s c opi c 
data . 

TABlE 1 3c 

G El"IERAl IR DATA ,  tbrr.p/Cu ( I I)  C G.:PlEXES 

C CK PIE;;.:..X _____ --=-v( nyri d;yl rin.....,g�) -�v3( Cl 04/BF4L ____ -=u1 ( C l04/BF4l 

tbmp 1 5 9 3 ( s ) , 1 57C ( m )  

Cu ( tbmp ) 2 ( Cl 04 ) 2 1 6 1 2 ( s ) , 1 57 6 ( w )  

Cu ( tbmp ) 2 ( BF4 ) 2  1 6 1 1 ( m ) , 1 577 ( w )  

Cu ( tbmp ) 2 Cl2 
Cu ( tbmp ) 2Br2 

[ Cu (  tbmp ) Cl2] 2 
[cu (  tbmp )Br2J 2 
( Cu (  tbmp ) 2c1] BF 4 
[ Cu (  tbmp ) 2Br J BF 4 

1 6C·7 ( s ) , 1 574 ( m )  

1 609 ( m ) , 1 5 66 ( w )  

1 606 (m ) 

1 5 99 (m ) , 1 5 65 (m )  

1 605 ( s ) , 1 57 2 ( w )  

1 607 ( s )  ' 1  5 69 ( w )  

1 09C ( vs ) , 1 C 50 (vs ) 

1 098 ( s )  , 1 C61 ( s )  
99 1  ( s )  

1 C 54 ( vs )  

1 05 5 (vs ) 
-1 

N OTES : � strong li gand band occur s  at  ab out 7 60 cm 

9 3 3 ( w ) 

-1  - frequenci e s  are cm , sp ectra r e c orded for Nuj ol Kul l s . 
- s = str ong ; m = medium ; w = weak ; v = very 

- 1 -1  
- i oni c c104 , �3 occurs  at ea 1 1 00 cm , v1 at � 9 30 cm 

· · BF- - 1 - 1  - 1 on1 c 4 , "V3 oc curs a t � 1 1 00 cm , v1 at ea 7 60 cm . 



s:r l i  t t l n [ o f  tbe  in t en s e  \J3 rr o d e  ( foun d at  ahnu t 1 1 l l  

cm- 1 ) an d tL e r e  i s  an i n c r e a s e  in t h e  l n t er: si ty o f  t l: e  

weak "\/1 m o d e v. hi c h  i s  found at a"b �ut S 3C crr.- 1 

( p er c L l ora t e ) and 7 6 C  cm-1 ( t e trafl u or or o ra t e )  

t .  1 9 1  r e sp e c lve y .  The -v1 m oC. e , wti c t  i s  forrr 1. J ly 

i r: frar e d  i n a c t i v e  i n  tt e un c c ord i nat e d ar: i on s  ( Td 

symm et ry ) , b e c orr. e s  infrar e d  a c ti v e  a s  a r e sul t o f  

t h e  l ow e r  sy�rr e t ry ( c ) 3v o f  the s er. i - c o � rd ina t e � 

ani on and tt e p r evi ou s } �· d eg en e ra t e  v3 rr od e , l o s e s  s om e  

o f  i t s  d ee en era cy . 

T h e  sp e c t ra o f  Cu ( t��p ) 2 ( Cl C4 ) 2 an d Cu ( tt�r ) 2 ( BF4 ) 2 
sugg e st tha t the ani on s  a r e  s emi - c o ord ir:a t i n r 

( Tabl e 1 3 c ) a s  a sp li t t ing of the �3 rr o d e  i s  or s erv e 8 , 

L c \'. ev e r  U e  si::tfl e v3 ab s orr t i on i n  t l . e sp e c t r a  of 

[cu ( t tr.-.p ) 2c i] EF4 and [cu ( tbrrp ) 2Pr] BF4 i s  f!o od evi d en c e  

for t h e  n on - c o c r d in a ti on o f  tte  t e t r a f l u o r oh o ra t e  

ani on s . 

� od e s  a r e  n orrr.a l l y  ob s erv e d  f o r  2- sub s t i tu t ed py ri d i n e  

l .  d 98 l gan s 

rr. e tal i on s , 

and the e ffe c t s  o f  l i gand c omp l exa ti on t o  

on th e s e  fre quen ci e s ,  hav e b e en well 

' 9 9  1 00 o o curn en t ed . ' �he st r ong , starp ar s or:r t i on 

a t  1 5 7 8  cm- 1 for pyri d i n e  film 99 i s  shi f t e d  t o 1 59 3  cm- 1 

i n  tbmp and G i l l  e t  al  r ep or t  tLa t  i t  i s  thi s  ab s orp t i on 

( Band I )  whi ct sh i ft s  t o  hi fher  fr e q uen ci e s  in m e tal -

pyri d i n e  c ompl ex e s . Other � ork er s hav e r er orted 

s i m i l a r  shi f t s  in  the c ompl ex e s o f  sut s t i tut ed pyri d i n e 

l .  d 
1 00 , 1 0 1  

l gan s .  

B r- )  and [cu ( tbmp )2 x] EF4 ( X=Cl - , Er- ) c om:r l ex e s  exhibi t 

sl:i f t s  o f  up t o 1 9  c�- 1 in Band I ( Tab J e 1 3c )  and th e s e  

8 1  



are  c on si s t en t  wi tl: pyri d y l - Cu( I I ) c c 0rd .i. n'3 ti on . 

The bl u e - shi ft s  are great er tLan t h o s e  ob s erv ed i n  

the  carb on�- ] c ompl exe s , � ( C c ) 4 tbmp ( r = C r , � o ,  t )  
( S e c t i on I I , C_tar t e r  3 , ) ,  but sirr i lar t o  tLo s e  o f  tr�e  

(cu( tbmp ) X2] 2 d i m er s ( Chap ter  1 ) ,  � h i c t  tav e  al s o  b e en 

includ e d  i n  Tab l e 1 3c .  

2 . 4 l�' T�P��!f�� QF �UI OLS �- I TE_Cui!t�� ) 2!2 
(X= C l C4.l-..�K4l 

The a� d i t i on o f  a fe� d r op s  o f  a fr e shl y prerar e d  

al c ohol  s o l uti on o f  �aS C ( CH3 ) 3 t o  m e tha� ol s olu t i on s  

o f  C u ( ttmp ) 2x2 ( X=ClC4 , EF4 ) a t  d ry-i c e/ac e t on e  

t errp era t ur e s ,  p r o duc e s  a d e ep bl u e  s o l ut i on wti c h  g o e s  

c ol ourl e s s  aft er ab cut t en minut e s . In i c e- c ol d s o l u t i on s , 

tte c ol our di sapp ea r s  a l m o s t  i n st an t l y . Tte ctar a c t er� 

i zati on o f  tt i s d e er b l ue sp e c i e s  �a s  at t errp t ed u sinf  

el e c t r on i c  sp e c t r o s c opy . 

The el e c t r oni c sp e c trum ( m ea sur e �  a t  9CK ) for the 

reac ti on  of t-butyl thi o l a t e  �i th C u ( tbmp ) 2 ( Cl C4 ) 2 in 

m e tl:an ol  i s  shown in Fi [ ur e  1 1 . 

A c ompari s on of the sp e c t rum ( at r o om t emp eratur e )  

of Cu ( tbmp ) 2 ( Cl C4 ) 2 ( Tabl e 1 C )  �i t h  thi s  sy s t em sho� s 

that at  l ea s t  t hr e e  new ab s orp ti on s  app ear in  the lat t er 

sp e c t rum . Tl:e s e  are  a t  4 3 3 , ea 4 8 7  and 6 2 5  nm ,  the lat t er 

n ot b e i n g  a d - d  rr.aximum b e caus e  of i t s  gr eat er r e l at iv e  

i n t en s i ty than the  hi � b e r  en erg,y cha rg e  t ran sfer 

ab s orpt i on s . By an al ogy wi tt Cu ( tbmp ) 2 ( Cl 04 ) 2 , the  

36C nm ab s orp ti on can pr obably b e  a s si gned  a s  a 

� ( tti o et her ) �  Cu ( II ) c harge tran s fer tran s i t i on but 

the a s si gnm ent s of the other ab s orr ti on s  are n o t  a s  

obvi ou s .  A c ompar i s on v, i th simi lar w c rk on Cu( II ) -

8 2  
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F IG UHE 1 1  

El e c t roni c Spec trum (90Kl ___ -_ _Additi on o f  

t-BuS- t o  Cu( tb!!!J2.l2iClQ4 l2_in J·.: et!}an ol 

<r (S-) - Cu 2 + 

487 

500 600 

t 
625 

n m - 700 

(X) 
w 



tLi olat c i n t e rac ti ons  80 sur c e st s tLa t. t l. e  625 nm 

t ran si ti on i s  rro·habl j a tti clate  --+ Cu ( l i ) c!;are:e 

transfer ab sorp ti on . The rerraininc t� o a�sorr ti ons  

may al s o  b e  d eriv ed frorr� S .......,. C u ( II )  charge transfer . 

2 . 5  REA C TIV I TY S TU�I E S  

The se  � er e  d e si cned to t e s t  tte stabi lity of 

tbmp t o�ard s replac err ent of ryrid i�e . 

i )  A d �i1ion_Qf��!di��1Q_f�ttb��l2�!2 
t i tto�t pyridine , an e ttan ol s olut i o� of  

C u ( tbmp ) 2Cl 2 exhibi t s  two l i gand fi el d ar s crrti ons  and 

t t e  chances  in the l ov, er enerfy r.:axieurr can "be fc l l ov;ed 

i n  Fi [ ure  1 2 . The ctan f e s  on addin[  suc c e s sive ali quot s 

o f  ryri dine are  c on si s t ent � i tt ad duct  fcrrn�ti on v ten 

t t e s e  sr ec tra are c orrrared �i tt tt e sp e c tru� of a 

d i l u t e  e than ol sol ut i on of C u ( thmp ) 2 Cl 2 . Tte ad duct  

appears to  b e  qui t e  stabl e becau s e  even in tl e presen c e  

of  a t en-fold exc e s s  o f  pyri dine wh ere a b lue  precipi tate  

charac teri sti c of Cu ( py ) 2Cl 2 forms , the d-d  maxima of  

tt e s oluti on r emain unchanged . A n  e ttanol s oluti on of 

C uCl 2 and pyridine ha s a d-d ab sorp ti on at about 66 2 nm . 

i i ) ���i ti on_Qf_N�idin§._!Q_Cui_1bm-r) 2��4 )_2 
il:_n ac§__!oncl 

Although the ini tially green/black s oluti on 

turns blue wi th the suc c e s sive addi ti on of ali quot s  of 

p yri din e , a purpl e precipi tate  d o e s  not  form until  a 

t en-fold exc e s s  of pyridine i s  r eached . The infrared 

sp ec trum and c ol our of thi s precipi tate are c onsi stent 

wi tt i t  b einf Cu( py ) 4 ( BF4) 2 • 

i ii ) "Qi SE.JdSSi On 

The s e  exp eriments  stow ttat chelat ed tbmp i s  
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F T C �RE 1 2  

El ec troni c Spec tra-Ad d i ti on of  nyri dine t o  Cu ( tbmp) 2Cl 2 

A 

B 

c 

D 

E 
F 

A 

changes in  the ligand fi eld maxima are shov:n . 

no  pyridine 
pyridine Cu ( II )  1 : 1 
pyridine Cu( I I ) 3 :  1 
pyridine Cu ( II ) 6 : 1 
pyri dine  Cu( II ) 1 0 :  1 
large exc e s s  of ryridine 

( green s cluti on ) 

( blue-�reen s oluti on )  
( blue s olut i on )  



q ui t e  s t abl e t o�ard s r ep l a c em en t  by p y r i d i n e  a s  

r e l a t i v e l y  hi rh py r i d i n e  : Cu ( I I ) rati o s  a r e  n e e d e d . 

T t i s s t ab i l i ty can b e  c cmpared t o  th e r e l a t i v e  ea s e  

� i t h �ti c t  th e d i s r l a c err en t  o f  2 , 5 - d i t ti a h ex an e  

. 82 1 0 2  
and 3 , 6 - d i th i a o c tan e can b e  a ct l ev e d , ' 

u si n g  a t � o - f o l d ex c e s s  o f  r y r i d i n e ,  i n  p o l a r  s olv en t s . 

2 .  6 FARA1v:fiGNET I C_1 !L!:!!!!!:�D����CADZ�'� IKC EI;F::rn·E·�'1: 
1 H nrnr l i n e  b r o a d en inf exr e ri m en t s  u si n r  

p arama e:r. e t i c i on s  su c h  a s  Cu ( I I ) 
1 0 3  

, hav e  b e c orr e an 

i mp or t an t  t o o l  in d e t errr.ininc t h e  n a t ur e  o f  m e tal i on 

i n t e ra c t i on s  � l t� t hi o e t h e r  l i g3n d s  i n  s ol u t i on .  Thi s i s  

e sp e ci a l l y s o  in s t ud i e s  o f  l i gan d s  tta t h�v e m or e  than 

on e p o s si b l e  b i nd i n [  si t e ,  s u c h  a s  S -m e t hy l -1 - cy s t ei n e , 

l t h . 
. 1 04 

-rr. e l on l n e  , S - 2' -ami n o e tty l cy s t ei n e  
1 05 

an d 

( S ) -p- ( 2 -py ri dy l e t h y l  ) -1 - c y s t ei n e . 1 06 
S el e c t i v e  

b r oa d er: i n g  o f  the 1 H nmr si gnal s o f  p r o t on s  c l o s e  t o  t h e  

b i n d i n [  s i t e  o f  t h e  l i gand i s  c a u s e d  by rap i d 

1,� 2+ + I � 1v:1 2+ 
exchan g e  i f  K 2+ 

i s  paramafn e t i  c .
107  

Thi s p r ov i d e s  a m ean s of d e t e rrr i n i n g  tl  e ty p e  o f  m e t a l -

l i gand i n t e ra c ti on t L a t  exi st s und e r  t h e  c on d i t i on s  o f  

t h e  exp e r i m en t . 

L i s c u s s i o n  

T h e  e f f e c t  o f  a d d ing Cu ( I I ) t o  t h e  l i gan d ( tbmp ) 
i s  i l l u s t ra t e d  by the chan g e s  i n  the s i gna l s o f  the 

o( -p r o t on and m e t hy l en e  p r o t on s . ( Fi [ ur e  1 3 )  . rr:r.e  

� -p r o t on r e s onan c e  d i s app ear s and the h e i cht o f  the 

m e thj l en e  p r o t on p eak i s  si gni fi c antly r e d u c ed in 

c ompari s on to the s l i gh t  chan g e s  ob s erv ed for the TI.: s an d 

m e thy l p r o t on si gna l s . In an exp eri m e n t  wh e r e  CuCl 2 .-

2 H2 o cry s t al s w e r e  ad d e d t o  a CDC 1
3 

s oluti on o f  the 
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FIC lRE 1 3a  

1 H  nrn r - A d d i t i. on o f  C u ( Jll__!_Q._tb!:.0.Q_(in CDC1 3) 

a 

Q -H 

- p p m 

b 

a tbmp in absenc e of Cu ( II )  

TMS 

TMS 

b tbmp in presenc e o f  Cu ( II )  [ 3 . 3 x 1 0-4m ol . l-1] 
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FIG T T: E  1 3b 

1 H nm r - Add i ti on of C o (I I) t o 2-rr: e t tv J  p yri d i n e  ( i l �  cn2 c1 2) 

a 

oc- H 

b 

a 2-methy lpyridine in abs enc e of  C o ( II )  

b 2-methylpyri dine in pre sence  of  C o ( II ) 
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l i �and s , th e � ethy l en e  r r o t on s ' r e s rnan c e  d i sarp earea . 

The paramarn e ti c  e f f e c t  i s  r r ea t er for Cu ( I I )  than 

C o ( I I ) an d thi s i s  d i s c u s sed in Cta� t er 4 .  

I t  i s  appar ent fr om t�i s exp erir en t ttat C u ( I I ) 

e xchan ge oc curs at t t e pyridyl  ni t r ogen . [ c w ev e r , 

i t  i s  p c s sibl e that the chanf e s  i n  the  m e tty l en e  pr o t on s ' 

r e s onan c e  are  al s o d u e  t o  thi s e x c han g e . n--.i  s can b e  

d em on s tra t e d by a d d i n e  C o ( I I ) t o  a s a rrp l e o f  2-m e tty l 

p y r i d i n e  ( Fi [ ur e  1 3 ) .  I t  can b e  s e en t�at  the � e thyl 

p r o t on s ' r e s onan c e  i s  si gni fi can tly affe c t ed by C o ( I I ) -

pyr i dyl  i n t erac ti on s . A s  a r e sul t o f  t h e s e  ob servati on s ,  

t L e  p r e sen c e  or ab s en c e  o f  Cu ( I :L ) - tti o e ther i n t e r a c t i o n s  

c an n o t  b e  c onfi d en t ly e s tabl i sh e d . I t  i s  un l i k e l y  

ttat  tte IT e thyl pro t on s  o f  ttmp wi l l  be  p erturb ed by  

C u ( I I ) e x c tan g e  at the t t i o e t h e r  d on or as  si iT i l ar s t ud i e s  

�i t h  EuSCH2 cH2 SBu sto� t hat onl y  t h e  - C E2 SCE�- p r o t on s  
4 7  are affe c t ed . 
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SYE TFSSES 

S om e  general c omm en t s  tta t rel a t e  t o  al l o f  

th e s e  syn th e s e s  caY1 b e  found in  the  exp erirr. ental 

s e c ti on of  the Arp end i c e s . 

Diperchl ora t obi s [2- ( 3 , 3-dim e thyl - 2 -tti abutyl ) Dyr i d i n e ] 
£.QJ?_Qer ( I I )  

1 mm ol e o f  Cu ( Cl C4 ) 2 . 6H2 0 ( 0 . 37 1  g . ) wa s ad d ed 

t o  2 rr.rr.c l e o f  tcrr.p ( C . 3 6 3 f . ) and tb.i s r e sul t e d  i n  the  

i rnrn edia  t e f o rmati on of  a dark gr e en p re cipi tate . '.', ten 

i t  had b e en fi l tered  and �a shed wi t h  Abs . EtC� , the  

s err.i -dry p r odu c t  wa s careful ly  t ran s ferred  t o  a b o t t l e  

t o  c omp l e t e  the  dry ing i n  vacu o . 

YIElD : C . 4 24 g .  ( 62% )  

I2 i  t e_irafl uor ob ora t obi s [�- ( 3, 3-dim e thYl-2- tl':i abu.!Yll
uri dineJ �onper.U.U 

2 mrn ol e of Cu ( PF4 ) 2 . 6H2o ( C . 6SC  g . ) were add ed t o  

4 rnrn ol e  o f  l i gand ( C . 7 2 5  g . ) t o  gi v e  a dark green 

p r ec ipi tat e . 

YIEl D  : C • 8 4 5 g . ( 7 C 7 0  
I2ichl orobi s [2- (  3,  3-d i m e ttyl- 2 - thi a.butyl )fl�c i n e  J 
c opper ( ill 

2 mm ol e of CuCl 2 . 2H2o ( C . 34 C  g . ) w er e  ad d e d  t o  

4 mrn ol e  o f  l i gand ( C . 7 2 5  g . ) t o  give  a dark green 

s o lut i on . Thi s was c on c entra t ed i n  va cu o then c o ol ed 

t o  y i e l d  a l i m e  green precipi tat e . The precipi tat e  wa s 

wa shed wi th  a small  quan ti ty o f  Ab s .  EtOH and tr.en e ther , 

a f t er i t  had b e en fi l t er ed . 

YIElD : C . 65 5  g . ( 6 6%)  

Dibrom obi s [2 - ( 3, 3-dimethYl- 2 - thi aQutyll£rri dine] c opper ( Ifl  

1 mrn ol e of anhydrous  CuEr2 ( C . 2 2 3  g . ) wa s add ed 

t o  2 mm ol e of  l i gand ( C . 36 3 g . ) t o  r i v e  a green-black 
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s ol uti on . The s ol �ti on wa s reduc ed in vo l �rn e  and tb en 

c o ol ed t o  pre cipi tat e  a dark gre en s o l i d . Eth er wa s 

ad d ed t o  th e fi l trat e t o  precipi tate  s o� e  more o f  

t h e  c ompl ex whi ch was fi l t ered  off and �a shed  wi t h  

Abs . EtGE and the� ett er . 

Y IET D : C . 3 6 5  g .  ( 62% )  
Qhl orobi§ [2- ( 3, 3-dime tb:_l -2-thi a bu tYll:C.ITid i� e ] 
c orr��I Il_t etrafl uor ob orat e  

1 mm ol e o f  anhy dr ous T i C l  ( C . C 4 2 g . ) in 

e thanol-a c e t on e  was a�d ed to an a c et Gn e  s oluti on of 
2 mm ol e of tbmp and 1 mrr. ol e of  Cu ( BF4 ) 2 . 6H2 0 . The 

lime  green s olu ti o� wa s c oncentra t e d  and then c o ol ed  

t o  c ry stal ll z e  impure , green [cu (  tbmp ) 2c1] EF 4 •  Pure 

[cu ( tbmp ) 2 C� EF4 wa s i s ol at ed a ft er recry s tal li zinf 

the impure pr oduc t from a� Ab s .  E t OH s oluti on at dry 

i c e/ac e t one  t emp era tur e s . 

QIOmobi§ [£�3-dimethyl-2-thiahu tvl}QYfi d in�J c onn er ( IIl
t etrafluorob orat e 

An ac e t one  s oluti on ( c ontaininr a fe� drop s  of 

tri e thyl orthoformat e )  of 2 m� cl e o f  tb�p and rrmol e 

o f  Cu ( EF4 ) 2 . 6E20 was fil t ered b e fore addinf an Ab s .  StCH 

s oluti cn of anhydrous  l iP.r . The l i e::h t er e en solut i on 

wa s c on c entra t e� in y�cuo  and c o ol ed . The l ime gre en 

c ompl ex was c ry s tal li z ed by scratching the fl a sk wi th a 

spatula . 

YIElD O . C7 6  g .  ( 1 3% )  

9 1  



T A FI E 1 4  

M I S CElLANEOUS PHY S I CAl. DA TA 

C Q};1PLEX COlOUR M . P/°
C ANAI.YSES : Cal c . ( Found )fo 

c H N 
Cu( tbrnp ) 2 ( Cl 04 ) 2 d . green - 38 . 4 3  4 . 84 1 . 4 2.  

( 38 . 9 5 )  ( 4 . 9 6 )  ( 4 . 60 )  

C u ( tbrnp ) 2 ( BF
4 ) 2 d . gr e en 1 4 9- 1 5 0 4 0 . 0 5 5 . 04 4 . 67 

( 40 . C 5 )  ( 5 . 1 6 ) ( 4 . 68 )  

Cu( tbmp ) 2cl2 lime 8 9-90 48 . 32 6 . 08 5 . 64 
( 48 .  1 7 )  ( 6 . 1 6 ) ( 5 . 5 5 )  

Cu ( tbrnp ) 2Br2 gre en 9 1 -93 4 C . 99 5 . 1 6 4 . 7P. 
( 4 1  . 07 )  ( 5 . 30 )  ( 4 . 8 7 ) 

[cu(  tbrnp ) 2 c1] BF 4 green 1 1 2- 1 1 3 4 3 . 8 C 5 .  5 1  5. 1 2 
( 4 3 . 32 )  ( 5 . 5 6 ) ( 4 . 8 5 )  

[cu( tbrnp ) 2Br] BF 4 lim e 1 2 3- 1 24 4C . 5 2 5 .  1 c 4 . 7 3 
( 40 . 6 1 ) ( 5 . 1 6 ) ( 4 . 6 5 )  

N CTES : - m olar c onduc tivi ti es  at 2 5  °
C : Ni t r om et.h an e  1 : 1 

M e t han o l  
N i t r ob en z en e  
Et l .an c l 
V� a t er 

- d = dark 

Ct.h er 

J3r , 1 3 . 4 8.  

( 1 3 .  97 ) 

C 01-illUC T IVITYLohm
- 1 rn ol .

- 1 
ern 

2 

CH3No2 M e  OH Other 

1 65 cp};c2 : 28 

1 7C cpno2 : 30 

2 2  6 5  C/JN02 : 4 
H20 : 21 1  
E t 0E : 1 6  

36 7 3  

8 6  1 C 1  

9 2  1 00 

( 7 C -9C ) , 2 :  1 ( 1 5 C - 1 7C ) . 
( 1 C C - 1 3l ) , ( 2 1 C -25 C ) . 
( 2C - 3C ) 
( 6C -8 C ) 

( 2 1  C -2 5 C• ) 
'() N 



CHAPTER 3 

C OFFEE ( fl��LFJ EXES 
OF 

2-D�-Dn:E:[HY1 - 2- :[r r:::.�l!:TYI ) FX.£JJ� IHE 

A l;D TEE 

The C u ( I )  c or� l ex e s  C u ( tbnr ) Er  ( n= 1  er  2 )  and  
� , n 

[cu ( tbiTrE ) x 2 ] 2 ( X = C l - , Fr- ) , wt e r e  tb�pE i s  t he 

2 - ( 3 , 3- d i rr e t ty l - 2 - thiatuty l ) ryri d i n i ur cati cn , were 

ctara c t e ri z e d  in  t h e s e  stud i e s . �t e sp e c t r c s c ori c 

p r op er ti e s  o f  tte di s t or t ed t e trat e d ral C u ( t trrp ) 2Br an d 

�u( tbmrH ) Br2] 2 c orrrl exe s , can t e  i n t erpr e t ed � i t �  

r eferen c e  t o  ttei r c ry stal  s truc tur e s . Al  ttct..:: [l t h e  

s truc tural na tur e  of C u ( tbmp ) Fr i s  u.'1 c e r tain , [cu ( tbmpE ) C lJ 2 
p r obably ha s a s t ru c tur e vd.i c L  i s  sirr.i l ar t o  tta t o f  tl:e 

br omi d e  anal ogue . 

Vari ous a t t emp t s  wer e mad e t o  i s ol a t e  c omp l ex e s  

such a s  Cu ( ttmp ) nC l  and Cu ( tbmp ) 2FF4 , but the s e  w e r e  

un succ e s s ful . 
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FIG UR:S 1 4 a 

Relati on ships Between Culibmp) Br and Cu( t�2Br 

Ab s olute EtOH s oluti on of CuBr , tbmp ( 1  : 1 ) and exc e s s  LiBr 

Rap i d  precipi tati on induc ed 

fr om a c on c en trat ed s oluti on 

1 
Cu( tbmp)Br 

C omp o si ti on d e t ermined by 

mi cr oanaly si s .  Opaque , 

mi crocry s talline sampl e  

m el t s  a t  1 3 5 - 1 3 6 °C .  

� 

Sl ow heatine; 

gradually turns 

sampl e  opaque . 

M el t s  sharply at  

1 35 °C . 

Sl ow crystal l i zati on all owed 

to tak e place  from a c on c en trat ed 

soluti on 

! 
Cu ( tb!!2I2.2.2Br 

C omp o s i t i on of  cl ear cry stal s 

d et ermined cry s tall oe;raphi cal ly . 

'() � 



FIGURE 1 4b 

Relati onships Between [cu(tbmpH)Br2] 2 and Cu(tbrnp)nBr 

(n = 1 ,  2 )  

Dilute s oluti on 

� 60 cm3 

! 
e o-precipi tati on of 

[cu ( tbmpH) Br2] 2 and 

Cu( tbrnp )nBr 

(n = 1 or 2 )  

Cu(tbrnp)2Br2 
Abs . EtOH soluti on 

1 

C oncentrated soluti on 

� 30 cm3 

! 
Y ellow crystal s  of 

[ Cu(  tbmpH) Br2] 2 

Fi l trat e  l eft t o  

s tand 

Pal e yellow-whi t e  

c rystal s of 

Cu( tbmp )nBr ( n=1  or 2 )  
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3 . 1 Ti lE QhQ��Tnl_QE_f�i12�r. )2BrL_Q�i1Q�[}££_��� 
[cui!:Q.mpBn£2] 2 
Cu( tbmp ) Er and [cu ( threpE ) ?r2] 2 �ere rr epared and 

anal y s ed ( s e e  S1T TITSES ) during the ini tial exp eri m en tal 

w ork on the  Cu ( I )  c ompl ex e s  of  tbmp . [cu ( ttrrp� ) Cl 2] 2 , 

�ti ch i s  qui t e  sus c ep ti b l e t o  oxi dati cn , Ra s al s o  prepared . 

i )  R e l 3 t i Qnshi� s-�et�een Cui1tm�l�£_and _Cuiih�n)2Pr 

For the c ry s tal l ographi c work , s ome cl ea r  alrr o st 

c c l ourl e s s  c ry s tal s \':er e sl owly grown in s o lut i on s  tLat  

were simi lar  t o  tho s e  from �ti ch Cu ( tb�� ) Pr was ori final ly 

rrerared ( s e e  SYf �EES�S ) . The s e  c ry stal s were  thou ght 

to  be  Cu ( tbrrp ) Br ,  but sub s e quent inve stigati on s i n d i cat ed 

that th E: cry s ta l s  v: ere  Cu ( tbrr.p ) 2Br . 'fLi s v, a s  c on fi rmed 

when the cry s tal  s tru c ture ( s e e  3 . 2 )  Ra s s ol v ed . I f  a 

c ry s t al of  Cu ( tbmp ) 2Pr i s  crushed and t�en s l o�ly heated , 

a sl ow c onv ersi on t o  Cu ( tbmp ) Br appears t o  oc cur . The 

r el :� ti onship s  tetween C u ( tbmp ) Br and Cu ( tbmp ) 2Br tr1at are  

apparent  from the s e  studi e s , are i llustrated  in Fl fure 1 4a .  

i i ) R e  la tl on shi n §_B e_iweeg_ [cu i!"Q�H ) �!:2] 2��Q. 
Qgi!bmp)nBr_ig_= __ 1 _Qr 2}_ 

Y el l ow cry s tal s  of [cu ( tbrr.pH ) F.r 2] 2 can b e  

p repared  by r educing a c on c en trated  ab s ol u t e  ethan ol s oluti on 

of  Cu ( tbrnp ) 2Br2 ( prepar e d  i!l si tu ) wi th s ev eral d r op s  of  

hyp opho sphorous acid ( P. 3Po2 ) .  I t  al s o  b e carr. e apparent 

that at l ea st tw c comp l ex e s  can be i s ol a t e d  from the 

r educ ed  s0luti ons . The s e c ond c ompl ex , whi ch precipi tat e s  

a s  p a l e  y el l ow-whi te  cry stals ,  appear s t o  b e  el tt er 

Cu ( tbmp ) Br or Cu ( tbmp ) 2Br . Th e s e  cry stal s are id enti fi ed 

as Cu ( tbmp ) Br ( wher e n= 1 or 2 )  in Fi rur e  1 4b ,  whi ch n 
sUIP.rnari z e s  the obs ervati on s  tLat were  mad e during the s e  

inve s tigati ons . 
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3 . 2  CRY S TAl S TRUCT�RE OF 

BRC[C'-P IS [2- ( �.}-DH.ETI-iYI - 2- TI : IA Bl 'IYI )FYPIDn:�]fCF[�Jlill 
The exp erim ental m e thod that wa� fol l owed  in the 

elucidati on of  thi s s truc tur e , i s  ou tlined a t  the end of 

t�i s C�apter . The obs erved  and cal culat ed stru c tur e  

fa c t ors can be  found in  t h e  App endi c e s . 

D:SSCF.IFTIC'N 

In t�i s d i s c r e t e C u ( tbmp ) 2Br mon o� er ,  rne tbmp l i gand 

i s  chela ted �til e  the s e c on d  i s  rr cn nden ta t e , bindinf via 

the sulphur a i om , only . Tt. e  Cu ( I ) i on i s  thus b oun d by a 

t err::inal cromine , tv. o t:Li o e ther sulphur a t om s  and the 

pyri dyl ni trogen of the chelat ed  tbmp li gand , in a 

Ai s t or t ed t etrahedral envir onment ( Fi �ure 1 5 ) .  

The non- c o ordinat e d  pyri dyl ni trogen of th e m on o-

d entat e tbop l i gand d o e s  n o t  parti cipate  in an� b ondin[ 

intera c ti on s  wi thin the mol ecul e ,  or wi t h  any of the other 

m ol e cul e s in the uni t c e l l . Tt ere are n o  intermo l e cular 

c ontac t s  of l e s s  than 3 . 5  A .  
The imp ortant s truc tural d e tai l s  for tti s c ompl ex 

are  presen t ed in  Tabl e 1 5a .  

DISCCSSION 

One of the feature s  of  the Cu ( I ) geom etry , i s  the 

smal l  S2-Cu-N2 chel at e-bi t e  angl e [8 5 . 4 ( 3 ) 0] w�i ch imp o s e s  

a rather di s t or t ed envir onment o n  the Cu ( I )  i on ( Tabl e 1 5� .  

Thi s observati on i s  typi ca l  of  the c onst raint s  ttat are 

imp o s ed on Cu ( I ) c ompl exe s  by the chelat e-l i gand effe c t }0 
The r emaining angl e s  that are sub t ended at the Cu ( I )  

c entre  are normal and range from 1 C S . 1 ( 1 ) 0 t o  1 2 C . 7 ( 1 ) 0 • 

The d ihedral anf l e* ( w )  i s  E 8 . 5 ° , c l o s e  t o  the exp e c t e d  
0 39 value  of 9 C  for a t et rahedral c ompl ex . 

* w i s  d efined by the plan e s  through Cu , S2 , K2  and 
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TABlE 1 ;2a 

STRl" C TlRAJ  tETA IJ S FOR Cuill!!!.J2.l2Er 

FRCt: ATCJ.' TC' A Tct.' DISTAl\CE[A FRO' £!TC11� TO A T C'r 

Cu Br 2 . 4 2 6 ( 2 )  C 1 2 C 1 3 

Cu 5 1  2 .  3C4 ( 3 )  C 1 3 C 1 4 

Cu 52 2 . 358 ( 4 )  C 1 4  C 1 5 

Cu N2 2 . 1 1 ( 1 )  C 1 7  C 1 8 

5 1  C 1 6 1 . 85 ( 1 ) C 1 7 C 1 9 

5 1  C 1 7 1 . 8 6 ( 1 ) C1 7 C 1 1 0  

5 2  C26  1 . 8 5 ( 1 )  C 2 1  C 2 2  

5 2  C27 1 . 87 ( 1 )  C 2 1  C 2 6  

N 1  C 1 1 1 . 34 ( 1 ) C 2 2  C 2 3  

N 1  C 1 5 1 . 35 ( 2 )  C23  C24  

N2  C2 1  1 • 35  ( 1 )  C24 C 2 5  

N 2  C25 1 • 34 ( 1 ) C27 C 2 8  

C 1 1 c1 2 1 . 37 ( 2 )  C 27 C 2 9  

C 1 1 C 1 6 1 . 52 ( 2 )  C 27 C 2 1 C 

ANGl E DEGREES ANGl E  DEGREES 

Br-Cu-51  1 C 9  • 1 ( 1 ) C 1 4-C1 5-N1 1 24 ( 1 ) 

Br-Cu-52 1 20 . 7 ( 1 )  C 1 1 -C 1  6-5 1 1 ce . 6 (  9 )  

Br-Cu-N2 1 1 2 . 9 ( 3 )  C l  8-C1 7-C1 9 1 1  3 (  1 ) 

5 1 -Cu-52 1 1 5 . 0 ( 1 ) C 1 8-C 1 7-C1 1 C  1 C9 ( 1 ) 

S 1 -Cu-N2 1 1 1 . 7 ( 3 )  5 1 -C 1 7 -C 1 8  1 08 . 4  ( 8 )  

S2-Cu-N2 8 5 . 4 ( 3 )  S 1 -C 1 7-C1 9 1 C 5 . 9 ( 9 )  

Cu-S1 -C1 6 1 ( 5 . 4 ( 4 )  S 1 -C 1 7-C 1 1 0  1 1 C . 3 ( 8 )  

Cu-S1 -C1 7 1 1 1 . 2 ( 4 )  C 1 9-C 1 7-C1 1 C  1 1 C ( 1 ) 

C 1 6-S 1 -C 1 7 1 (0 . 3 ( 6 )  N 2-C 2 1 -C22  1 2 3( 1 )  

Cu-S2-C26 9 3 . 9 ( 4 )  N 2-C2 1 -C26  1 1 8 ( 1 )  

Cu-S2-C27 1 1 3 . 7 ( 4 )  C 2 2-C2 1 -C 2 6  1 1 9 ( 1 )  

C 2 6-S2-C27 1 (4 . 7 ( 6 )  C 21 -C2 2-C23  1 1 9 ( 1 )  

C 1 1 -N 1 -C1 5 1 1 8 ( 1 ) C 22-C2 3-C24 1 2C  ( 1 )  

Cu-N2-C2 1 1 1 7 . 0 ( 8 )  C 2 3-C24-C25 1 1 7 ( 1 )  

Cu-N2-C25 1 22 . 8 ( 9 ) C 24-C2 5-N2 1 22  ( 1 )  

C 2 1 -N 2-C25 1 2C  ( 1 ) C 2 1 -C2 6-S2 1 1 2 . 1 ( 9 )  

N 1 -C 1 1 -C 1 2 1 2 1 ( 1 )  S 2-C27-C28 1 C2 . 6 ( 9 )  

N 1 -C 1 1 -C 1 6 1 1 8 ( 1 ) S 2-C27-C29 1 C9 . 4 ( 9 )  

C 1 2-C1 1 -C 1 6 1 2 1 ( 1 )  S2-C27- C2 1 0 1 1 1 . 5 ( 9 )  

C 1 1 -C 1  2-C 1 3 1 1 9 ( 1 )  C 28-C27-C29 1 1 2 ( 1 )  

C 1 2-C1 3-C 1 4  1 1 8 ( 1 )  C 28-C27-C 2 1 0  1 1  C (  1 )  

C 1 3-C 1 4-C 1 5  1 1 9 ( 2 )  C 29-C27-C 2 1 C 1 1 1 ( 1 )  

NOTE: - e s timated standard d eviati on s are i� pai enthe s e s . 
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DISTANCE/A 

1 . 4 2 (  2 )  

1 . 37 ( 2 )  

1 • 34 ( 2 )  

1 . 5 6 ( 2 )  

1 . 5 3 ( 2 )  

1 . 5 6 ( 2 )  

1 . 37 ( 2 )  

1 . 5 3 ( 2 )  

1 . 4 C ( 2 )  

1 . 4 3 ( 2 )  

1 . 4 2 ( 2 )  

1 . 5 6 ( 2 )  

1 .  54 ( 2 )  

1 . 57 ( 2 )  



1 0 1  

TAEI. E 1 5b 

A TU: I C  C C CPJHlJA TES M re I S O TR CF I C  THERli� Al :PAR.4J,� ETERS FOR Ou ( tbrr.pd 2 Br 

A TGl.: x/a y/b z/c �12 
----

Er 0 . 7 9 1 0 ( 1 )  C . 2 3S 1  ( 2 ) - ( . 0 62 3 ( 1 ) 
O u  G .  7 6C 3 (  1 )  C . 4 5C4 ( 2 ) C . 02 60 ( 1 ) 

S 1 0 .  7 24 5 ( 2 ) 0 . 3 6C 6 ( 4 ) C . 1 54 0( 2 ) 

S 2 ( . 68 2 6 ( 2 ) C . 654 6 ( 4 ) -C . 04 0 5 ( 2 ) 
N 1 ( . 88 2 3 ( 7 ) 0 . 279( 1 ) C . 309 2 ( 8 ) 5 .  1 6 

N 2  0 . 8 5 5 C ( 6 ) C . 6C  8 ( 1 ) 0 . 05 3 2( 6 ) 3 . CO 

0 1 1  ( . 8 694 ( 7 ) 0 . 2 3 3( 1 )  0 . 2 2 5 (· ( 8 ) 3 .  1 E 

C 1 2 0 . 9 3 1 8 ( 8 )  G . 2 1 9 ( 1 ) 0 . 1 7 9 9 ( 8 )  4 .  1 5 

0 1 3  1 . C 1 1 4 ( �' )  0 . 2 5 2( 2 ) 0 .  2 24 ( 1 ) 5 . 9 5 

C 1 4  1 . 0 2 3( 1 ) 0 . 29 5 ( 2 ) 0 . 3 1 1 ( 1 ) 5 . 97 

C 1 5 ( . 9 5 9 ( 1 ) C . 3C 6 ( 2 ) C . 35C ( 1 ) 5 . 54 

C 1 6  0 . 784 8 ( 7 ) ( . 1 8 8 ( 1 ) C . 1 8 2 C ( 7 ) 3 . 24 

0 1 7 0 . 6 2 1 7 ( 7 ) 0 . 2 79 ( 1 ) 0 . 1 3 1 6 ( 7 )  3 . C7 

C 1 2  0 . 6C 1 5 ( 9 )  C . 2 2 1  ( 2 ) C . 2 2 C9 ( 9 )  5 .  3 1  

0 1 9 C . 5 6 58 ( S )  C . 4 C7 ( 2 ) C . 09C8 ( S )  5 . 28 

0 1 1 C  C . 6 1 74 ( f )  0 . 1 44 ( 2 ) 0 . 065 2 ( 9 )  4 . 87 

0 2 1 C . 8 3 5 7 ( 7 ) C . 7 5 5 ( 1 ) C . C 39 9 \ 7 ) 2 . B 8 

C 2 2  C . 8 9 1 6 ( 8 )  c . 8 67( 2 ) C . C44 3( C5 )  3 . 9 1 

C 2 3  C . 97 3 1 ( 9 )  0 . 8 2 9 ( 2 ) 0 . 065 1 \ S )  5 .  1 3 

C 24 C . 9 S 5b ( 8 ) C . 674 ( 2 ) 0 . 072 7 ( 8 ) 4 .  6 1  

C 2 5 0 . 9 3 24 ( 8 )  C . 5 6b ( 2 ) 0 . 07 24 ( 8 )  4 .  1 2 

0 2 6 0 . 74 69 ( 8 ) C . 7 98 ( 1 ) 0 . 0 24 7 ( 8 ) 3 . 66 

LJ 27 C . 6S 3 5 ( 8 )  0 . 690 ( 2 ) -0 . 1 574 ( 8 ) 4 . 1  0 

0 2 8 0 . 64 4 5 ( 8 ) 0 . 5 58 ( 2 ) -0 . 208 3( 9 )  4 . 97 

0 2 9 0 . 6 57 1  ( 9 )  0 . 84 5( 2 ) -0 . 1 8 7 1  ( 9 )  4 . 9 6 

C 2 1 0 0 . 78 3 5 ( 9 ) 0 . 68 0 ( 2 ) -0 . 1  68 6 ( 9 )  4 . 8 1 

- estimated  standard d eviati ons  are in parentheses . 

TA BlE 1 5 c 

ANI S OTR OP I C  THERE AT I' ARA:rv'�T:ER S F O� Cu( tbmJ2L2Br 

� T O!\: B 1 1 B2 2  B 33 B 1 2 B 1 3 B2 3 

Br 0 . 004 8 0 .  0 1 1 4 0 . 0040 0 . 000 3 0 . 001 4  -C . 0006 

Cu O . C0 37 0 . 009 5 0 . 004 2 -0 . 000 3  C . 00 1 1 O . C C C9 

3 1  O . C028  0 . 009 3 C . OC 2 9 -0 . 0002 O . OC C 2  o . oooo 

3 2  0 . 00 3C 0 . 0 1 1 6  0 . 0038 0 . 0004 0 . 00 1 0 0 . 00 1 5 



S om e  b ond l enrth data for C u ( I )  c ompl ex e s  of  

tt.i o e tL er and  sub s t i t u t ed pyri d y l  l i gand s i s  pre s en t ed 

wi th tte  d a ta for C u ( tbmp ) 2 Fr and (cu( tbrepH ) Pr2
]

2 ( s ee  

3 . 3 ) in  Tabl e 1 6 . 

I t  can be  s e en that the Cu( I ) - S 2  b ond ( 2 . 358 ( 4 )  1 )  
i s  s l i Ehtly l onger ttan the re ean of the Cu ( I ) -S b ond s 

( 2 . 3 1 2 ( 3 ) 1 ) o f  other thi o e tt.er c ompl ex e s . Tti s � ay b e  the 

r e sul t of  the c on st rai n t s  that are imp o s ed by th e p l anar 

an � ther e fore ri gi d ,  N2 , C 2 1 , C 2 6  b a ckb one  o f  the chelat ed 

l i gan d . Tti s suggesti on i s  supp or t e d  b� two ob serva ti on s . 

The fi rst  i s ,  ttat the C u ( I ) -S b ond l engths  o f  the 

re on c d en ta t e  tb�p ( 2 . 3C 4 ( 3 ) 1) and tbrnpH+ l i gand s ( 2  .. 27 6 ( 2 ) 1 ) 

in tt i s  c omp l ex and [cu ( tbmpH ) Er2] 2 r e sp e c t ively  ( m ean , 2 . 2 9 C  

( 3 ) 1 ) ,  are si gn i fi cant l y  sr:orter tLan t h e  C u ( I ) - S 2  bond . 

�he s e c cn d  ob s ervati on c om e s  from a c ompari s on of the 

C u ( I ) -S ( tti o e ther ) b onding in other five-m emb ered chel a t e-

ring s} s t ems  such a s  t h o s e  in Cu ( d t o ) 2BF410 In thi s 

c omp l ex , the ffi ean Cu ( I ) -S b ond ( 2 . 3C 3 ( 5 )  1 ) i s  al so  

s i gni fi cant l y  short er ttan the Cu( I ) -S 2  b ond of  C u ( tbmp ) 2Pr . 

Ev en thougL chelati on may hav e s om e  affect  on the 

C u ( I ) -S 2  b onding , i t  i s  sti l l  short er than the predi c t e d  

C u ( I ) -S singl e-b ond l ength o f  2 . 39 1 ( i f  t h e  Cu( I )  c oval ent 

radius  i s  taken as b eing  ab out 1 . 3 5  1 22 ) . The s e  ob s erv-

a ti on s  imply that there  �ay be n -c omp on ent s in the re sp ec tive  

Cu( I ) -S 1  and Cu ( I ) - S 2  b ond s of  Cu( tbmp ) 2Br , thus sup p ort ing 

the c 0n c l u si on s  tt.at have b e en reached from other 

c ry s tal l ographi c studi e s  o f  Cu ( I ) -S b onding 1 0  

The C u ( I ) -N 2  b ond ( 2 . 1 1 ( 1 )  1 )  i s  slightly  l onger 

than in the C u ( I )  c omp l e x e s  o f  bipyri d i n e , pyri dine and 

1 02 ' 



TABJ"E 1 6 

Cu(I)-gthJ:_oeigerLAN;Q�f.l-U(pyridylLPO�Q_DATA 

C OJ\:PLEX 

Cu ( tbmp ) 2Br 

[cu(  tbmpH)Br 2] 2 
[cu ( d th ) Cl] n 
[cu (  d t o )  2] BF 4 
Cu( 1 4-ane-s4 ) Cl C4 
Cu ( pdt o ) PF6 
Cu( py2s 2 ) 2Cl04 

Cu ( py2Et2s2 ) 2Cl C4 
Cu( bipy ) 2C l04 
Cu ( p ea ) + 

Cu( py ); 

Cu(.ll-S 

2 . 3 3 1 ( 4 )  

2 . 27 6 ( 2 ) 

2 . 3 39 ( 2 ) 

2 . 3C 3 ( 5 )  

2 . 3 1 7 ( 4 )  

2 . 34 5 ( 1 ) 

2 . 4 1 7 ( 3 ) � 
2 . 32 2 ( 1 ) 4>  

2 . 295 ( 1 )  

Cu( I)-N REFERENCE 

2 . 1 1 ( 1 )  Thi s \'.' ork 

Thi s Work 

1 08 

1 0  

7 

2 . C4 2 ( 5 )  1 1  

2 . 02 ( 1 ) 1 09 

2 . (. 2 � ( 1 ) 1 1 0  

2 . C 1  ( 2 ) 1 1 1 

2 . 0G0 ( 3 )  1 1 2 

2 . 05 ( 1 ) 1 1 3  

NOTES : - mean bondlengths ( 1 ) have been giv en where more than 

one Cu ( I ) -1 b ond i s  involved , 

� Cu-SS ( dl sulrhi d e )  bond s . 
.... 

0 w 



sub s t i tuted ryri d i n e l i [an d s  ( ea 2 . C C ( 2 ) - 2 . C4 2 ( 5 )  A ,  
Tabl e 1 6 , )  b e l n r  c l o s e  t o  tte  predi c t ed Cu ( I ) -N sinrl e-

0 
b ond l ength o f  about 2 . C? A ( tak ing tt e singl e-b on d  

c oval ent rad i u s o f  N a s  C . 7 4 A 22  ) • Tt i s  agai n may 

ari s e  fr om th e s ame c on strain t s  tha t give  ri s e  to th e 

sl i r.t t l en[ttening of  the  Cu ( I ) -S 2  b ond ( ab ov e ) . 

The puck e r e d  r.a tur e of the fi ve-w ewbered chel a t e  

ring i s  i l l u s t ra t ed by th e d eviati on o f  th e S 2  a t om 

[C . 74 3 ( 3 )  .A ]  from th e m ean l ea s t - s quar e s  p l an e  tha t i s  

d e fi n ed b� Cu , N 2 , C 2 1  and C 2 6 . The lat t er a t om s  are  

c oplanar a s  exp e c t ed . 

E c ua t i on of P l an e : C . 2 1 8 1 X  -C . C C 8 2Y- C . 9 7 5 9 2  = 2 . 3 5 1 9 

A 1" CK S n: PT.A:t-: E 

C u , l� 2 , C 2 1  , C 2 6  

D�V I A 1" I C� S  FRC� PIAKE ( { )  
C u  N 2  C 2 1  C 2 6  S 2  

C . 02 3 ( 2 )  -C . C 5 6 ( ? )  C . C7 ( 1 )  -C . C 3 ( 1 ) C . 7 4 3 ( 3 )  

3 . 3  CRY S TAl S TRU C TURE OF 

BIS (DIBRCJ\�C ( 1 -H- 2- ( 3..t.3-D D:. �THYI - 2-Tl : IABL'TYI )J'YP.IDIRE ) ]  -
C OFFER ( I )  

The c ry stal s truc tur e o f  [cu ( tbmpH ) Br2J 2 wa s 

d et ermined by Dr K . L . Br own 1 1 4 , using cry s tal s that w e r e  

p r epar ed a s  d e sc ribed  a t  t h e  end of  t hi s Chap t er . 

DESCRIPTION 

The two di s t or t e d  t e t rahedral Cu( I )  c entr e s  o f  t hi s  

c entr osymm etri c dimer are  bri d ged by tw o bromi d e  i on s  wi th 

the two  r emaining  c o ordinating p o si t i on s  o f  each C u ( I )  i on 

b eing oc cup i e d  by a t e rminal bromi d e  i on and a sulphur-

b ound , 2- ( 3 , 3-d im ethyl- 2- thi abu tyl )pyri dinium cati on 

( Fi gure 1 6 )  . 

Rel evant structural d e tai l s  f or [cu( tbrnpH ) Br2] 2 are  

p r e s en t ed i n  Tabl e 1 7 .  
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c 1 1  

FIC L' Lc: 1 6 

S t ruc t ur e  of  [c-u ( tbTpE) Br2] 2 

1 05 



1 06 

TABLE 1 7  
S TRUC TURAl DETA ilS FOR " [cu( tbrnuH)Er2] 2 

FR et; A T 01� TO A TCM DI S TANCE[ A FROI.: A T  Cr.� TO A TOll� D I S TANCELA 

Cu Cu' 3 . 1 8 N 3 H3 0 . 8 7  

C u  Br1  2 . 36 3 ( 1 ) N 3  C 4  1 . 3 2 ( 1 ) 

Cu Br2 2 . 6 2 1 ( 1 ) C4 C5 1 . 3 5 ( 1 ) 

Cu Br2' 2 . 5 7 3 ( 1 ) C S C 6  1 • 3 9  ( 1 ) 

C u  s 2 . 27 6 ( 2 )  C 6  C7 1 . 3 6 ( 1 ) 

s C 1  1 . 8 4 0 ( 8 ) C7 C2 1 • 38 ( 1 ) 

s C8 1 . 844 ( 7 )  C8 C9 1 . 5 3 ( 1 ) 

C 1  C 2  1 . 47 ( 1 ) C8 C1 0 1 . 5 1 ( 1 ) 

C 2  N 3  1 . 3 3 ( 1 ) C8 C 1 1 1 • 54 ( 1 ) 

ANGlE DEGREES ANG lE DEGREES 

Br1 - Cu-Br2 1 1 0 . 9 ( 1 ) N 3- C 2 -C7 1 1 7 . 1 ( 7 )  

B r 1 - Cu-Er 2' 1 C9 . 3 ( 1 ) C 2 -N 3-C4 1 24 . 0 ( 7 )  

B r 1 -Cu-S 1 2 6 . 2 ( 1 ) N 3- C 4 - C 5  1 2C . 4 ( 8 )  

Br2-Cu-Er2' 1 C4 . 4 ( 1 ) C4-C 5-C6 1 1 7 . 8 ( 8 ) 

Br2-Cu-S 97 . 2  ( 1 ) C 5 - C 6-C7 1 2 C . 3 ( 8 )  

Br2�Cu-S 1 0 6 . 5 ( 1 ) C 6-C7-C2 1 2C . 3 ( 8 )  

C u-Er2-Cu' 7 5 . 6 ( 1 ) S - C 8 - C9 1 C8 . 8 ( 6 ) 

C u-S - C 1  1 ( 6 . 3 ( 3 ) S-C8- C 1 0 1 1 1 . 8 ( 6 )  

Cu-S-C8 1 1 4 . 1 ( 2 )  s-ce-c 1 1 1 C2 . 2 ( 5 ) 

C 1 -S-C8 1 C4 . 2 ( 4 )  C9-C8-C 1 0  1 1 2 . 7 ( 7 )  

S-C1 -C 2 1 C9 . 8 ( 5 )  C9-C8-C 1 1 1 1 0 . 0 ( 7 )  

C 1 - C 2 -N 3  1 1 7 . 7 ( 6 )  C 1 C-C 8 -C 1 1 1 1 C . 8 ( 7 )  

C 1 - C 2 - C7 1 2 5 . 2 ( 7 )  



D I S C  r S S  I n; 

�he c l o s e s t  in t e r� c l e c ul ar c on t q c t i s  b e t� e en th e 

p y ri d i n i um pr o t on ( H 3 )  and th e Er2 a t o� o f  an ad j a c en t  

m o l e cul e ( � + x ,  � - y ,  � + z ) , a s  shr wn b e J ow . 

0\\ o · a 7  A. 2 ·46 A. 'I- � 3 -- H 3 · · · · · · · · · ·  Br2 

wh e r e  N 3 - - - - - - Br2  i s  3 . 3 C A a�d r 3-Br 2-H 3 i s  4 . 74 � 

B o th the l en g t �  o f  t�i s c on t a c t  and i t s  g e o� e try ( i . e .  

a lm o s t  l i n ea r  K 3 ---H 3 - - - -Br 2 i n t e ra c t i on s )  s � �g e s t  t ha t  

t h er e  i s  a si fn i fi cant d e gr e e  o f  E 3 - - - - Er 2  hy d r cgen 

b on d i n g , The N 3 - - - - Er2 c on ta c t  ( van d e r  Waal s d i s ta n c e  i s  

3 . 4 5 l 22 ) rray ev en b e  s h o r t  en o u gt f o r  d i r e c t  ov e r l ap 

o f  n i tr o g en and b r omi n e  o rb i t a l s a s  s � gr e s t e d  f or t t e 

s t rue  tur e o f  [ 4 -rr. e t:by l -:c y ri d i n i  urr] + [� 3P Zn P r  3] - . 1 15 

0 
I n  t h i s l a t t e r  c orr.r l ex , t t e  Br - - - - N  c on ta c t  i s  3 . 2  A ,  

v. hi l e  Pr - - F-N i s  1 2 C 0 • v: eak NE - - - - E r hy d r -: g en b on d i n g  

ha s b e en d e s c ri b e d  f o r  c omp l ex e s  s u c h  a s  Ei s tti our ea 

P y r i d i n i  urn Br omi d e  1 1 6 ( N - - - - Br = 3 . 47  A ,  �-E-Er = 1 4 4 ° )  

a n d  [ 4-EtpyH] + [F eBr 4] - 1 1 7 ( N - - - - Br = 3 . 3 2 A ,  N -H-Pr = 1 54 ° ) . 

The N 3 -H 3 - - - - Br 2 i n t e ra c t i on i n  [c u (  t brr.p H ) Br 2] 2 
c oul d thu s b e  d e s c r i b e d  a s  b e i n �  � ui t e  s t r on g . 

The C u-Br 2 - Cu b r i d gi n g  angl e for t hi s c omp l ex 

( 7 5 . 6 ( 1 ) )  i s  s i gni fi c an t l y  s ma l l er thqn the ana l o g ou s  

b ri d gi n g  angl e s  ( 2 3 . 0 ( 1 ) - 1 CC . 4 ( 1 ) 0 ) o f  d i b r om o-bri d g e d  C u ( I I ) 

d im e r s  ( s e e  Chap t e r  1 ) .  The r ea s on for t hi s app ears t o  b e  

t t e  gr e a t er Br2-Cu-Br� a n g l e t h a t  i s  imp o s ed by t h e  

t e trah e d r a l  g e om e t ry o f  t h e  C u ( I )  i on s . A s  a c on s e o u en c e  

o f  the s e  e f fe c t s , the C u ( I ) - - - - Cu ( I )  s epara t i on ( 3 . 1 P  A )  
i s  si rn i fi c an t ly st art e r  tr: an t h e  sh or t e s t  C u ( I I ) - - - -C u ( I I )  
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s er a rati on ( 3 . 57 C ( 3 ) A )  tl :us  f8.r ob s erv ed in U; e 

anal oc ou s C u ( I I ) c orrr l cx e s . 19 I t  i s  int ere stinr  t o  

0 
n o t e  tLat t h e  Cu ( l ) - - - - Cu ( I )  s erara t i on i s  on l y C . S A 

gr ea t er than tl:.e sum ( 2 . 7 C A) o f  the  t e t ral. e d ral Cu ( I )  

l t d . .  2 2  c ova en ra � � . 

C OL'P/1 F. .£�C'N � �ZIJ:',', EPJ _ C u (  !_bmr ) 2Br A�JD [ Cu ( tbm-oH) Er 2] 2 
I t  i s  apparen t  tta t tlJ e terrr: inal C u ( I ) -Er b ond  

( 2 . 4 2 6 ( 2 )  A )  an d tte C u ( l ) -S 1  b end ( 2 . 3 C 4 ( 3 ) 0 
A ,  S 1  

b el onein€ t o  the m on od enta t e  tbmp l i gar. d ) o f  Cu ( tbrr.p ) 2E r  

a r e  s l i gh t l y  l on ger than the c orre sp ond i n g  C u ( I ) -l b ond s 

( 2 . 27 6 ( 2 ) A )  o f  [cu ( tbmpH ) Br2] 2 . The w eak i n t era c ti on s  

b e tw e en C u ( I )  and the bri d ging br om i d e  i on s  i n  tt e l at t er 

c orr:p l ex , p r obably al l ow s t r on g e r  i n t era c ti on s  b e t� e en C u ( I )  

and i t s otter l i gand s ; narr.el y the  t e rminal br orr.i d e  i cn 

( B r 1  ) an d the sulpLur a t om of tbmpH+ . Sirr.i 1 ar phen orr. ena 

.... b 1 d ( ) 108  ' 1 1 8  
Lave e en p r evi ru s y e s cribed for o t h e r  Cu I c orr:rl e x e s . 

3 . 4 INFRARED SFEC TRA 

i )  Far-Infrar e d  

S om e  c ry stall ographi cally  c orrelat ed far-in f rared  

d a ta and  data  for  c omp l ex e s  � h o s e  s t ruc t u r e s  ar e i n ferr e d  

fr om other s t ud i e s , i s  p re s en t ed in  Tab l e  1 E a t oE ether �i t h  

the data f o r  Cu ( tbmp ) Br and [cu ( tbmpH ) x2] 2 ( X=Cl- , Br- ) .  

T her e i s  a pauc i ty o f  c ry stall ographi cal l y  c orrel a t ed d ata  

f o r  Cu( I )  c ompl ex e s  trat c on tain br omi d e  l i gand s , al th ough 

i n f e r en c e s  c an usual ly b e  d rar:n on th e ba si s of other 

sp e c t r o sc op i c measur em en t s . 

[cu( tbmpH)Br2] 2 : Tt e v ( Cu-Br ) ab s orrti on s  at 

1 3 2 and 1 C C cm- 1 ar e at  v ery l ow en ergy ( Fi pt re 1 7a )  bu t 

t h ey are c on si s t ent �i t h  t h e  l on g  C u ( I ) t o  hri d gi n f-b r omin e 

b ond s t ha t  a r e  f ound i n  the  crys tal s t ru c ture of tri s 

1 08 



t t 
1 00 1 32 

1 00 c m - 1 

l"IG t.:R::: 1 7  

2 00 

1 7a Far-IR : [cu(tbr.mi�)Pr2] 2 

"V ( Cu-Br ) ab s orp t i on s  a r e  sh O';:n . 

b 

t 
2 04 

1 00 200  

1 7 b Far-IR : (c;u( tbmpH) Cl2] 2 

f 
231  

\/( Cu-Cl ) ab sorp t i on s are shown . 

1 09 

290 

2 90 



c 

N 

N 

N 

N 

3600 c m- 1 3000 2400 

1 1 0 

( tbmpH ) Br 

( tbmpH )PF6 

( N  = Nuj ol ab sorpti on )  



C ct.:PLEX 
X = Cl 

(cu(1: e  3Ps ) Cl] 3 

CuCl ( d th) 

( CuCl ) tal-i-C3� 
( cucl ) c8H8 2 
(cu( tbmpH)  c12] 2 

X = Br 

( CuBr ) 2 ( DPPA ) 3 
[cu(Me 3Ps ) Br] n 
( cuBr ) tal-CH3 
CuBr [d th] 
[cu( tbmp H ) Br2] 2 

Cu( tbmp ) Br 

TABlE 1 8a 

FAR-IR DATA, Cu(I) C C'II'Fl EXES 

'\J(Cu-X)/cm-1 

299 
275  

27 1 

1 94 

254 , 22 2  

204 
2 31 

202 

1 7 6 

1 5 2 

1 69 , 1 5 2 

1 8 2  
1 32 , 1 00 

1 8 2  

. S TRUCTURE 

Terminal Cl 

Terminal Cl 

Bridging Cl 

Bridging Cl 

Bridging Cl 
Terminal Cl 

Terminal Br 

Bri dging Br 

Bri dging Br 

Bri dging Br 

Terminal Br 
Bri dging Br 

Unassi gned 

NOTES : - n . a .  = not availabl e 

1 1 1  

R EFEREN C E S  

IR data X-ray 

1 1 9 , 120 1 2 1  

82  108 

1 22 n . a .  

1 2 3  1 2 4  

Thi s work n . a .  

1 25 n . a .  

1 1 9  n . a . 

1 22 n . a .  

8 2  n . a .  

Thi s work Thi s work 

Thi s work n . a .  

spe c tra ( thi s work ) rec orded for paraffin mul l s ,  at r o om 

temp erature . 

TABLE 1 8b 

GENERAL IR DATA, Cu(I) C O?,:PLEXES 

C OMPlEX 

[cu ( tbmpH) Cl2] 2 
(cu ( tbmpH ) Br2] 2 
Cu( tbmp ) Br 

v( pyri dyl ring)/cm-1 

1 61 8 ( s ) ,  1 5 31 ( m )  

1 6 34 (m  ) , 1 6 1  6 (m ) , 1 5 3 6 ( w )  

1 59 5 ( s ) ,  1 5 67 ( m )  

NOTE : - spec tra r e c ord ed for Nuj ol mull s .  



c ompl ex . The a1: s o rr ti rm s  a r e  r e l a ti v el y  r; t r on f  r.tn d t l· e i r 

a s si rnm cnt i s  supr ort e d b y  tteir n on - a p r e a ran c e  in t h e  

s r e c t rum o f  [c u (  tbmpH ) C l 2] 2 ( Fi cu r e 1 7b ) . T l : e  t e rm i na l  

\J ( C u-Er )  ab s orp t i on i s  t en ta t i v e l y  a s s i r n e d a t  1 8 2 cm- 1 . 

The � ( C u-C l ) ab s orr ti on 

a t  f� 2 C 4  cm- 1 i s  c on s i s t en t  � i t t  bri d gi n e  c h l ori d e  

( Fi [ urc  1 7b ) , b y  an a l o gy v:i t t  t t e  d e. t a  t}� a t  i s  p re s en t e d 

- 1  i n  �abl e l E a . �te at s o rr t i on a t  2 3 1 cm e a� ; r obat l y 

b e  a s si gn e d a s  b e i n e  d u e  t o  t e rmi n a l  Cu- C l  s t r e t c h i n g  

a s  t t e r e  ar e  n o o th er ban d s in thi s sp e c t r� t t a t  c a n  

b e  a s s i gn e d a s st ch . l : m·. ev e r , i t  sh oul d "b e  n c t ed t f.a t 

2 3 1 cm- 1 i s  a l s o  wi t ti n  t h e range ( e a 1 94 - e a  254  cm- 1 ) 
ob s e rv e d  f o r  bri d eing v ( C u-Cl ) fr e q u e� c i e s . 

Cu ( tbmp)Br :  A V( Cu-Br ) ac s o rr t i cn i s  

t en ta t i v e l y  a s si �� ed a t  1 8 2 cm- 1 • I t  i s  n o t r � s si �l e t o  

c on fi d en t l y  a s si r.n  t t e  ab s o rr t i on a s  ari si n f fr oiT' ei t h e r  

t ermi na l  o r  bri d gi n e  C u-Br b on d i n [ , wt e n  t h e  a s si gnm en t s 

f or [cu (  tbrr.pH ) Br 2] 2 are c omp ar ed v, i t i _  t rJ CJ S e  for other 

C u ( I )  c ompl exe s ,  ( Tabl e 1 8 a ) . 

ii ) G en e ral In frar ed 

�(N+-=ill.._Ab s o!J2_ti on s :  Th e br oad a b s orp t i on s 

b e tw e en 24CC and 3 2 C C cm- 1 in the mul l sp e c t ra of the 

[cu ( tbmpH ) x2] 2 c ompl ex e s  ( Fi g ure 1 7 c ) , are g o od evi d en c e 

for the pyri dyl n i t r og en having b e en p r o t on a t ed . Si mi l a r 

ab s orp t i on s , their  fr e q uen c i e s  d ep ending on the d egr e e  o f  

hydr ogen b onding i n  t h e  s al t s , were  rep ort ed b y  Nut tall  

et  al  1 2 6  , who a s si gned t h em as the symrr: e t ri c al v(l":+-H )  

m od e s  f or a s eri e s  o f  pyri d inium sal t s . F or 

[cu ( tbmpH ) Br 2] 2 , the broad  ab s orpti on ( s )  o c curs at  hi gh er 

1 1 2 



fre quenci e s  tl:an i n  a sqrrpl e of  ( tbrnp} ] ) +Pr- t }  at  wa s 

rrerared for c orr,pari scn ( Fi rure 1 7 c ) . TJ. i s  c: b s ervati r,n 

suge:e s t s  tl::at tt e N+-:: - - - - - Br :tydr rgen b on d i nr 

in terac ti ons are l e s s98in [cu (  tbrrpE ) Br2] 2 t han in 

( tbmpH ) + Br- . 

1 7 C C - 1 5 C C  cm- 1 Ab s orrti ons :  In tte Cu ( I )  

c ompl ex e s  �here  tbmp ha s b e en pr o t cnat ed  ( i . e .  [cu ( tbmpH ) X2] 2 ) ,  

the blue- shi ft s in  tl:: e  :ti [ l . e r  fre q uency rin[ st ret cr,inf 

ab sorp ti on ( Tabl e 1 f b )  are generally  greater ( up to 2 5 cm- 1 ) 

than tLo s e  whi ch oc cur ( up t o  1 9  cm- 1 ) i n  tte ! - ( I I )  c omp l ex e s  

( K = C u , Ni , C o )  o f  tbmp ( Tabl e s  1 3c and 24 ) .  

G i l l  et al 99 were a�l e t o  sho� ttat the ab sorpti on s  

at  about 1 6C C  cm- 1 and 1 54 C  cm- 1 in t t e  sr ec tra o f  

pyri dinium s:1l t s  are d -u e  t o  1�-H d eforwa ti on and c c:r.;binati on 

m od e s . Cn the ba si s of  tt e s e  re suJ t s ,  th e IT' edium-weak 

ab sorpti on at ab out 1 5 3 2 cm- 1 i n  the sr ec tra o f  

probably one of these  mod e s . The s e cond mod e ha s n o t  b een 

� e solved in the s e  sp ec tra . 

3 . 5  ElECTRONIC  SPEC TRA 

A l th ough t:te el ec troni c sp ec tra of tL e y e l l ow Cu ( I )  

c ompl exe s of  d i sulphi d e  l i gand s such a s  py2s2 and 

( K e2N ) 2Et2s 2 ( s e e  Tabl e 1 9 ) have b e en d i scus sed by S e ff 

t 1 1 09 , 1 2 7 � � '  the y e l l ow dimer [cu ( tbmpH ) Br2] 2 , i s  the 

first  c ol oured Cu ( I )  c omp l ex of a sulphur-c oordinated 

thi oether l igand , to b e  cry stal l ographi cal ly  ctarac t eri zed . 

I t  i s  probabl e that [cu ( tbmpH ) Cl 2] 2 ha s a struc ture 

simi lar to that of  the bromi d e  c ompi ex as i t s  refl e c tanc e  

sp ec trum i s  similar . I t s  far-in frared sp e c trum i s  not  

incon si s t ent  wi th thi s prnp osal , ei ther . 

1 1 3 



TABLE 1 9 

ELEC TR OlHC SPEC TBA.z_Cu( I )  C OlViPLEXES 

C OI1:PLEX 

Cu( tbmp ) Br 

( Cu( tbmpH)  Cl 2] 2 

[cu (  tbmpH) Br2] 2 

Cu(  tbmq ) 2 c1 o4 

[cu ( py 2 s 2 ) 2] Cl C  4 
[cu ( 0.1 e 2N ) 2Et2s2 )] 2 

S TATE 

CH2c12 

CH2c12 

R efl . 

Re fl . 

Refl . 

Nuj ol mull 

Nuj ol mull 

c .  T .  TI';AXHi:L.(gm_j_ 
ea 3 5 5 ( sh ) 

� 350 ( sh ) 
4 35 (€ = 1 28 ) 

ea 370 ( sh )  t 
� 4 1  2 ( sh ) t 

ea 37 5 ( sh ) t 
ea tl- 1  5 ( sh ) t 

37(!, 
4 7 5 

335 ( sh ) <1> 

2 9 3 <1> 

N OTES : t maxima d i sapp ear in m ethanol , 

<1> a s signed  a s  r e d- shi ft ed di sulphi d e  a b s orp ti on . 

REFERENCE 

Thi s work 

Thi s work 

Thi s work 

Thi s work 

1 0 9  

1 2 7  

� 
� 
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Tl 1e  v i sibl e sp e c t ra o f  U.e C u ( l )  c on '[ l ex e s  tLa t 

a re b einr s tudi e d  i n  tti s  t�e s i s ,  are  c ompared �i t� tt o s e  

o f  the d i sul phi d e  l i gan d c orr.r l ex e s  i n  Tabl e 1 � .  

l lieLer_���£[y_T.' a�ima 

The ab s orp t i on at about 365 ± 1 C  nm i s  c omrr. on 

t o  the r e fl e c tan c e  sp e ctra of a l l  of the C u ( I )  c orr.p l ex e s  

o f  tbmp , tbmrH+ and tbrr. q  ( s e e  C har t er 6 ) . I t  i s  r r o�atJ y 

t o o  hi [ t  in en er[y t o  i nv ol v e  C u ( I ) ----+ n*O� ) c l:a r [ e  

t ransfer ( i f  t h e  c orr.pl e x e s  o f  tbrr.p a n d  t t rn q  c on tain 

chel a t e d  J i gand s )  and the l a ck o f  maj or vari a t i on s  in the 

en ergy c f  t r:i s rr.aximum ( on chanc i n g  th e ani on ) suu: e st s 

tr_at i t  c an n o t  :- e a s s i [n e d t r  Cu ( I ) ---t x- ctarg e t ran s fer . 

�-h e s e  ot s erva. t i on s  a r e c �n si s t en t  wi t h  Cu ( I ) ---t S ctarf e 

t ran s fer t· einc  r e sp on s i b l e  f c-· r t r.e ea 3 6 5  nrr: a b s c rr t i cn , 

a s  Cu ( I ) - t�i o etter  in t era c t i on s  prc hat l y  o c cur in a J J r f  

t t e s e  c or.�p l ex e s . 

L2wer���I£Y_�axi� 

Tt e s e c on d  ab s orp ti on ( at ab out 4 1 4  nm ) i n  the 

r e fl e c tan c e  sp e c tra of th e  [cu ( tbmpH ) X2] 2 d irr. er s  d oe s  

. n o t  app ear i n  th e sp e c t ra o f  the Cu ( I ) c ompl ex e s  o f  temp 

and tbrn q . Thi s irr.p l i e s ttat  tti s ab s or� t i on i s  n o t  lik ely  

t o  a ri s e  fr orr. C u (  I ) � S charg e tran s fe r  and  b e c aus e  the  

r e fl e c t an c e  sp e c tra of  the d i m er s are  alm o st i d enti cal 

i t  c an n ot be due to a C u ( I ) -; X- tran si t i on . The v e ry 

sl� o r t  an d alrr: o st lin ear Pr: - - - - H - N+ i n t era c t i on ttat 

i s  d e s c r i b e d  in 3 . 3 , i s  c on si s t en t  v:i t l: thi s i n t era c t i on 

havinr arr r e c i ah l e  c oval en t b o� d ing clara c t er . Tli s 

w r ul d  fa cil i ta t e  Cu ( I ) � B r - - - ...,.. H -t l\+ ctarg e tran sfer . 

The 4 1 4  n� abs o rr t i on i s  thu s a s s i fn ed a s  b eine d u e  t o  

1 1 5  



cLarr e tran s fer from t rj e  d - o rl' i t a l s o f  Cu ( I ) , t o  t b e 

n � ort i. t a l  s o f  t L e  p y r i d i n i  um .  ri n[ , v i a  t L e  fr - - - - - I J  -1r+ 
" b r i d [ e " . Tt e p o s i t i v e  ctar [ e on t h e  py r i d i n i um r i n e  v. oul d 

t h u s  b e  parti al l y n eutrali s e d  b� t t i s c ta rg e  t ran s fer 

and � oul d al s o  enhan c e  i t .  

3 .  6 PEA�1_I C�QF [cu ( ttr.,pH)ClJ 2_�!�!L[h4�.s�l 

The [cu ( ttmpi-i ) X2] 2 c orr p l e x e s  a r e  t o t t  1 : 1 e l e c t r o l y t e s  

i n  r.i t r orr. e t:tan e an d m e t han o l  ( ':: a s e d on t l'_ e  r .  \', c f  o n e  

C u ( tcr.1!' l: ) x2 " rr. on om e r " ) a r: d  t h e i r  el e c tr on i c  s r e ct ra in 

rr e tta� ol  ( b o t t  c om p l e x e s  t av e  an ab s o rr t i on at 3C 5 nrr. , 

Tat l e  1 9 )  s t ow t ha t  t h e} d o  n o t  r e t a i n  t h e i r  s o l i d  s t a t e 

s t ru c ture s  i n  t h i s s ol v en t . Tti s c on c l u s i on i s  s ur r o r t e d  

tt e i s c l a t i on o f  [rh4A s] CuC 1 2 fr or. a r e U:. a::-> o l 

o f  [cu ( tbrnpH ) Cl 2] 2 an d fh
4

A s C l  ( s e e  An: : en d i c e s ) . 

s c- l 1,; t i on 

T � _ ere 

a r e  a t  l e a s t  tw o way s i n  v:hi c L  [cu ( tbrr:pE ) C l 2] 2 ( and 

[cu ( tbrr.pB ) Pr2] 2 ) can br eak d ov. n in s o l u t i on and b s t L  a r e  

c on si s t en t  wi th t h e  ab ov e  ob s e rv a t i on s :  

i )  th e c orr.p l ex e s  can break d ov:n t o g i v e  t h e  

C uX 2 ar.d tbrr.pH + 
i on pai r s , o r  

i i ) c omp l e t e  d e c omp o s i t i on can o c c ur t o  y i el d  

s olv a t e d  Cu ( I ) , tbmpH+ and t w o  hal i d e  i on s . Tti s 

1 2 8  p o s si b i l i ty i s  fav o u r e d  i n  hy d r o g en b on d i n e  s ol v en t s . 

1 1 6  



EXI'EI\ DCSE TAl 

Q�T:Rr.: r�:��IQ[_�f-�f[IQ�I�I_�Z-��{1bmn l2Fr 

i )  G e!!_eral 

Th e arr r oxirr.a t e  un i t  c el l d i m en s i on s  o f  tte a l � o s t  

c ol ourl e s s  c ry s tal s of Cu ( tbrr.p ) 2Er were  d e t e rrr i n ed  by 

p r el iwinary o s c i J l a t i on ,  � ei s s en� err an d r r e c e s si cn 

r h r t r [rarty . Tt e c ry s t al s � e r e  r r e� qr e d  a s  d e s c ri t e d  i n  

3 . 1 . TL e sr ac e grour F 2 1 /n wa s e s tar l i sL ed  fror t h e  

s� st errati c ab s en c e s  i n  t� e t ei s s enb erg and p r e c e s s i on 

p t ot cgrar h s . A c cura t e  c e J l d irr. en si on s  � er e  cal c �J a t e d 

a f t e r  a c ry s tal  fragm en t  had b e en a l i [n e d  on a four- c i r c l e 

X-ray di ffra c t om e t er . Tte l ea s t- s quar e s  ana l y s i s o f  tte  

r c si t i on s  o f  t � e l v e  g en eral r e fl e c t i on s  wa s use�  t o  d e fin e  

t t e  c ry s t al ori en ta ti on . 

NOTE : t 

TAEI E 2Ca 

�EI�TAl_DAf�EQE_��{1£�2Er 

K . t . 5 C 6 . C 3  g .  

C ry s ta l  Sy s t em 

Spa c e  G r oup 

C e l l  Dimen s i on s 

C e l l  V olum e  

Densi ty 

Radiati on 

f-0.: o-Kcx) 

l." on o c l ini c 

F2 1 /n 

a =  1 6 . 9 2 7 ( 3 ) A 
r = 8 • e 6 7 < 1 ) p = 1 c c . 6 1  < 1 )0 

c = 1 5 . 37 1 ( 2 )  

u = 2 2 68 .$} 
t 8 - 3  Drn = 1 . 4 2 g . cm 

D 1 = 1 . 4 8 2  g .  cm- 3
( 2=4 ) ea c 

1\: o-Ko< 

4 5 . 7 cm-1 

Determined by fl otati on method . 

U ea sured i n  Nai/Et OH/H2 o . 

1 1 7 



A c ry s ta l  fra gF en t  v;i th r.:axirr.urr. d i m en si o n s  o f  ab ou t 

C . 02 x C . C 2  x O . C 2  cm wa s m oun t e d ab o u t  i t s £' axi s f o r  the 

d a ta c ol l e c ti on on a c om p u t e r  c on t r ol l e d l ! i l ger and �::a t t s  

f c ur - c i r c l e  X - ray d i ffra c t om e t e r . 

TAPlE 2Cb 

DA TA C 01I EC T I C1�  ?CR C u ( t br:ro ) 2 P r  

A ( I.� 0 -K o<) c . 7 1  c 7 A 
Ba c k gr oun d  C oun t Tim e 

C oun t i n e;  S t ep s  

C oun t i n � Ti m e/ S t ep 

S tan d a r d  R e fl e c ti on s  

2C s .  e a c h  s i d e  

8 0  

1 s .  

( 7 '  3 ' 0 ) ; ( 1 ' 3 ' 7 )  ; ( 1 ' 5 '  - 1  ) 

The d a ta �a s · c ol l e c t e 6 fr om th e 0° ( 9 ( 2 6°  

s h e l l  for t h e  hk l and hki r e fl e c t i on s ; t h e  t hr e e  s tan d a rd 

r e fl e c ti on s , whi e h  vj er e c t e ck e d  a ft er ev e ry 1 C C  r e fl e c ti on s , 

r ev e a l ed n o  sy s t ema t i c i n t en s i ty c tan g e s . A ft e r m er e i n g , 

t h e  44 8 5  m e a sur em en t s  w e r e  r ed u c e d  t o  4 2 5 1 i n d ep en d en t  

r e fl e c ti on s , o f  whi c h  2 0 3 2  had i n t en s i ti e s  grea t er ttan 2 6 .  

The u sual I or en t z  a n d  p ol ari zati on c o r r e c ti on s w e r e  m a d e ,  

but ab s orp t i on c orr e c ti on s w e r e  n o t  appl i ed t o  t h e  d a t a . 

i i i ) S tr u c t u r e  S ol u ti on an d R e fi n em en t  ---------------------------------
An e l e c t r on d en si ty map , p ha s ed on t t e  b r orr. i n e  and 

c op p e r  a t om s , � a s  c a l c ul a t ed a ft er t h e  c o o r d i n a t e s  o f  the s e  

t w o  a t om s  had b e en d e t e rmi n e d  fr orr. a Pat t e r s on v e c t or map . 

Th e a t om s  wer e [i v en arbi t rary i s o t r op i c t emp era t ur e  fa c t or s  

o f  3 . 5  12 
f o r  t h e  s truc t u r e  fa c t or c a l c ul a t i on . Tr� s  map 

r ev ea l e d  the p o s i t i on s  o f  an o t h e r  s i x t e en a t om s  and the 

r emaining e i g h t  a t om s  w er e  f ound a f t er a s e c on d· e l e c t r on 

d en si ty map , p ha s ed on a l l  o f  t h e  p r ev i o u s l y  l o c a t e d  a t om s ,  

had b e en c al c ul a t e d . 

1 1 8 



The s t ru c ture �a s  refined usinr the fuJ l -rea t ri x  

l t C U CJ S .  74 ea s - s quare s  program , The l ea s t  s quares 

refinemen t  wa s  carri ed out o n  F , wi t h  t h e  quan ti ty 

� w ( j  F0
1 - I Fc I ) 2 

b ein[ minirr.i s e d and t l:. e  wei g ht ( w )  

b el.. ng 4 ( F
0
) 2 / [� ( F

0
) 2] 2

• T1r t ·  l 1 ·  b " l · t 1 v L e  c onven 1. ona re 1.a 1. 1. y 

in d ex E ,  c onverfed at C . C 9 3  after  s ix  cy c l e s  of r e finemen t  

f or �ti c h  al l o f  t h e  a t om s  w e r e  fiv en i s otropi c t ecp e r a t ur e  

fa c t ors . Ani s o tr op i c  t emp eratur e  fac t or s  � e r e  t t en civen 

t o  tte br orr.ine , c orper a n d  sulpLur a t om s  and an ot ber 

t hr e e  re fi n err en t cycl e s  were carri ed out . R e fin em ent 

c onverged at R = C . C 7 2 fer tte 2 C 3 2  r e fl e c ti on s  wt e r e  

I F 0 1 2 � 2 . 0 �}<�r . Tbe final weighted  R fac t or 

R' = � w ( I F0 1 - I Fc l ) 2/ � w ( l F
0
1 ) 2 wa s  C . C78 . An omal ous 

d i sp e r s i on c orr ec t i on s  were appl i ed t o  tbe b r o . i n e  a n d  

c orp er a t oms  for  t h e  fi n a l  cy c l e of r e finem ent , b u t  t b e s e  d i d  

n o t  a f f e c t  R .  T h e  va l LJ. e s  o f  � f 1  and A.f'' were tak en fr orr-

R e f e r en c e  290  and they were a s sumed t o  b e  c onstant  for all  

values o f  e .  

A di fference  m3p wl:.i ct wa s c a l c u l a t e d after the 

r e finement  had c onverged , reveal ed the p o s sible  l ocati on s 

o f  s ome of  the hydro[en a t om s  but t h e s e  hav e n ot been 

in c l�d ed in any structure fa ctor cal culati on s  and no  at t emp t s  

have b e en mad e  t o  calcula t e  the p o si ti on s  o f  the r emaining 

hydr ogen a t om s . 

The ani s otropi c atoms  have the foll owing m::s 
c omp onen t s  of  thermal d i splac e�ent al ong tl:.e rrincipal 

axe s ,  R :  

A T OM R = 1 R = 2 R = 3 

Br 0 .  1 965 (l ) 0 . 2 2 1 3 0 . 2 6 1 9 
Cu 0 .  1 8 27 C .  22C 1 0 . 2 3 39 
S 1 0 . 1 7 87  0 . 1 9 1 7 0 . 2C 67 
S 2 0 . 1 8 32 C . 20 1 3 0 . 2 37 3  

1 1 9 



1 2 0 

T!. BJ � ? C c 
---- ---

:t�" EAI'I l "ZA S  T - S C l".11.R:2S FT -'-��E ::=r rJ-. 7 I C�\S 

A T Ct S  n: PTA N E  EC liA T I O; 

:E r , Cu , S 1  -0 . 8 8 7 3X-C . C 37 6Y-C . 4 5 S7 Z = -11 . 68 3 6  

Cu , S 2 , 1� 2 C . 4 3 31X-C . 21 6 1 Y-C . 8 7 51 Z = 4 .  3 34 7 

Er , Cu , S 2  C . E 74 3X+ C . 4 6 3 1 Y- C . 1 4 54 Z = 1 2 . 9 7 94 

Cu , s 1 , N 2  -C . 6 7 C 7X+ C . 7 4 1 1 Y-C . C 3C 5 Z = - 5 . 6 34 4  

1': 2 ' C 2 1 - 2 5  C . 1 � 32X-C . 1 C 2 1 Y-C . 9 7 5 2 Z = 1 . 4 C 0 6  

1� 1 ' C 1 1 -1 5  -C . C 61CX+ C . � 5 51Y-C . 2 c S E Z = c .  1 37 3 



1 2 1  

S Y r� Ti i �� S E S  

R i �  [Di chl or o ( 1 -ll- 2 - ( 3, 3-d in·, e tl .U::_f- t l li a l'�.iyl_lr_gb_d i [:sU c o n r  er ( I ) J 
1 m:> ol e o f  C u ( tbmp ) 2 c l 2 wa s pr epared  i n  .h b s . := t C'I! an d 

p r e c i p i tat e d by t h e  ad di t i on of  et�er . �te s o l i d  �a s 

fi l t ered , d i s s ol v ed in ab out 1 S C  cr:1 3 o f  \'. arm Ab s . :::: t Cl : an d 

t h en hyp opho srt orou s a c i d  ( £� 1 cm
3

) wa s a d d ed t o  t h e  

s o lu ti on . �� e re sul t in g  pal e y eJ l o� s o l � t i on was  c on c en t ra t ed 

t o  a b r u t  5 cm 3 an d c o ol ed . 'ILe y eJ l m._ c r=,· s t al s t � a t  fr ei': \'. e r e  

fi l t ered  an d v:a shed  v. i t L  J..c s . Et CE t l·. en e t :t: e r . T h e  c omr l ex has 
t o  b e  s eal ed  in v a c u o  for p r o l onged  s t orag e . 

YIElD : 0 . 24 5 g ( 7 7 � )  

E i  s [:Qi b r on.Qi1.=H-�=i3.L3-d ir.1 ejJ;�l- 2 -thi abu tvl )p;\Tidin el£�d.D] 
A few d r op s  o f  Lyp oph o sph orous a c i d \', e r e  add e ·� t o  a 

r.:arlT! E t CE s · l u t i on o f  1 m::: ol e o f  C u ( tbmp )
2

Er 2 ( prerared in si tu ) . 

�he red u c e d  s ol ut i on wa s fi l t er ed , c on c en tra t ed an d c o o l e d  t o  

c ry s tal l i z e the y el l o� , ai r - s tacl e c orpl ex . 

Y ii:::lD : C . 2 0 C  f. . (4S �) 
£!: om o [2 -l.J_,_J-diP.lettyl - 2 -tri abutyl )nyri d in e] c o:n�dll 

1 ffim ol e o f  an�y d r ous CuFr ( 0 . 1 4 3 g . ) wa s d i s s ol v e d  i n  

a n  Abs . :::: t C'E s ol u t i on o f  exc e s s  l i Er .  Th e sy rupy s o l uti on v:a s  

v a cuUF fi l t er e d  an d 1 �m ol e o f  l i gand ( C . 1 8 2 f . ) i n  Ab s . Et CE 

wa s ad d ed to gi v e  a l i E�t y ell ow s o l u t i on . T�i s wa s 

c on c entra t ed in ya cu.9. , c o ol ed an d " s c ra t ched " t o  p r e cipi t a t e  

t h e  alm o s t  c ol ourl e s s  cry s tal s . 

YIElD : 0 . 24 3 g . ( 7 5 % )  

Br om o- bi s [2- i...ltJ.=f!.im e ttyl- 2-thi aQ_utyiliYri d ineJ c onper ( U 

The s e  c ry s t a l s c an b e  i s olat ed i f  a s oluti on of 1 run o l e 

o f  anhy dr ou s  CuBr , exc e s s  li Br and 1 mm ol e o f  tbmp 

( i . e . the  s ol uti on i s  simi lar t o  th o E e  u s e d  for p r erar2ti on of  

L u ( tbmp ) Br )  i s  a l l owed t o  s t and a t  4 °C for a c oupl e  o f  d ay s .  

7 � . e  c ry stal s w e r e  fi l t er e d  and wa shed �i th A b s . E t CH . 



c or,iPLEX 

[cu ( tbmpH ) c12] 2 

[cu (  tbmpH ) Br2] 2 

Cu ( tbmp ) Br 

COlOUR 

yell ow 

yel l ow 

v . pal e 

TABI:E 2 1  

r. : ISCELLANEOUS PI IYS ICAJ DATA 

IvL P/°C ANAlYSES : Cal c . �Found)L� 
c H N Other 

1 2 3- i 2  5 37 . S2 5 . 09 1 . 4 2  Cl , 2 2 . 38 
( 37 . 94 ) ( 5 . 2 3 )  ( 4 . 2 6 )  ( 2 2 . 4 5 )  

1 32- 1 4 0  2 9 . 6 1 3 . S2 3 .  4 5 

( 2 9 . 9 5 ) ( 4 . 2 1 ) ( 3 . 2 6 ) 

1 37- 1 38 3 6 . 98 1 . 6 6  4 .  3 1  Br , 24 . 6 1 
( 37 . 1 6 ) ( 4 . G 3 )  ( 4 . 5 5 ) ( 21 . 6S )  

f�OTES : - molar c onduc tivi ti es  at  2 5 °C : N i t r om ethan c 1 : 1  ( 7 C-SC ) ,  

- v = very 

K e t�an ol ( 1 CG- 1 30 ) 

C CNDUCTIVITY/ohrn-1 m ol . - 1 cm 
CH 3N o 2 r.� eOH 

S2 1 1  5 

84 1 2 3  

3 1  3 5 

2 

� 

N 
N 



Q.HAPTER 4 

BI� [2-.(_�3-DH'E'Il:YI-2-TI-: IABLTYI}EYR IDir:t:J 

C OBAl T (  I I )  A"t-:D N I CKEl ( IILfOr fi�XES 
The synth e si s and i s o l ati on of th e K ( tbmp ) 2x2 c ompl e x e s  

(K= C o ( I I ) ,  Ni ( I I ) ; X=Cl- , Er- ) i s  simi l a r  t o  that o f  the 

anal og o u s  C u ( I l ) c ompl ex e s  ( Chap t er 2 ) and l i k e�i s e , they 

app ear t o  hav e di s t orted  c i s- o c tahedral  struc tur e s  in the 

s ol i d  s ta t e . In the p r e s enc e o f  p e r chl ora t e  ani on s ,  the 

:Qi s- c omp l ex e s  are i s olat e d  wi th ei ther one or tw o wa t e r  

m ol e cul e s  i n  t h e  K ( I I )  c o ordina ti on sphere , d ep end i ng on 

wtether o r  n o t  the drying reagent TEOF ( tri e thyl orthof orffia t e ) , 

i s  ad d ed t o  the r ea c ti on . Th e r e fl e c tan c e  sp ec tra o f  

[t�: ( tbmp ) 2 ( H2 o ) 2] C cl c 4 ) 2 a n d  [K ( tbrr.p ) 2H2 C . Cl c4 ] o c4 a r e  n o t  

i n c or. si s t en t  wi tL the s e  c omp l ex e s  al s o  havint: d i s t orted  c i §_

o c tahed ral  s truc t ure s . 

1 2 3 

I n  n on-l i ga ting s o l v ent s ,  only C o ( tbmp ) 2c l 2 and 

C o ( tbmp ) 2Br 2 are  suffi ci ently s ol ubl e t o  enabl e thei r el e c t r oni c 

sp e c tra t o  b e  m ea sur ed  and i t  i s  evi d en t  tha t t e trahedral 

sp e ci e s  are p r e d omi nan t in s o lven t s  of tr� s  typ e . A l th out: h  a l l  

o f  t h e  c ompl ex e s  are  s ol ubl e i n  m e than o l , they pr obabl y  und erg o 

ext en si v e  s o lvati on . 



4 . 1 El ECTR ON I C  SPECTRA 

Three  spin-:-al l owed el e c troni c tra::J $i ti ons are exp e cted 

f or the hi gh spin oc tahed ral c ompl ex e s  of C o ( I I )  and !U ( I I )  . 1 29 

For m o s t  c ompl exes ,  spin-orbi t c oupling , whi ch i s  only 

op ti cally imp ortant for the T 1 g  and T2g stat e s 42 , and l o�er 

than oh syrr�etry , l ead to a spli tting of the oc tahedral fi eld 

s tates . �i th C o ( I I ) c ompl exe s ,  spin-forbi dden transi t i ons  t o  

d oubl et stat es may al s o  co�pl i cate  the  sp e ctra . 

FIG lRE 1 2  

SPH�-AJ 10\'. ED TRANS I TI O"!S FOR OCTAHEDRAl C o (  Ill_§:!!£ l:U ( I l l  

C o ( I I)*  

* Referen c e : 1 2 9  

C OBAI T ( I I )  C O!I'PlEXES 

i )  R e fl e c tanc e  

In creasing Energy 

3 
A2 . g 

3A 2g  

3A 2g 

Ni ( I I )* 

� 3T 1 g
( P )  

� 3T 1 g ( F ) 

--4 3T 2g 

* R eference : 1 29 , 130 

The spectra appear t o  be c on si s t ent wi th thos e  of other 

six-c oordinate  C oN2s 2x2 c ompl exe s  al though in general , a 

1 2 4  

greater number o f  absorp ti ons are obs erved for each tbmp c orr,pl ex 

( Table  2 2a) . S ome  of the s e  abs orpti ons in  the vi sibl e regi on 

may ari s e  from d oubl et tran si ti on s  that have been enhanc ed by 

mixing wi th  spin-all o� ed transi t i on s  or the 4T 1 g ( P ) l evel may 

have been spl i t  by l ow symmetry li gand fi eld s . 1 31 Al though in  

principl e ,  the main near-infrared abs orpti on can b e  a s signed t o  

the 4T1 g ( F ) � 4 T2g transi ti on and the main vi sibl e ab s orpti on 

can be  a s signed t o  the 4 T 1 g ( F )  ---+ 4 T1 g ( P )  transi ti on :3 the 

wi d e  range  and mul tiplici ty of the ab s orpti ons for the se 



C o ( tbrr.p ) 2x2 c ompl ex e s  pre sen t  s orr.e di ffi cul ti es in �akinr 

sp e ci fi c  a s sifnment s . Only two of the three spin-all owed 

1 25 

ab s orpti ons are normally  ob served for t e trag onal C o ( I I ) 
c ompl exes a s  the  weak 4 T1 g( F ) � 4A 2g two-el ectr on trc.n si ti cn 

i s  often obs cured by the  nearby 
4 T 1 g ( F ) ----+ 4 T 1 g ( P )  tran si ti on .

1 3 1 

No  a t t emp t has been rr.ad e  t o  a s si � n  the t" o-el e c tr on 

t ransi ti on in the se sp ectra . 

I t  i s  aprarent fro� the sp ec tra ( Fi [�re 1 � a )  ttat the 

c en tr e  of gravi ty of  the vi sibl e r e ti on maxi�a n aves  t o  l o�er 

energy in the order C o ( tbmp ) 2Cl 2 � C o ( tbmp ) 2Br2 as exp e c t ed 

f th t h . l . 42 r orr. "e sp e c  roc ."eml ea serl e s . The una ssigned ab s orp ti ons  

a t  ab out 6 1 C ( sh )  and 62E'nm for [c o ( tbmp ) 2 . Cl04 . E2c] cl04 , m ove 

t o  hi [her energy ( 5 6C nm )  wh en ar_ot:ter wat er mole cul e  c o ordina t e s  

t o  give (c o ( tbmp ) 2 . 2H2c) ( Cl 04 ) 2 • I t  i s  rrcbatl e then , that 

s ome  of tte una ssi gned transi ti ons in Tatl e 22a are spin-forbi dd en 

quartet � d oubl et  transi ti ons a s  tt ese  t o o ,  are exp e c t ed t o  

mov e  t o  r� t h er energy when th e li gand -fi eld s trength i s  
. d 1 3 1  l n crease  . 

In c orr.pl exes  that are known or thought t o  exhibi t 

di s t orted ci s-octahedral symmetry , th e near-infrared abs orp ti on s  

a r e  spl i t  i n t o  a t  l e a s t  tw o c omp onent s whi l e  the remaining 

ab s orpti ons are similar to those  o f  trans-t etragonal C o ( I I ) 
43 c ompl exe s .  The e l e c troni c sp ec tral data for the  cry stall o-

graphi cally charac t eri zed ci s-octahedral c ompl exes , 

C o[( cH3 ) 3Po] 2 ( N03 ) 2 and C o ( Hpym t ) 2Cl 2 , i s  al so presen t ed in  

Table 2 2a . The lat t er c ompl ex exhibi t s  weak Co--S b onding t o  

giv e  a £i£-C oN2s2cl2 chr om ophore . A di stinctive spli t ting of  

the  l owe s t  energy maximum ( £§: 1 35 Cnm ) f or  the  tbrnp c ompl exes  

i s  observed only f or �o ( tbrnp ) 2 . 2H2o]( Cl04 ) 2 ( sugges ting that  i t  

i s  di s t or t ed ci s-oct ahedral ) but thi s  does  not ne c e s sarily rul e 
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FIG U TIE_1 Sa 

El ectroni c �Qctra-C o(tb�2!2 C ompl exe s  incfl ec tanc e)  

; ; 

" " " 

C0. 4 90 
, ...... . .. ... 

"' eo. A85 

507 
' ...... ... eo .sJ2 ea 610 628 

... ... � - ... ... ... _ - - - - - - - - - __ :... - - - - -- - - ... .... 

508 eo. HO 
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'

... ... D 
" " , " 
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' 
I 

' 
\ 

\ 

A 

B 

- ... _ _ _ _ _ ..... 

\ 8  
' ' ' ' 

C o ( tbmp ) 2Cl 2 
C o ( tbrnp ) 2 Br2 

e0.510 
- - - - · -

500 

5•2 
- - - - - .... 

c 

D 

- - - - - - - - - - -

600 

eo. 640 
eo. 680 1o5 

... -- _ _ _ _ .. ... -- - - - - - - - - - - - - -

nm -
lOO 

[c o ( tbmp ) 2 . 2H2 o] ( Cl o4 ) 2 
[ C o ( t bmp ) 2 • C 1 0 4 • H 2 0] C 1 0 4 

IV 
o-



TAELE 2 2a 

C o( II._)__C Qr.."FlE:?;ES 

c m:PLEX 
. __ 

4
_T 1 giE) )�!2f __ .QTHI�----------R�F'SR:f?�CZ 

REFlEC TAN CE_�FEC TF h  

----------4�T 1 g ( F ) �4 T 1 gif�----

470 , 54 2 , 590  

4 6 5 , 540 ( sh ) , 57 5  

C o ( tbrnp ) 2 Cl2 
C o ( rnrnp )

2
Cl

2 

C o ( N S SN ) Cl 2 

C o ( Hpyrn t ) 2 Cl 2 
C o ( tbmp ) 2Br2 

1 3 3 0 _ca6  3C  ( sr. ) , _ca67 5 ( s h )  970 Thl s ·;:ark 

C o (mrnp ) 2Br2 

C o ( NSSN ) Br 2 

C o ( Hpymt ) 2Br2 

[c o ( tbmp ) 2 . cl o4 . H2 o] cl04 
[c o ( tbmp ) 2 . 2H2o] ( Cl 04 ) 2 

4> C o  [ ( CH3 ) 3Po] 2 ( N03 ) 2 

5 5 5  

5 8 C , 64 C 

ea 5 1 C ( sh ) , 54 2 

4 90 , 5 30 , 6 1 5  

5 5 5  

58 2 , 67 5 

ca4 9 C ( sh ) , 5 C 7 , �5 3 2 ( sh )  

ca4 8 5 \ sh ) , 508  

5 5 0 , 6 1 2 ( sh )  

N OTES : - all maxima a r e  nm .  

- sll = sh oul d er ;  br = br oad ;  a syrn = a symmetri c 

1 3( 0 , 1 5 1 5  

1 ·� c 6  1 8 c8  - ' 

1 3 1 5 , 1 1 7 1  

1 7 1 0 

£� 1 3 C  0 ( sl l ) , 1 1 1 C 
1 3 1 C ( a sym ) 

9 5 0 

ca 3 5 5  ( st l, ca64 C ( s h ) , - -

ca6� C ( st ) ,  7 0 5  

87C' 

ca 6 1 0 ( sh ) , 6 2 8 , e7 5  

ca 5 6C ( br ) , 8 7 5  

83 5 

t the high int ensi ty of  thi s shoulder  SU[fe s t s  that i t  i s  p o s sibly a S -) C o ( I I )  C . T .  
- al l c ompl ex e s  �re C oN 2 s 2x 2 chrom oph ore s exc ept  4> 
- C o ( }J SSN ) X2 c ompl ex es , al s o  likely t o  hav e ci s- o c tah ed ral s t ru c ture s  

1 5  

1 32 

1 33 

Tl':i s v.r ork 

1 5  

1 3 2  

1 3 3  

Thi s v. or; �  

Thi :::; ·;: ark 

1 34 

. 1 3 5  
maxl r.u.rn 

N 
'I 



T . .; ::::l :S  2 2b 

ET :S C TR C�I C s r E C 'IF:A , C o (  Ifl c c:: r J  EXES DJ r e Ci l  

c cr.:Pl EX 

C o ( tbr:-:p )
2

C l
2 

C o ( tbmp )
2

Pr
2 

C o ( tbrr.p )
2

( Cl C
4

)
2 

A =  ld s pec ies 

APS c�RF T  I c� /nrr. 

5 3 5 

ea 66C 

5 2 7 

5 2 C  

e a  6.1 h: • -'  

- 1 -� 
e ( l . rr. ol . ciT' 

1 1 

8 

7 

2 

Sr e c i e s  

A +  excess  t bm p  ,.. - - - - - - - -� .. ... / ' 
� ' ' ' ' 

' ' 
' ' 

' 
' 

' 
' 

600 n m -+ 700 

sp e c tra rec ord ed in n on-l i gat i ne s ol vent s . 

1 2  8 



C O:W.PLEX 

C o ( tbmp ) 2 C l 2 

C o ( mmp ) 2 C l 2 

C o (o<-pi c ) 2 cl 2 

C o 0�: e
3

P s ) 2 c 1 2 

C o ( mm t q ) Cl 2 

C o ( tbmp ) 2Br2 

I * C oi�2Br 2 

C o (1V: e
3

P s ) 2
Br 2 

C o ( rnm t q ) Br 2 

TAI'J "S 2 2 c  

EI EC TH CF I C  SPEC TT A.L-1:�'r; �Ii��P AJ C olifl C C'T/TJ EXES 

liGAl-rDS 

2N , 2 C l -? 

2N , 2 C l-? 

2N , 2Cl 

2 S , 2 C l  

N ,  S ,  2 C l  

2N , 2 D r- ? 

2N , 2Br-

2 S , 2Br 

N ,  S ,  2Br 

STA TE 

CH2 Cl 2 

cp N o2 

4>N o2 

CH2 C l 2 

CH2 Cl
2 

R e fl . 

CH
2

c 1
2 

R e fl . 

CH 2 Cl 2 

R �: fl . 

4A2�4 T 1 i�Lflm---
5 6 5 ,  6 67 , 7 1 2 <1> 

( 2 1 2> ) ( 3 C 1  ) ( 4 C 7 )  

5 64 , £� 5 7 5 , 6 6 2 , 7CC , 7 C 2>  

( 1 S' 5 )  ( 3 2 8 ) ( 3 2 8 ) 

5 6C ,  6 1 0 ,  6 5 C , 6 8 0  

5 8 8 , 6 2 5 , 6 3 7  

604 ' 6 5 9 ' 7 5 (  

5 6C ,  6 60 

5 9 2 , 69C , 7 1 8 

( 2 6 2 ) ( 4 S 2 ) ( 5 6C ) 

5 8 6 ,  6 2 1 , G 3 G  

6 3 1 , 6 7 S ,  75 6 
5 8 C , 6 f!. C  

N OTES : for tbmp c ompl ex e s , exti n c t i on c o e f fi c i en t s  � r e  i n  p 0 r en t l  e s e s  

<1> al s o an abs orpti on g t  1 37 5 ( € = 37 )  nm . 

t samp l e  p rerareJ by m e th o d  o f  A l lan e t  a l 1 3 8  

* 11 = 2 -m e thy l t hi o- 3-m e t hy l imi d a z ol e . 

R 2FERE�; C:S 

Thi s w o rk 

1 5  

Thi s work t 

1 36 

14  

T h i s w o rk 

1 3 7  

1 36 

1 4  

tv 
'() 



1 3 0 

out the a s si e:nm ent o f  di s t or t ed £i s- o c tahed ral g e om e tri e s  for 

the  otter C o ( tbmp ) 2x2 c ompl ex e s . Rher e  X i s  chl ori d e  an d br omi d e ,  

the far-infrared  sp ec tra strongly supp ort the a s s i [nr ent o f  

d i s t orted  c i s- o c tahedral syrrm e t ry t o  t h e  c or.:pl ex e s ( s e e  4 . 2 ) 

i i ) S ol ut i on 

r ethan ol : The sp ec tra of  the C o ( tbmp ) 2x2 c ompl e x e s  

( X= C l C4
- , C l- , Br- ) ( Tacl e 2 2b ) sugg e s t  that partial , i f  n ot 

c ompl e t e , d i spl a c em ent of  the l i gand s  i s  o c curring . The rr.ain 

abs orp ti on maximum of each of the pink s ol uti on s  i s  q ui t e  weal: 

and v ery cl o s e in energy t o  ttat o f  C o ( I I ) i n  me than ol . 

blue  s o l uti on s tlat are  form ed by C o ( tbrrp ) 2 Cl 2 and C o ( tbmp ) 2Br2 

i n  the se  non- l i gatinr s olvent s ,  are typi cal of  t e t rahed ral C o ( I I ) 

1 2 9  
( Tabl e 22c and Fi e:ur e  1 9b ) , but the na ture of the sp eci e s  

o f  these  s ol u t i ons i s  n o t  readi ly appar en t . The forma ti on o f  

sp e ci e s  such a s  C oC l A
2- and [c o ( tbmp ) 2] 2+ can c e  rul ed  out by 

the n on- el e c tr oly ti c b ehavi our o f  C o ( tbmp ) 2 cl 2 i n  ni t r ob en z ene 

( - 1 - 1  2
) ) Jl = 2 ohm mol . cm • C o ( tbmp 2Br2 app ears t o  behave 

simi larly . \'. hi l e  s om e  sp e c t ral chang e s  oc cur on adding  exc e s s  

li gand ( Fi gur e 1 9b ) ,  the sp e c tra r emain strongly sugge stive  o f  

t e t rahedral C o ( I I )  and thi s imp l i e s  t hat  i f  an e qui l ibrium such 

as  ( i )  exi s t s , it  must  li e s t r on[ly i n  fav our o f  C o ( tbmp ) 2x 2 . 

The behavi our o f  the s e  c ompl exe s  i s  i n  c ontra st  t o  that of  the 

anal ogous C u ( I I ) c omp l ex e s , whi ch app ear to dimeri z e  i n  

di chl orom e t hane ( se e  Chap t er 2 ) .  

( i )  C o ( tbmp ) X2 + tbmp 

On the  basi s o f  these  ob s ervati on s ,  i t  app ears pr obabl e 

that the ma j or sp e c i e s  i n  the s e  n on-l i ga ting solvent s  can b e  

f ormulat ed a s  t etrahedral C o ( tbmp ) 2x2 , wher e both tbrnp l i gand s 

are uni d enta t e . Simi l ar b ehavi our wa s r ep or t ed for the  r elated  



c ompl ex C o ( rr.mp ) 2Cl 2 , where mmp i s  2-m e t hy l t:Li om ethy lpyri dine
15 

and for thi s c ompl ex , i t  wa s sue-r e s t ed tLat b o th rr.mp 

l i gand s are  b ound via  the  pyri d y l  ni tr ogen only . 

N I CKEl ( I I) C C'l,' PIEXES 

( i )  R e fl ectan c e  

1 3 1  

The r e fl e c tanc e  sp ec tra ar e c on si s t en t  wi th the c orr.pl exe s  

b einr  si x- c o ordina t e  NiN2s2x2 chr om ophor e s  and the t entativ�ly 

a s s i gn ed l i gand fi e l d  maxima ar e p r e s en t ed in Tatl e 2 3a . 

A l though the Ni ( tbmp ) 2 ( Cl C4 ) 2 . xH2 0 ( x� 1  , 2 )  c omp l ex e s  d o  n ot 

e xhibi t any ab s orp ti on s  bel o·w 1 C OOnm , thi s d oes  n o t  n e c e s sari l y  

imply  tba t they a r e  s quare p lanar a s  t h e  3A2g � 3T2g tran s

i ti on can b e  found over a V'.'i d e  range o f  wave-l engt h s  ( 77 C- 1 4 30nm ) 

i n  di s t orted  o c tahedral N i ( I I )  c orr.pl ex e s . 43 The infrared 

sp e c tra ( s e e  4 . 2 ) o f  the Ni ( tbmp ) 2 ( Cl 04 ) 2 . xH2 0 c ompl exe s  sugg� s t  

that the r e sp e c ti v e  chrom ophor e s  ar e [ri ( tb:op ) 2 . Cl 04 . H2 o] + and 

[Ni ( tbrnp ) 2 . 2H2 o ] . 2+ The re fl e c tanc e  sp e c tra are n o t  i n c on s i s t en t  

�i tt the s e  structur e s . The sp e c tra o f  th e Ni ( tbmp ) 2x2 ( X�Cl- , Br- ) 

c omp l ex e s  ( Fi gure 20 )  and the Ni ( tbrr.p ) 2 ( Cl 04 ) 2 . xH20 c omp l exe s  

d o  not show the mark ed spli t ting o f  the 3A 2g 
� 3T2g and 

3A 2 g --+ 3T1 g ( F ) rr.axima that chara c t eri z e s  trans-t etragonal 

Ni ( I I )  c ompl ex e s .140 The el e c tr oni c sp e c tral evi d Gn c e  thus 

supp ort s  the far-i nfrared evi d enc e ( s e e  4 . 2 )  for the a s s i gnment 

o f  di s t orted  ci s-oc tahedral structur e s  t o  the s e  c ompl exe s . 

I t  woul d b e  intui tively exp e c t e d , fr om the simi l ari ti e s  

i n  thei r r e sp e c ti v e  NS d on or s e t s , that the relative l i gand 

fi e l d  s tr ength of two tbmp l i gand s woul d  be c omparab l e  i n  

magni tud e t o  the l i gand fi e l d  s tr ength o f  quadrad entat e 

1 , 8 -bi s ( 2-pyri dy l ) - 3 , 6-di thi a oc tane i n  i t s  Ni ( II )  c ompl exe s . 

Thi s exp e c tati on i s  c onfi rmed by the e st imat e s  o f  the cry stal 

fi e l d  parameter D q  ( Tabl e 2 3b )  for each of  the c ompl exe s  of 

t he s e  l i gand s .  Hen c e  Dq for Ni ( tbmp ) 2 C l 2 ( 1 1 4 2 cm-1 ) i s  
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C Or/PlEX 

Ni ( tbmp ) 2 Cl 2 

NiAC12 

Ni ( mrnp ) 2 Cl 2 

N i  ( N S S:t-; ) Cl 2 
Ni ( tbmp ) 2 Br 2 

N iABr 2 

Ni ( mmp ) 2Pr2 

Ni ( r S SN ) Br 2 

(Ni ( tbmp ) 2 . Cl 04 . H2 o) c1 04 

(Ni ( tbmp ) 2 . 2H2 o) ( Cl04 ) 2 

(NiA ( H2 o ) 2) ( Cl 04 ) 2 

TABlE £1£ 
El ECTRONIC �FECTRi�NiN2�2�2-�8::PlEXES 

S TATE 3A --. 3T _(_P 3A __. 3 T ( F) 2r 1 g - --2r_.--1 e�-:.-. 
R e fl . 4 0 5  64 5 
M e OH 4 1 5 ( 9 ) , (49C ( 1 )] 77 C ( 4 ) 

R e fl . 

R e fl . 

R e fl . 

R e fl . 

l\1 e OH 

R e fl . 

Refl . 

R e fl . 

R e fl . 

M e OH 

R e fl . 

R e fl . 

4 2 5 

ea 4 1 C ( sh )  
4 1 C ( 8 ) ,  [ ea 4 6 5 ( 2 )] 

4 2 5 

ea 3S� c  ( s h ) 
4 C 5 ( 7 )  

3 6 5 ( sh ) , 39C.: ( sh )  

368  

7 2 0 

6 30 , 7 3C ( sh ) 

6 3 3  

6SC  
78 C ( 2 )  

7 2 5  

65C , 7 5 C ( sh )  

64 5  

64 5 
7 5 5 ( 3 )  

6 3 C  

597 

3A --+ 3T 2['"---2 r.----
1 C 8 C , ea 1 3C C ( sh )  

1 2 C 5  

1 CC·C ( br )  

1 1 1 1 

ea 1 1  C C  ( s l1 )  

1 1  92  

1 C CC ( br )  
·1 1 3 6  

9 C C 

9 C O 

N OTES : - f e r  tbmp c omp l e x e s ,  e x t i n c t i on c o e ffi c i en t s  a r e  i n  p a r en t l 1 e s e s  

- l� i ( N S SN ) X 2 c ompl e x e s ,  al s o  l i k ely t o hav e  ci s - o c tahedral s t r u c tu r e s . 
[ ] c oul d be  " f orbi d d en "  3A 2 �1 A 1 t ran si t i on 1 39 

e. e 

FEFEF. ET\ C E  

Thi s w c rk 

1 3  9 . 

1 5  

1 3 2 

Thi s v: o rk 

1 3 9 

1 5  

1 32 

Thi s vw rk 

T:hi s v.- o rk 

1 39 

w 
w 



TII.T'J. E 23:2 
ESTB�A rr;m Dq AND B FCR Ni ( I ILfi.TI"PJ. EXES 

C CN!PLEX Dq/cm- 1 �cm- 1 

Ni ( tbmp ) 2Cl 2 1 1 4 2 394 

t:iAC1 2 1 1 3C 2 3 2  

Ni ( tbrnp ) 2Br2 1 1 68 2 5 3 

HiABr2 1 1 8 0 2 1 8  

[Ni ( tbmp ) 2 . Cl 04 . H2 o] Cl04 1 2 2 5  30 2 

[Ni ( tbmp ) 2 • 2H2 o] ( Cl0t1 ) 2 1 2 66 294 

[NiA ( H2 o ) 2 ] ( Cl 04 ) 2 1 274 37 5 

NOTE : s e e  Tabl e 2 3a for re fer en c e t o  NiAX2 c ompl exe s . 

� 

w 
� 



c omparabl e i n  magni tud e t o  Dq  for NiACl 2 ( 1 1 3Ccm- 1 ) ,  where 

A i s  1 , e -bi s ( 2-pyri dyl ) - 3 , 6-d i thiaoctane and si�l l arly for 

the remaining pairs  of anal o[ous c ompl ex e s . The el e c troni c 

sp e c tra are c ompared in  Tabl e 2 3a . 

Dq (�0= 1 CDq ) and the Racah ( i nterel e c troni c rerul si on )  

pararr: e t er B ,  were e s timated u sing l ev er ' s  graph procedure �41 

( i i )  S C' l uti on 

The weak rr:axima ttat are ob serv ed f or the  Ki ( tbrrp ) 2x2 
c ompl exes  in  m e thanol , sho� tta t te traronal sp eci e s  exi s t  

1 3 5 

i n  tt i s  s ol vent . �here X i s  chl ori d e  and brC'ri d e ,  the c crrrl ex e s  

are  1 : 1 el e c troly t e s  and �here X i s  r erchl orat e ,  tt ey are  2 : 1  

el e c t roly t e s  in m ethan ol and tti s imp l i e s that partial s clvat-

i on can oc cur . Partial s olvati on and / or p artial d e c orr.p o s i ti on 

o f  the c ompl exe s  i s  evi d ent from tte di fferen c e s  b e tween the 

r e fl e c tanc e and mettanol soluti on spe c tra ( Tabl e 2 3a ) . The 

c ompl exe s  were  insuffi ci ently s ol ubl e to all ow sp e c tral s tud i e s  

i n  non-li [atin� s olvent s suet a s  di chl orom ethane . 

4 . 2 INFRARED SPECTP� 
FAR-INFRARED ( 1': ( I I ) -hal ogen stret ching ) 

The app earanc e  of at l east  two V ( N-X ) vibrati ons in  the 

sp e c tra ( Tabl e 24 ) o f  the K ( tbmp ) 2x2 c ompl exe s  ( K = C o ( I I ) , Ni ( I I ) ; 

X=C l- , Br- ) suggest s that  the c ompl ex e s  have di s t orted ci s-oct-
86 ahedral structures  rather than the  m ore  c omm on tran s ----

s tructures . In c ontrast  t o  t e tragonal Cu ( I I )  c ompl exes ,  

J ahn-Tel l er di storti ons are not exp e c t ed for tetragonal Ni ( I I )  
1 2 9  c ompl exe s  • Thi s means that ci s and trans \/ ( Ni -X )  

ab s orpti ons wi ll  be  indi stingui shable  i f  the absorpti on 

fre quenci e s  al one are c onsi d ered . Very l i ttle i s  kno�� about 

the e ffe c t s  o f  Jahn-Tel l er d i s t orti on on t etragonal C o ( I I ) 

c ompl exe s  129 and s e  i t  i s  not p o s sibl e t o  predi c t  what 



d i fferen c e s  there wi l l  b e , i f  any , b e tween ci s and !_ran s 

\/ ( Co-X ) ab sorpti on frequenci e s . 

C o ( I I ) C ompl ex e s  

C o ( Hpym t ) 2 cl 2 ( Hpym t = pyrirr.i dine-2- thi on e ) ha s b e en 

sh ovm t o  hav e a ci s-di s t or t e d  o c tahedral structure for wti eh 

the V( C o-Cl ) ab sorp ti ons are fot:nd a t  2 3 2 a:!l.d 24 6 (  sh ) cm- 1 • 1 33 

Th e s e  are simi lar t o  tho se  ob s e rv e d  for C o ( tbmp ) 2 cl 2 
( 2 2 2 , 24 S cm- 1 ) 

( 1 9 4 ,  2 1 C cm- 1 ) 
but  

are 

for C o ( tbmp ) 2Br2 , the  V( C o-Pr )  fr equenci e s  

s l i gh t l y  hi [her ttan t h o s e  of C o ( Epym t ) 2Er 2 
Tran s-C o ( py ) 4 cl 2 ha s a sinl?_'l e "'V( C o-Cl ) 

frequency at  2 3C crr.- 1 but i n  c on tra s t  t o  t e tragonal c ompl exe s , 

the V( C o-X )  frequenci e s  o f  t e t rah e d ral C o ( I I )  c omp l ex e s  are  

sub s tan ti ally hi gher .86 

( 1 7 6 '  1 8 8 ( sh ) )  • 1 33 

!ii.UJ.l_Q_gmpl ex e� 

\', rLi l e  the "\/( 1\i-Cl ) frequenci e s  ( 2 3C , 2 5 3 cm-2 ) of 

1 3 6 

Ni ( tbmp ) 2 c l 2 are  similar t o  tho s e  ass igned for !_ran s- t e tragonal  

c omp l ex e s  such as  Ni ( 3-pi c ol ine ) 4 c l 2 ( 24 3cm- 1 ) 142 and Ni ( py ) 4 c l 2 
( 2 4 6 cm - 1 ) , 86 b o t h  the V ( Ni -C l ) and V ( Ni -Br ) fr equ enci e s  

of  Ni ( tbrnp ) 2x 2 ( X=Cl- , Br- ) are signi fi cantly  l ower than tho se  

of t e t rah edral Ni ( I I )  c ornp l exes . 86 A s  the lat t er a l s o  hav e 

two v O;i -X ) ab s orp ti on s , t h e  l;i ( tbmp ) 2x2 sp ectra are m ore 

c on si s t en t  wi t h  the c omp l ex e s  having d i s t or t ed ci s- o c tah e d ra l  

s truc t ur e s .  

GENERAl INFRARED 

( i )  Ani on c o ordinati on :  I t  i s  p r obabl e that a t  l ea s t  one of  

t h e  p er c hl ora t e  ani on s i s  s emi - c oordina t ed i n  C o ( tbmp ) 2 ( Cl C4 ) 2 . 

H2 0 and Ni ( tbmp ) 2 ( Cl 04 ) 2 . H2 0 a s  the  spli t ti ng o f  the p erchl ora t e  

v3 m od e  ( se e  2 . 3 )  i s  qui t e  p r on oun c e d  ( Fi gure 2 1 , Tabl e 24 ). 

H ow ev e r  wh en a s e c ond  wa t er mol e cul e  i s  p r e s ent , the  v3 m o d e 

of  C o ( tbrnp ) 2 ( Cl 04 ) 2 . 2H2 0 i s  br oad and un spl i t  and i n  



FI0 "L EE £1 

IR S-n e c t ra - v 3 I.� od e s,  r ( tbr.:r-)2i_Cl 042_2 . nt20  C or:-r1_�X e§ 

M = Co H  

1080 

1057 

1 1 23 10 16 

1 1 26 1022 

921 

929 

- sp e c tra r e c ord ed for J�u j o l rr:ul l s ; frequenci e s  are cm- 1
• 

1 3 7 



T.\:RJ.E 2,1 

INFRARED SY�CTRJ\. , Mill AJT9 Ni ( I I )  C CT.�PI,EXES 

C CT.:.PLEX 
----

C o ( tbmp ) 2Cl2 

\J (pyri dyl ring) -v3(Cl 04.)_ v1 (Cl04) '\J (LT-ll; (Z=Cl-, Dr-) 

C o ( tbn-:p ) 2Br 2 
[c o ( tbmp ) 2 . cl o4 . II2 o] c104 

t [c o ( tbmp ) 2 . 2H2 o] ( cl o4 ) 2 
Ni ( tbmp ) 2Cl2 
Ni ( tbmp ) 2Br2 

(Ni ( tbmp ) 2 • ClO 4 • H2 o] Cl 0 4 
cp (Ni ( tbrnp ) 2 . 2H2 0] ( Cl0� ) 2 

1 605 ( s ) , 1 57 1 ( w )  

1 607 ( s ) , 1 57 1 ( rn )  

1 605 ( s ) , 1 57 1 ( w )  

1 6C8 ( s ) , 1 57 3 (rn )  

1 6 1 1 ( s ) , 1 57 6 (w )  

1 6 ! 1 ( s ) ,  1 5 7 8 ( w )  

1 1 2 3 ( vs ) , 1 0 1 6 ( vs ) 9 2 1 ( m )  

ea 1 0 8 C ( br )  

1 1 2 6 (vs ) , 1 022 ( vs ) 929 ( m )  

1 0 9 0 ( v s ) , 1 057 (vs ) 

NOTES : - all spectra rec orded for mul l s ; fr e q uen ci e s  �r e cm- 1 

s = s trone ; m = medi um ; w = weak ; v = very ; br = br o�d 

- v ( pyri dyl rinc;) for unc o ordina t ed tbr:1p at 1 59 3 ( s ) , 1 570 ( rn )  cm- 1 
- i oni c c1 04 ;  1.13 at ea 1 1 00 cm-1 , v1 at £§. S 30 cm- 1 • 

t p rep ared by l eaving [c o ( tbmp ) 2 . Cl04 . n2 o] cl 04 exp osed t o  air 

<1> v3 ( Cl04 ) only weakly spl i t  ( s e e  text ) 

2 2 2 , 249 

1 9 2 ,  2 28 

2 3C ,  2 5 3  

1 94 ' 2 1 0 

w 
(X) 



N i ( tbmp ) 2 ( C l 04 ) . 2H2 C i t  i s  w e ak l y  sp l i t . Th e � eak sp l i t ti n g  

o f  t L e v3 ab s orpti on may r e su l t fr om hy d r o [ en b on d i n r  e f f e c t s , 

wru c h  can a l s o  l ow e r  t t e  sy iTllT: e t ry o f  t h e  an i on .14 3 I t  i s  

m or e  l i k e l y  t ha t  t h e  wa t e r m o l e c ul e s  a r e  b ound t o  Ni ( I I )  i n  

t h e  l a t t e r c omp l ex , ra t h e r  t han tt e � eak l y  c o o r d i na t i n g  

p e r c h l o ra t e  ani on s . 

( i i )  8��-� tre! chi��QQ�� : S i mi l 3 r  t r en d s i n  t t e  s hi ft s 

o f  t h e  hi gt er fr e qu e n c y  py ri d y l  r i n [- s t r e t c hi n E rr. o d e  ar e 

ob s erv e d  f o r  t h e  C o ( I I )  a n d  N i ( I I )  c omp l e x e s  o f  t bmp �h en t h ey 

a r e  c om r a r e d  wi th t h e  C u ( I I )  c ompl ex e s  th a t  w er e  d i s c u s s e d  i n  

C hap t e r 2 . C o o r d i n a t i on o f  t h e  pyri d i n e  r i ne ha s r e su l t e d  i n  

a b l u e - shi f t  o f  tri s f ? e q � en cy f o r  ea ch o f  t h e  c or. r l e x e s  

( T 3.  b l  e 2 4 ) • 

4 . 3 PAF..AL�G�:ETI C 1 H nrrr liNE BECADE:Ul:G :SXf:SF.D:E}. T 

T .bi s e xp erim ent wa s c a rr .i  e d  ou t i n  2. manr. er s i rr i l c. r  t o  

1 3 9 

t h a t o f  t L e  exp erirr en t  tLa t wa s d i s cu s s e d i n  C har t e r  2 ( s e e  2 . 6 ) . 

T h e  e f f e c t  o f  a d d i ng C o ( I I ) t o  tbmp i s  i l l u s t ra t e d  i n  

Fi [ u r e  2 2 . The parama [ n e ti c br oad eni n g  o f  t h e  o< - p r o t on a n d  

m e t ty l en e  p r o t on s ' r e s onan c e s  i s  n o t  a s  d rama ti c c. s  i t  i s  i n  

t h e  p r e s en c e  o f  C u ( I I ) an d t ri s  c an b e  a t t ri b u t e d t o  t h e  

s h o r t e r r e l ax a t i on t i m e  o f  C o ( I I ) c ompar e d  t o  C u ( I I ) . I i n e  

b r o a d eni n g  e ff e c t s  t h u s  d e c r ea s e  i n  t h e  o r d er Cu ( I I ) > C o ( I I ) � l�i ( I I ) . 
144 \':i th C o (  I I ) ,  the h e i g h t s o f  the o<-p r o t on and m e thyl en e 

p r o t on s ' r e s onan c e s  a r e  r e d u c ed �hi l e  th e n: s and m e thyl p r o t on 

p eak s  a r e  s l i gh t l y  enhanc e d . T h e  f o rrr e r r e s onan c e s  a l s o  shi f t  

s l i gh t l y  d o¥:n fi el d  ( ea C . C5  pprn ) . I t  i s  p o s si b l e t h a t  t h e  

c han g e s  i n  t h e  m e t hy l en e  p r r t on s ' r e s onan c e  ar e d u e  s o l e l y  t o  

C o ( I I ) -pyri d y l  i n t e ra c ti on s  ( s e e  Chap t e r 2 ) and s o  whi l e  i t  c a n  

b e  c on fi d en t l y  c on c l ud ed that C o ( I I ) ex c han g e  i s  taking p l a c e  

a t  t h e  p y ri d y l  ni t r o gen o f  tbmp , sim i l ar c on c l u s i on s can n o t  b e  

d r awn a b o u t  e x c ha n g e  a t  t h e  tri o e t h e r  sulptur . 



F I C t F\ :  2-2 

I 
� p p m 

a tbmp in ab s en c e  o f  C o ( I I )  

a 

TMS 

b 

b t bmp in pre s en c e  o f  C o ( I I )  [ 1  . 2  x 1 ( - 3 mol . l . - 1 ] 

1 4 0  



S Y1\ Tl!ESES 

S ome  general c cmm en t s  that r el a t e  to al l of the s e  

synt�es e s  can b e  found in  the exp erim ental s e cti on o f  the 

App endi c e s . 

[erchl orato�ouQti s [2- ( 3 , 3-d imethYl=2-!hi�Q£1Yl)pyri dineJ 
c ocal t ( I I )nerchl ora t e . 

A pink s oluti on re sul t s  from the ad d i ti on of 1 Em ol e o f  

C o ( C l 04 ) 2 ( C . 2 5 8  g . ) ( plus a fe� drop s  o f  tri ethyl orthoforrr a t e ) 

t o  2 rrJT. ol e of  l i gand ( C . 3 6 3  g . ) . The rr.auve  c crr:r l ex \':a s 

i s olat e d  after c on c e�trating the s ol uti on and c c oline i t . 

Y I ElD : C . 1 4 4 g .  ( 2 3� ) 

Di chl or obi s [2- ( 3 , 3-d im e ttyl-�-t�iabutrl)nyri din e ] c obal t ( !Il  

The additi on of 1 mmol e of C oC l 2 . 6H2o ( C . 2 3E g . ) t o  

2 mrr. ol e o f  l i gand ( 0 . 3 6 3  g . )  gav e a d e ep blue solu t i on whi ch 

was c on c entrat ed t o  precipi tate  the mauv e c crr.pl ex . 

Y IEI L :  C . 3 1 2 g .  ( 6 3� ) 

DiQr om cbi s [�- ( 3�3-dime thYl-2-thi�Q�!YllEY�i�in�J c oQ�li�Il 

C oBr2 . 6H2 0 ( C . 5 lTl.Irol e ,  C . 1 6 3  g . ) wa s sl owly add ed t o  

mm ol e of  the l i gand ( C . 1 8 1 g . ) t o  �iv e  a d e ep blue-purpl e 

s oluti on . rr:bi s  v.·as c o ol ed  t o  giv e a mauve  precipi tat e  and 

a s e c ond crop wa s i solat ed fr om the fi l trat e . 

Y I EI.D : C • 1 7 3 g . ( 5 S % )  

1 4 1  

F er chl oratoaquobi s [2- ( 3�3-�ime tbYl=�=1hiab�!Yll2Y�i�ig�] gi£tel ( I I ) 

£§££hl ora t e .  

A s oluti on o f  1 mm ol e of  Ni ( Cl 04 ) 2 . 6P.2 0 ( plus tri e thy l -

ortb oformat e )  wa s add ed t o  2 rnmol e  of  l i gand t o  give a pal e 

bl ue-gr e en s oluti on . The pal e gre en c ompl ex was i s olat ed a ft er 

the s oluti on had been reduced i n  v olum e  and c ool ed . 

Y IEID : 0 .  1 2 1 g . ( 1 S%) 



;QiaQ.�obi§. [�=l}.w1-dimettyl -2-thl a bu t:vl )nyri dine J rri ck e1( ID_ 
�chl ofate . 

A pal e  blue s oluti on re sul t ed from 1 mmol e o f  

The soluti on wa s concentrated and " scra t cted " t o  precipi t a t e  

the  pal e blue  c omp l ex .  I t  �a s then fi l t er ed o f f  a�d �a shed 

wi t t  Ab s .  EtCH and then ether . 

Y I �I D :  C . 2 5 C  g . ( 4 C % ) 

Di chJ:.Qrobi s [�=-D, 3-dim ethYl_-2-t:b.i§:Q�!Ylill.ri d in e  J rrick el ( ill 
1 mmo l e of  Yi Cl 2 . 6E2o ( C . 2 38 g . ) v.:a s add ed t o  2 rrJTl o l e 

o f  the l i gand t o  giv e  a pal e green s o lut i on . A ral e blue-

gre en c ompl ex rreciri tated from tti s sol �ti on �hen i t  wa s 

c on c e�trat ed i n  vacu o .  

YIEJ D :  C . 32C g .  \ 6 5%)  

1 42 

Di bromo:Qi§. [��-dimettyl-2-tl;ia bu.!:Yl ) pyri d iT1_ e  J ni ck�l ( ID_ 

NiBr2 . 3H2 0 ( C . 5 mr.1ol e ,  C . 1 36 g . ) v.-a s  add ed t c  1 rrilll o l e 

( G . 1 8 1 g . ) o f  the l i gand t o  giv e  a gr een soluti on . G r e en 

c ry stal s b egan t o  app ear whi l e  the Ni ( I I )  �a s being add ed . The 

s oluti on was c oo l ed and " s cratched " t o  induc e further 

cry s tal li  za ti on . 

Y I ET D : C • 2 1 2 g • ( 7 3% ) 



TA BJ "S 2.2_ 

rv: I S CELIANECUS P l iYS I CAl DA TA 

C CJ1TPLEX C CI OUR M . r/°C 11.1-;AJ Y S E S : Cal c . ( J<' oun d )/(� C CT:C1 C T IV I TY/ohm- 1 m ol . - 1 crr. 2 

__ c ___ _li ____ N _ _____ C!_!3N c 2 l': e CH Ctter 

C o ( tbmp ) 2 ( Cl 04 ) 2 . H2 0 mauve 

C o ( tbmp ) 2 c l 2 
mauv e 1 5 2 - 1 5 5 

C o ( tbrr.p ) 2Br2 mauv e 1 4 2- - 1 5 C' 

Ni ( tbmp )
2

( C l 0
4

)
2

. 2H
2

0 p . b l ue 

Ni ( tbmp ) 2 ( C l 0
4

) 2 . H2
0 p . gr e en 

Ni ( tbmp ) 2 Cl 2 p . b l ue/ gr e en 2 1 2- 2 1 3 

N .L ( tbmp ) 2Br 2 
p . gr e en 1 9 1 - 1 9 3  

37 . 6 2 5 . C 5  4 . 39 1 68 

( 37 . 5 6 )  ( 5 . C 4 )  ( 4 . 3 6 )  

4 8 . 7 8 6 .  1 4  5 . 69 
( 4 8 . 8 2 )  ( 6 . 2 2 )  ( 5 . 7C )  

4 1 . 32  5 .  2 C  !). . 8 2  

( tJ. 1  . 1 8 ) ( 5 . 24 )  ( 4 . 7tJ. )  

3 6 . 6C  5 . 2 2  4 .  2 7  

( 3 6 . 7 2 )  ( 5 . 4 7 )  ( 4 . C 3 )  

37 . 64 5 . 0 5  4 . 3S 

( 37 . 6 1 ) ( 5 . 2 C )  ( 4 . 1 5 ) 

4 8 . 8 ( 6 . 1 4  5 . 6S 
( 4 8 . 62 ) ( 6 . 24- )  ( 5 . 5 3 )  

4 1 . 3 3 5 . 2 (; !). . 8 2  

( 4 1 . 3 6 ) ( 5 .  3C ) ( 4 . 7 6 )  

2 2  

2 6  

1 6P 

1 69 

7 

2 C  

N OTES : - m olar c onduc tivi t i e s  a t  2 5 °C : Ni t r om e t han e 

r e than ol 

N i t r ob en z en e  

1 : 1 ( 7C-9C ) ,  2 : 1 ( 1 5 C - 1 7C ) 
( 1 C C - 1 3l ) ,  ( 2 1 C. -2 5C· ) 
( 2 l - 3C ) 

- p = pal e 

1 2 6 � P C 2 : 2 

1 3r  

1 38. 

1 4 5  

__. 
� 
w 



C J 'AP TEll 5 

K ( I I) CC!." flEXES OF 

2 -E THYI TEI CETEYIAT1: I l\ E  (r ( I I L= Cu ( I I ))  
AND 

2 -J.� E T HYI TH I 0- 2 - H: IDA Z OJ I��E ( 11: ( I I ) = _ Cui_!_I..L_ Co (  I I ) )  

1 4 4  

Cu( I I )  C ompl exe s : The reacti on s  o f  2- ethyl thi oe thy l amine  ( et ea )  

y i el d  Cu ( etea ) X2 ( X=Cl - ,  Br- ) and Cu( e t ea ) 2x2 ( X=BF4 , C l C4 , 

Cl- , Br- ) . T h e  former group app ear t o  b e  t etragonal p olymeri c 

v. l·i l e  in  the latt er group , the far-in frar ed sp ectra o f  

Cu ( e t ea ) 2cl 2 and Cu( etea ) 2Pr2 indi cat e tta t tte  ani on s arc  

b ound trans t o  ea ch  otter . �here X i s  C l 04 or BF4 , the 

refl e ctanc e  sp e c tra sug[est  that the c o ordinated sulphur 

at o�s  ar e ci s t o  eact other , howev er in s ol u ti on ,  ttey are 

pro  ta bly t�.:_g_ns . 

[cu( et ea ) 2 Cl] BF4 can c e  i s ol ated  fr o� tte 1 : 1 reacti on 

of  li C l  �i th Cu ( etea ) 2 ( BF4 ) 2 i f  care i s  tak en to  ensure ttat 

the e o-precipi tati on of Cu( etea ) nC1 2 ( n= 1  or 2 ) and Cu ( et ea ) 2-

( BF4 ) 2 d o e s  not  take place . I t s  s t ruc ture i s  probably  simi lar 

to that of the o ther hi s-compl exes  in the scli d stat e ,  but in 

CH2 Cl 2 i t  i s  probably tetragonal pyrami dal . 

Polymeri zati on probl ems  were u sual ly enc ounter ed in  the 

rea c ti ons  of 2-methy l thi o-2-imi da zoline  ( m ti ) and the i s olati on 

of  the Cu ( mti ) 4x2 ( X=BF4 , Cl- , Br- ) c ompl exes was qui t e  

di ffi cul t . Cu ( mti ) 4 ( BF4 ) 2 and Cu ( mti ) 4 cl 2 appear t o  b e  

iran s-t etragonal whi l e  the el e c tr oni c sp e c tral evi d en c e  suggest s  

tha t  Cu ( mti ) 4Br2 may b e  ci s-oc tahedra l . 

C o ( I I ) C ompl exe s : In the r eacti on o f  mti  wi th C oC1 2 . 6H2 0 ,  

C o ( m ti ) 3cl 2 was i s olated and thi s probably has a d i s t or t e d  

t etrahedral s tructure  in  wti ct one mti m ol ecul e  rerrains  

unc oordinated . C o ( m ti ) 4 ( Cl 04 ) 2 c ould  not be i s olated and a 

sampl e of " C o ( mti ) 4 ( E�\ ) 2 " that was prepared , was impur e . 



c m�PLEX�----· 
Cu ( e t ea ) 2x2 

( X=BF 4- ,  Cl04- )  

( X=Cl- , Br- ) 

[cu ( et ea ) 2Cl] BF4 

Cu ( etea )X2 

( X=Cl- , Br- ) 

TABJ E 26  

SUl\''T,:ARY OF RE�l'I. TS-Cu ( etealnf2 C Cr FIEXE S ( n = 1 , 2 )  

S TATE s rl'RUC TURE 
--�· ------------�F�I��Y�S�l�C�Al TEClY l CuE 

s olid 

CH2c12 ( rrn . t ernp . ) 

M eOH ( rrn . t ernp . , 7 7K ) 

s olid 
CH2Cl 2 ( rrn . t ernp . , 77K ) 
��i e OH ( rrn . t ernp . ) 

( 77K ) 

s olid 
CH2Cl 2 ( rrn . t ernp . , 77K ) 
r.� e OH ( rrn . t emp . ) 

( 77K ) 

solid 

M e OI I  ( rm . L :mp . ) 
( 77K ) 

t e trae . Cu ( e t ea ) 2x2 
[cu ( e t ea ) 2] 2 +  

[ C u ( et  ea ) 2 ( }.; e 0 H ) 2] 2 + 

tetrag onal 
t etraf. . Cu ( e t ea ) 2X2 
[cu (  e t  ea ) 2x . r: e Oil] + 
tri c . bipyr . [cu ( et ea ) 2x] + 

tetrae;onal 

t etrac: . pyr . [cu ( e t ea ) 2Cl] + 
[cu ( e t  ea ) 2 c 1 . r.· eOJ :] + 
[cu ( e tea ) 0 Cl . r em ] +  an d tri c . h i p yr . 

L Cu ( e t ea ) Cl+ 2 
tetraG . polym eri c 

p o lym eri c s t ruc t u r e  h r ok e n  up 
ma j or sr; e c i e s  i s  Cu ( r.� e Cil )  2+ ( n=l\- or 6 )  

n 
( �here X =Br- , minor sp e ci e s  i s  

tri g . bipyr . ) 

el e c t r oni c , innared 

el e c tr oni c 

el e c tr oni c , e sr 

e l e c troni c , far-IR 

el e c tr oni c ,  esr 
el e c tr oni c , c onduc tivi ty 

e s r  

e l e c tr on i c , i n frar e d  
e l e c t r on i c , e sr 
eJ e c tr on i c ,  c onduc tivity 

e s r 

e J ec troni c ,  far-IR 

e l e c t r 0n i c , c on d u c t i v i t y  

e sr  

� 
ln 



5 . 1  ElECTR ON I C  SPEC TRA 

Wher e p o s sibl e , . tenta tiv e  a s si gnm en t s  tav e b e en 

mad e for th e s e  c omp l ex e s  an d the s e  are pre s en t ed �i th tt e 

sr e c t ra ,  in  Tabl e s 27a and 27b. The a s s i enm en t s  have b e en 

ba s ed on c orr.pari s on s  mac e wi thin each s eri e s  of c ompl exe s  and 

a c c ording t o  tte �ork of  other au t t or s . 

A )  T I GAND FIEl D TRAK S I T I CNS 

2 -"2TP.YT TEI C'E'TI-:l' T  AXINE C nTI EX�S 

i )  C u ( e t ea ) 2 ( Cl 04l2 and Cu( e t ea)2�£�4 l2 

1 4 6  

The r e fl e c tanc e  l i gand fi e l d  maxima are c on si s t ent  wi th 

the ani on s b ei ng weakly tran s- c o ordinat ed in a rr.ann er  simi lar 

b e en chara c t eri z e d  cry s tal l ographi cally 33 an d sp e c tr o s c opi cally  

4 7  
The  maxima are  vir tually unchanged i n  di chl orom e t han e 

s cl uti on . 

I n  m e thanol , the red- shi fts  of  the l i gand fi e l d  maxima 

sugg e s t  tha t  me thanol  i s  bind i n g  145 and the p r e d ominant 

sp e ci e s  i s  p r obably [cu( e t ea ) 2 ( K e OH ) 2] 2+ for b oth ani on s . 

i i ) Cu ( e t ea) 2 cl 2 and Cu( e t eal2Br2 

The li gand fi el d maxima are  r e d - shi fted i n  r el a ti on t o  

the sp e c tra o f  Cu( e t ea ) 2 ( Cl 04)2 
and Cu( e t ea ) 2 ( BF4 ) 2 and a 

l ow en e r gy should er app ears  i n  the r e fl e c tan c e  sp e c tra . B ott 

e ffec t s  are c on si s t ent  wi th the c orr:r l ex e s  having tran s-t e tra-

90 ' 1 45 g onal s truc tur e s  v:he r e  t h e  ani on s  occupy the axi al 

c oordinati on p osit i on s . Thi s c on c lu si on i s  supp o r t e d  by the 

far-in frared  sp e ctra . 

The s e  struc ture s a�p ear t o  b e  r e tained i n  d i chl oromethane 

but in  m e than ol the 1 : 1 e l e c tr olyti c natur e  of the c ompl ex e s  

( Tabl e 3 1 ) sugges t s  tha t they may exi s t  a s  the tran s - t e trag onal  
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CCr.:FLEX 

C u ( e t ea )
2

( Cl 0
4

)
2 

C u ( etea)
2

( BF
4

)
2 

cu ( etea ) 2 c l
2 

C u ( e t ea )
2

Br
2 

(c u (  et ea ) 
2

c1] BF 
4 

C u ( e t ea ) C l
2 

C u ( etea ) Br
2 

C u ( etea )
2

s o
4 

TAJ1J,E 27a 

ELECTRC!l re srECTRA, e t  ea COTI EXES 

REFT ECTANCE 

3 5 5 
� )85 ( sh ) 

5 37 t 

)60 
ea 390 ( sh )  
- 5 35 ( br ) t  

ea 370 \ b r )  
688 

ea 1 1 2C ( sh )  

4 0 5  t 
64 7 

£.!! 85C' ( nh )  

� )11 5 ( br ) 

� 6€ C ( br ) 

8 1 2 

)Get 
net 

ea 4 5 5 ( s h )  
79Ct 

ASSIGNVENT 

a( S )-tCu ( II )  

a ( S )-t Cu ( H )  

LF 

a ( S )-t Cu ( I I )  

a ( S ) -t Cu ( H ) 

LF 

a( S )--tt;u ( I I )  

I F  
LP 

IF 
LP 

a( S )-f Cu ( U )  
LF 
LF 

mi x ed 
LF 
Er--t Cu ( I I ) 

LF 

7CO LF 

cu2c1 2(e) ASSIGNJ.' ENT 

2 50 a ( N ) -t Cu ( I I ) 

34 5  a ( S )-t Cu ( I I )  

5 60 LF 

250 o-( N )-+Cu (  I I )  
34 1 a( S )--tCu ( I I )  

5 60 LF 

ea 254 ( 4 24 6 ) a( N )-+ Cu ( I I ) 

28 3 ( 6 8 2 5 )  api cal C l---. Cu ( I I ) 

£.!! 32C ( sh )  

7 5 0 (  2 )8 )t LF 

265 o-( ll ) -+Cu ( I r )  
327 apical r r---* Cu ( I I )  

£.!! 360 ( sh )  o- ( s )--.cu ( I I )  
7 5C t L F  

25 5 ( 3 1 82 )  a ( u )--.cu(  r r )  
2 8 1 ( 36C 6 )  apical C l'"--1 Cu ( I I )  

350< 334 e )  a ( S )-tCu ( I I )  

7 20 ( 2 6 2 )t I.F 

!.' e OI !(e} 

2� '? ( 2 1 4 1' )  
3 1 3 ( 2e '? 3 lt 
)85 ( 1 1' 1 8 )  
627 ( 1 24 )  
2 5 1 ( 2 3C� ) 
3 1 3 ( 32 1 3 )t 
38 6 ( 2 1 28 )  
627 ( 1 2 3 )  
2 5 3 ( 24 36 ) 

3 1 6 ( 2 e c o )t 
37 5 (  1 '?� 5 )  
7C5 ( 2P<J )t  

2 5 1 ( 2 3 � 2 )  
3 1 3 ( h r ; 2'?7 8 )  
37 5 ( :::h ;  1 � 5 1 ) 
7 1 5 (  31' 5 )  

2 5 2  ( 254 � )  
3 1 4  ( ) (  6 2  )t 
)P S (  1 <?C 3 )  
6�·( ( 1 1 ( )t 

£.!! 3 5 7 ( '? � 0 )  
7 6C ( 1 37 )t 

� 3� C ( br )  
77 5 ( 2 1 5 )  

2 60 ( 2 202 ) 

32 6 ( 3 1 2 1 ) 
665 ( 1 37 ) 

NOTES : - a l l  maxima are nm ; extin c t i on c o e ffic i e n t s  ( l . m o l . - 1 cm- 1 ) are in paren t h e s e s ,  

- s h  r shoul d e r ;  br = broad ; L F  = Li gand Fi eld 

t asymme tri c max ima , implyin� a s e c ond , unr esolved maximum , 

A S S IG!:J.'Z�T 

a ( N  ) --t C u (  r r )  

a( S )-+Cu ( I I )  

LF 

a ( N )--. Cu ( I I )  

a ( S )-t Cu ( I I )  

LP 

a ( N )-o C u (  I I )  

o- ( S )--o Cu ( I I )  
LF 

a ( N ) -t Cu ( I I )  

o- (  s )--.cu ( I I )  
LF 

a ( n )--. cu ( I I )  

a ( S ) --. C �; (  I I )  
LF 

LF 

LF 

a ( ll )-. C u (  r r )  

LF 

- omi s s i on of extinction c o e ffi c i ents imrlies ei ther par tial sol ubi l i ty or t h e  r e s o lu t i on i s  

not good enoueh t o  enabl e a c c ura t e  calculati on . 

OTHER 

A't 3 .  E l C'li 
2 7 5 (  3� 3( )t 

352 ( 2 678 )t 
7 20 ( b r ;  3 1 4 )  

Q1 3t: r2 
7 7 5 ( 2 6 d  

2 4 6C ( sh)  

7 5 C ( 4 6 3 )t 

.z::,. 
CO 



1 4 9 

�u ( etea ) 2X .� eCH]+ sp eci e s . Th e e l e c troni c sp ec tra at  r o om 

t emp er atur e ( in m ettanol ) ar e c on s i s t ent " i t t  tti s pr op o sal . 

i i i ) [cu(  e t ea) 2 Cl  ] BF4 

The r e fl ec tan c e  sp e c trum sL:g[e s t s  ttat thi s c or.!pl ex 

ha s a tran s - t e tragonal struc tur e and tLi s i s  in agr e em ent  

wi th the  i n frared sp ec tra . ( s e e  5 . 3 ) 
In d i chl or om e ttan e , th e for� o f  the l i gan d fi el d 

a t s orp ti cn env el op e  impl i e s  ttat tte [Cu ( et ea ) 2 Cl ] + chr cfT' o

phore ha s a s quare pyra�i dal s truc tur e  ( s ee  Char ter  2 )  but i n  

m e t:han ol , the  simi l ari ty o f  tte  en ti r e  sp ec trum wi tL tta t  o f  

C u ( et ea ) 2 C l 2 in tr,i s s r·lvent impl i ca t e s  tL e pre s en c e  o f  a 

[cu ( et ea ) 2 Cl . K eCE] + sp eci e s . 

i v ) Cu ( e t ea) Cl 2 and Cu( et ealEr2 
In the refl e c tan c e  sp e c t ra , tLe li gand fi eld  �axima l i e 

a t  energi e s  b e tween t h o s e  r ep or t ed for the tetragonal p olym eri c 

CuenX2 ( en = ethy l enediamin e ) 7 2 and Cud t oX2 ( d t o  = 3 , 6-di thia-

o c tane ) 82 c omp l exe s . It i s  p r obabl e that the Cu( e t ea ) X2 
c ompl exe s are al s o  t etragonal p olym er s  and tti s sugg e s ti on 

i s  supp or t e d  by the  re J atively  ins olubl e natur e  of  the s e  

c ompl ex e s . 

The  di fferen c e s  between the sp ec tra in m ethan ol and the  

r e fl ec tan c e  sp e c tra ind i cat e tha t  the p olymeri c st ruc t ur e  i s  

c eing b r ok en on di s s oluti on . I f  on e o f  the sp eci e s  in s olut i on 

i s  [c u ( K e CH )  ] 2+ ( a s  i nd i ca t ed by the e sr sp ec tra a t  7 7K ) ,  n 

tl . ere shoul d be  an abs orp ti on a t  9C0-9 1 2nm . H owever , such a 

p eak i s  n o t  a t  al l obvi ous ( Fi [ure 2 3 ) .  

In ni trome than e , a Br- � Cu( I I )  charge t ran s fer abs orp

ti on can b e  a B si gn e d  for Cu( e t ea ) Br 2 and thi s indi cat e s  that 

the p olymeri c s truc ture i s  n ot being c omp l etely brok en up a s  

i n  m ethan ol . 



C CMPLEX REFLECTANCE ASSIGNMENT 

C u ( mti )
4

( BF
4

) 2 4 9 2 
o-( S ) -+Cu( I I )  

8 30 LF 

Cu ( mti ) 4 Cl 2 
3 67 <r( Nim ) -+Cu( I I )  
67 5 ( br )  LF 

C u ( mti ) 4 Br2 .£9. 4 0 5 ( sh )  o-(N Im ) --t Cu ( II ) 
4 7 5  Br--t Cu( I I ) 
770 LF 

TABlE 27b 

ELECTRON I C  SPEC TRA 1 . mti C OM PLEXES 

ACETONE 

6 6 5 ( 7 8 )  

4 27 ( 1 05 5 )  
8 2 5 ( 1 50 )  

� 4 1 5 ( sh )  

ea 4 5 0 ( sh)  
8 2 0 

A S S IG NM ENT CH2c12 · 

28 7 

o-(Nim )-tCu( II ) 4 1 8 
L F  ca8 5 0 ( br ) 

o- ( Nim ) -tCu ( I I )  
Br-----t Cu (•II ) 4 5 0  

L F  78 0  

ASS IGNMENT 

api cal Cl� Cu ( I I ) 

o-( Nim )-+Cu( I I )  
LF 

Br---t Cu ( II ) 
L F  

N OTES : - see Table  27a . 

TABLE 27c 

ELECTR ON I C  SPEC TRA , C o(mti) 3cl 2_ 

STATE 4A2--+4 T1 (P)/nm 4A 2 ----t 4 T 1 ( F)/nm OT}ffiR/nm 

ai' HER 
Et OH CH

3
N o2 

.£9.37 0 ( sh)  

620 ( 84 )  6 6 3 ( 98 ) 

EtOH CH
3

uo2 
38 3 ( 1 24 3 )  
670 ( 30 )  8 1 5 ( 5 1 ) 

R efl . 

CH2Cl 2 
NOTE : 

5 8 5 ,  62 0 ,  64 0 

60 3 ,  ea 6 3 8 ( sh) , · 6 5 5  

1 1 00 ,  .£9. 1 3 50 ( sh ) , � 1 4 5 7 { sh)  � 37 0 ( sh ) , � 4 8 0 ( br , sh)  

ea 375 ( sh ) , ea 4 7 0 ( s h )  - -
c ompl ex only partially s olubl e in CH2 c1 2 

ln 
0 



2 -: . 1 �TLYl TP I C'- 2 - n.· ILA Z CJ n; S C G TJ. :::::::c::s 

T h e  l i £e. n d  fi e l d  rr: � x ima a t  8 3C nrr. i n  th e r e fl e c tan c e  

sp e c t rum ( T ab l e 27r ) r= t: ff e s ts t L a t  t L e r e  i s  J i t t l e t c t ra c cn a l  

d i  s t c r t i on 44  
i �  t t i s c crrr l e x , c c� p a r e d  t o  c crrp l e x e s  s u c h  

a s  Cu ( b enzir.i d e. z ol e )
4

( Cl C
4

) 2 ( 5 2 6 ,  E4 1 ( s 1-:. ) !liT' )  145 a n d  

1 5 1  

C ( r · r z )  ( F "P ) ( c::; 2 6  ) '\.., T · · - z  . 1 2 '
. .._ r  l '  

. , l 1 46  u .UJ, 
4 � 4  2 .-� :?:r , V L e r e  _ : 1 l s  , - c l � e t. __ y l rr l a a z o e . 

Cn d i s s c h::. t i on i n  a c e t on e , e t La:!: c l  and n i t r orr; e t i--.e. n e  

t t e  l i ce.n d fi el d rr. ax irr. a  un d erg o 2. b l u e - sr�i ft t c  ener[i e s  

t L a t  2. r e  c on si s t ent \'·. i t � t t e  pr e s en c e  o f  a t ran s - t e t re. g c ne.l 

[c u ( m ti ) 4 ( s olv en� ) n] 2
+ sp e c i e s . 

i i )  fu ( rr. t i l
4 
Cl 2 ann Cu ( rr: t i l4£.�2 

Th e r e fl e c tanc e sp e c t r a  s u g [ e s t  t t a t t ll e s e  c orrp l ex e s 

hav e s i x- c o ord i n� t e  g, e or,J e t r i e s . 

T h e  c onduc t i vi ti e s  o f  the s e  c orr:p l ex e s  ( Tabl e 3 1 ) st ow 

t t � t  s om e  d i s s o ci a t i on i s  o c cur ri n [  on d i s s ol u t i on and t h e  

e l e c t r oni c sp e c t r a  a l s o  un d e r g o  s or:, e cte.ng e s . E o w e v er i t  

app ear s t ha t t h e  s i x- c o or d i n a t e  struc ture i s  pr obab l y t eing 

r e t� i n e d  a l t h ou g t  ttere rray be s rrr. e d i ff e r en c e s in t h e  

d e gr e e  o f  t e trag on�l di s t or t i on i n  Cu ( rr. t i )
4

cl 2 , i n  g oi ng fr om 

t h e  s ol i d s t at e t o  s o l u t i on .  

i i i ) C o(mt i ) 3cl 2 
Th e two spi n -a l l ow e d  t ran si t i on s  o f  t e t ra h e d ra l  C o ( I I ) 

( 4A 2� 4 T 1  ( F )  and 4A2� 4 T 1  ( F ) ) a� p ear a s  i n t en s e , 

m ul ti c o�p on en t a b s orp t i on s i n  t h e  n e a r  i n :rar e d  and v i si b l e 

. 
t

' l 43 , 1 29 
r e gl cn s r e sp e c  l v e  y .  T h e  ab s orp t i on m�xima fer 

C o (mti ) 3 cl 2 are typi cal O f su c h sp e c tra ( Fi gur e 2 4 ) wi t h  

q uart e t -i d oubl e t  tran si ti on s b eint; r e sp on sibl e for t h e  

m ul ti p l e ab s orp t i on s  on t h e  hi gher en e r gy s i d e  of t h e  m a i n  
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only one 6 ( S )� Cu ( I I ) C . T . abs orrti on L S  

observed in  r c Cl J  s ol u t i on ( 38 6  nm ) . 
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t r an si ti on s . The Sl' '2 c t ral a G s i p ;rr. cn t s  ::u c  f i v er. i n  '2ahJ e 2 7 c . 

S i  rr i l a r i t i e s r et  v: e en t L e G r e c t r u_r:. o f  C o ( r.. t i ) 3 C 1 2 

a n d  t l:. e  sp e c t ra of t e t rah c c ral C oK 2Cl 2 c om r l ex c s s u e t  a s  

C o ( o< -p i c ol in e ) 2 C l 2 ( Fi c�re 24 )  2.n d C ol'2 c1 2 , v. t er e  11 i s  

2 -m etty l  tl:i o- 3-r.: e t !Jy l i rr: i da z ol e ,1 37 s�r r e s t  ttat on l y  t � o  

of  t l. c  rr. t i  l i rand s ar e h o�r. d t C'  C o ( I I )  i n  C o ( rr ti ) 3C1 2 • 

I t  a:n p e 8. r s tt en , t l .a t t J  i s  c o:-:- r l ex :-.- ::. �  a C. i s t c r � e d  

2 -:::./i.'t-:'::'TTI-:.I CETr:YTA!· : rr ::: C C."II  :E:Z�S 

i ) C� ( e1��l2 ( Cl C4 l2 _2nd _�u ( �t eal2 ( E£4 l2 

T\'.' o 6( S ) ---+ C u ( I I )  char[ e t ra::. s fe r  a'c s orr• t i cn s  a:: � e ar 

in tte r e fl e c t an c e  sr e c t ra ( Ta r l e 2 7 a , �i [ � r e  2 5 � )  but i n  

s olut i on ,  on l y  on e a� s crr ti on i s  ob s e �v e d  f or e a ct c orr.p l ex . 

Ey anal ogy wi t t  t h e  C � ( tt�p ) 2x 2 c orr.pl ex e s ( C�ar t er 2 )  a�d 

t �ro d · d b · · 1r 
60 , so 

� . o s e  l s cu s s e � o "t .r. e r  v: oL. er s ,  the sp e c tra sug[ e s t  

ttat  th e sulphur a t o� s  a r e  c i s �i t t  r e sr e c t t o  e a c h o t t e r  

i n  tte s ol i d  s t a t e b u t  r ea rran f e in  s c l�ti on t o  f r r� the 

i��n s- s t ru c tur e ( Fi gur e 2 5t ) . 

F igu re  2 5 b  

r--L-51 N� N 
X 

c i s - ( sol i d )  trans - (solut ion ) 

The 6(N ) -t C u ( I I )  c ha r g e  t ran s fer ac s orp t i on s  agr e e  

w i t h  t he a s s i [nm en t s t t a t  tav e b e en m a d e f o r  ot h e r  C u ( I I ) 

c omp l ex e s  c ontai r. i n e  c o or d i na t e d  p r i rr:ar� 
. 4 7 , 2 74 , 275 

aml n e s . 

In d i c hl or om e t han e , t h e  a s si e n rr. en t o f  ap i c al 

1 54 



X � Cu ( I I ) charre transfer ab sorpti on s i s  in afre emen t  
47 wi th the work of  S chuer,ar �!. al . and wi t t  _th e  r e sul t s  o f  

th e  far-i n frared  sp e ctra . S chugar �!. al  a s sign ed api cal 

x- � Cu( I I )  ab s orpti on s for the e thyl enedia�in e  c o�pl ex e s  

�u ( en ) 2X . H2 0] X wher e the api cal l i ga ti on by X- ha s b e en 
. 89 9 1  9 7  d emon stra t ed cry s tal l ographl cal ly . ' ' 

The sir:gl e <J ( S )---+ Cu ( I I )  charge tran s fer at s orp ti on 

i n  the spe c tru.'T! of  Cu( e tea ) 2Pr2 ( d i chl ororr. ettan e )  i s  

c onsi stent  wi th a tran s l i gand arrange� ent . 

i ii ) [Qu( et ea) 2 c1] BF 
4 

The api cal C l -� Cu( I I ) charge traD sfer ab s orp ti on 

( di chl or orr.e than e s oluti on ) at 2 8 1 nrn � s  very cl o s e  i n  

energy t o  the sar.: e transi ti ons  in  [cu ( r e2Fc:R2cH21�!.' e 2 ) . 2Cl] 2 
( ea 27 5  nm ) 47 (cu ( en ) 2 . cl . P.2c] cl ( ce. 2 8C  nm ) 47 and 

Cu ( e tea ) 2 C l 2 ( 28 3  nrr. , s e e  at ov e ) . Th e el ectron i c  sp e c trum 

i s  in a[r e err. ent wi th the interpretati on of  the far-in frared  

spec trum for  [cu (  et  ea ) 2c1]  B F  4 ( s e e  5 .  3 ) . 

The <J ( R ) �  Cu ( I I ) and <J ( S ) �  Cu ( I I )  charge trans fer 

1 55 

absorpti ons are c rnsi st ent wi th the a s si gnments  fer the o ther 

e t ea c orr.p l ex e s  in s ol�ti on . 

2 -li�E�HYITHIC-2-ITI: IDAZCI INE COKPLEXES 

In the refl e c tanc e  sp e c trum ,  the a s signment of the 

ab s orpti on of 4 9 2 nrn as  a <J ( S ) �  Cu ( I I ) charge tran sfer 

transi ti on i s  support ed  by the d i sapp earanc e  o f  thi s 

ab s orpti on i n  ni trom ethane , a c e t one  ano e thanol s oluti ons . 

There i s  al s o  an a c c ompanying c ol our change as  the almo s t  

black cry stal s di s s olve t o  giv e  gre en/yell ow s ol ut i ons . The 

infrared  sp e c tra ( s e e  5 . 3 ) are c on si st ent wi th all  four 

l i gand s binding via  one of  the heterocy cli c ni trogen a t om s  

and they al s o  rul e out th e p o s si bi l i ty o f  strong BF�-Cu ( I I )  



i n t era c t i on s �hi c h  c oul d a c c o�n t f o r  t h e  l o� t e tra g or a l  

d i s t o r t i on s u c c e s t e d b y  th e l i cand fi e l d �a xi �a . S t r onr 

a x i a l i n t e ra c ti on s  w oul d b e  a c h i ev e d  by c h e l a t i n E  tw o o f  

t h e  l i gand s t o  �iv e th e C u ( I I )  i on a 1��n s-N4 s 2 en v i r on� en t . 

( i i )  C u ( m t i )4 c l 2 _�nd C �@ti )4 �r 2 
F o r  C u ( rr. ti ) 4 c l 2 i n  d i c hl or o� e t t ar: e , th e ab s orp ti on 

a t  2 f 7nm i s  c on s i s t en t  wi th ari ca l l i ga t i o n  by t h e  c h l o r i d e  

i on s  but for C u (  rr ti ) 4 Er 2 t:t e 1 m.,. en e r [y :?r- � Cu ( I I ) 

1 5 6 

c :t a r e:: e t ran s fer ab s orp t i on ( 4 5 C rur. )  i rrrl i e s t L a t  t h e  Er Cu 

b on d i n[ i s  n on-axial ( s e e  C L ap t er 1 ) .  E en c e  Cu ( rr t i ) 4 C l 2 
p r ob ably ha s a trarr_§_- t e trag onal s tr t; c t LJ r e  whi l e  Cu ( m ti ) 4 Br 2 
m ay hav e a d i s t or t e d  c i s - o c t ahedral s t r uc ture . 

Fev: a s si �nm en t s  o f  i rd d a z ol e n i  t r o [ en .� . C u (  I I )  c.ta rge 

t r an s f e r  at s o r� t i on s tav e t e en �ad e i n  t h e  l i t er a t u r e
1 4 7  

t u t  t h e  a s s i [nrr. er.. t s  pr e s en t e e i n  1' a l l e  2 '/b a r e  i n  g en e Ta l  

, -'- h " .._ .  f F , t 1 1 47 
a zr e e::. ent ·:.i-c h L- e o ..., s erV 2. t- l on s  o r e e orr.an � £_ a n d  tt e 

a s si gnm en t s  f o r  C u ( mmbi ) 4 ( BF4 ) 2 . 2 H 2 o  ( rrrr.bi = 2 -rr. e t ty l m e r c ap t o

b en z i mi d a z ol e )  and C u ( bi ) 4 ( Cl 04 ) 2 ( b i =b en zi rr.i d a z o l e ) }48  

From t h e s e  s tud i e s  i t  i s  a r- p a r e n t  ttat Nim� Cu ( I I )  

cr:.a r g e  tran s fe r  ab s orp ti on s wi l l  b e  f o und i n  t h e  ran g e  fr om 

e a  3 3C nm t o  38 5nm i n  t h e  s ol i d  s ta t e .  

C )  EI � C TR rN I C  SPEC TFA A T  9 CK 

T h e  only c omp l e x e s tta t d i d  n o t  d e c omp o s e  i n  2 C %  

G l y c e r o l /N e OH w e r e  C u ( e t ea ) 2 cl 2 an d C u ( e t ea ) 2Br 2 . The sp e c t ra 

an d t h e i r a s s i gnm en t s  ar e p r e s e� t e d  i n  Tab l e  2 7 d . 

TABLE 2 7 d  ------
ELECTRCN I C  SPECTRA OF e t ea C OI'.:FIEXES A T 9 CK 

C CKPIEX 

C u ( e t ea ) 2 Cl 2 

C u ( e t ea ) 2Br 2 

ABS ORP T I ON 

3 6 6  
6 5 C ( br )  

3 6 6  
e a  68 C ( br )  

- 1  - 1  ) ( l .mol ,  cm A S S I GW,:ENT 

1 1  0 1  o- ( S ) � C u ( I I ) 
1 2 2  IF 

1 1  2 9 o- ( S ) ----+ C u ( I I )  
1 3e IF 

N OTE : - ex t i n c ti on c o e f fi ci en t s  a r e  app r oxima t e . 



Th e r e  a r e  n o  ab s orp t i on s  i n  t h e  vi s i b l e  r e�i on tha t 

c an b e  a s si [n ed a s  x-� Cu( I I ) char�e tran s fer ab s orpti on s 

and thi s sup p or t s  the sugg e s ti on fr om o t h er sp e c tr o s c opi c 

d a ta t ha t  th e hal o g en s  a r e  ax i al l y c o ord i na t e d . 

The l i gan d fi e l d  rr.a xima are br oad an d i t  i s  n o t  

p o s si bl e  t o  d e t ermin e �t e t h e r  there  are any sh ouJ d er s  en 

th e rr a i n  at s or r t i on s  �t i c t � c u l d  supp or t the e s r  evi d en c e 

f o r  t h e  exi s t enc e o f  t ri g onal bipyra� i d a l  sr e c i e s  a t  th e s e  

t emp e ra t ur e s ( s e e  5 . 2 ) .  

5 .  2 EI EC TR CN SFIN R E S CN'Al� C E  � F ::::C T?.A 

The g and A param e t er s  f e r  th e C u ( I I ) c omp l e x e s  o f  

2 - e thy l thi o e t hy l amin e  . an d  2 -m e t hy l thi o- 2 -i r::Ji da z ol i n e  a r e  

p r e s e n t e d  i n  Tab l e s. 2 8a a n d  2 E b  r e sp e c t i v e l y . A l l  o f  t :r _ e  

s p e c tra wer e r e c ord e d  a t  7 7K . 

2 -ETHYI THI OETHYlAK INE C C'J.'PIEXES 

i )  Cu( e t ea ) 2 tQl 04 l2 
In a c e t on e  an d m e t han ol at 7 7K , g 11 and I A 11 1 a r e  

c on si s t en t  wi t h  t h e  pr op o s e d  tran s-t e tra g onal s tru c tur e  

for thi s c ompl ex an d Cu ( e t  ea ) 2 ( B F  4 )  2 ( s e e  5 . 1 ) .  H ov: ev er , 

1 5 7  

i t  i s  p r obab l e tha t th e sp e ci e s  tha t eiv e ri s e  t o  the s e  sp e c t ra 

a r e  ei ther [cu( e t ea ) 2] 2+ or a s olva t e d  sp e ci e s  such a s  

[cu ( e t e a ) 2 ( s o l v en t ) 2] 2+ . 

i i ) g,g.lgt ea) 2 Cl 2 _an£_9.£{_e t eal2Br 2 
Di chl o r om e than e : Th e sp e c trum o f  Cu( e t ea ) 2C l 2 i s  in 

agr e em ent  wi th  the p rop o s e d  tran s-t e trag onal s t ru c t ur e , l A  H I 
having a typi cal t e tragonal value and the sp e c trum i s  

n ormal ( Fi gur e 2 6 ) . 

� ethan ol and 2 C% G lyc erol/m e than ol : The sp e c t ra 

( Fi fure 2 6 ) s t r cngly sugg e s t  that the s e  c ompl exe s  ad op t  

di s t or t e d  fiv e - c o ordina t e  s tr u c t ur e s  ( pr obably tri gonal 

bipyrami dal ) at 7 7K . The l ow e s t  g value approach e s  the 
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K ev t o  Fi 1 u rc  2 G  

a Cu ( et �� ) 2 Cl 2 i n  d i 6hl cicme -hane 

b Cu ( e t ea ) 2Cl 2 ir.  2 C � C ly c cr ol /I . e CE 

c Cu ( et sa ) 2Br2 i r.  2 c ;� C l y c c: T oJ /� · e c� 

d Cu ( e t ea ) 2 ::?r2 ( +  ex c e s s  et e3. ) i n  r e t he.n ol 

e �u ( et ee. ) 2 cl] EF4 i n  ni t �  c�ettane 

f [cu ( e t ea ) 2 Cl] EF4 i �  ::: e -':- l .c.::, cl ( 2nd S-:' e c i e s  i s  
p oorl� r e s clvej ) 

E Cu ( e t ee. ) Br2 i �  rr e t� ar. c l  

h Cu ( I I ) i n  net�c.r. ol 

F I C' t'?. :S  27 

Cu ( Ill_Sr eci e s  Fcr�ed  i �  Pre s enc e o f  

F i g u re 2 7  

N� 
N s N 
( ( s s s N_/ 

:t::-: c e s s  et e::J.  

�s N 
s ) N N s/ 
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g11 = 2 · 436 
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T,.\ �j :. 2Frt  
ESt\ SEC':'EA I c t c"l C C'!, '?I F.XES 

C Cl' FL:.X s c:n::::T ru 1 o4 1 Aul_____e: 1 4 I . 1 0  IAl --" ;,0 -
C u ( e t e a ) 2 ( 0l 04 ) 2 �� e C H  

� exc es s 

A c e t on e  

C u ( e t e a ) 2 C l 2 �· ecE 
� exc ess  

G ly c/1: eOH 

CP.2 c1 2 
OE 3N o2 

Cu ( e t ea ) 2 Br2 �: e OH 

� exc e s s  

G l y c ; :: ec:: 

[ou (  et ea ) 2 c 1  J "'F 4 1: ecH 

� excess 

OP. 3N o2 
A c e t one 

CH2 01 2 
Cu ( e t ea ) C l 2 1: eCH 

C u ( e t e a ) E r2 r e  cP. 

KCTES : - uni t s  o f  1 ;, 11 1  and 
- i so = i s otr opi c 

l a )  
b )  

l a )  
b )  

l a )  
b )  

a )  
b )  

l a )  
b )  

a )  
b )  

a )  
b )  

I All 

2 ' ,  t7  
2 . 2 2 0  
2 . 2 1 (  
2 . ,  69 
�2 . ( 2  
2 . 2 24 
2 . 2 1 6  
2 . ( 1 (  
£.§.2 . 2 0 

�2 . (2 
2 . 2 29 
2 . 2 1 7  

2 . C 3C 
�2 . ( 2  
�2 . 2 ( 
2 . 2 3 1  
2 . 20 6  
ca.2 . 1 7  

�2 . 2 7 

2 . 4 3C 
2 .  372 

2 . 4 3 6 
�2 . C C 

a r e  CID- \ 

- a l l  spec tra were r e c or d ec at 77K 

, 5 1 
1 97 
1 7C 
1 5� 

�7 1 
1 9 3 
1 7C 

65 
�1 7 5  

ca90 
1 9 0 
1 66 

e 3  
�7 1 
ca 1 E 4 
1 9 3  
1 7 5 
�1 4 2  

�85 

1 2 5 
1 33 

1 2 5 
ca47 

- Cly c . /�:eCS = 2C% £ ly c er o l / � e thanol 

TAEE 28b 

2 . 1 7 2 1 2 2 

2 . 1 8C 1 27  

2 . 0 8 4  
£.§.2 . 1 8  �1 1 4  

2 . ,  78 1 27 
2 . 1 7 6 1 2 7  

�2 . 07 �92 

2 . 0 9 5  

2 . C '? 5 

�2 . 2 7 � 1 4 6  

ESR srr:c:c·A 1 ::: t i  cc:n •x::s 
O CI.'HEX snvs:T ______£" 1 C4 ! A 11j__gl 1 4N shfs---!':i s c -

O u ( rn t i ) 4 BF4 ) 2 A c e t on e  2 . 2 5 3  1 8 4 �2 . 0 5 
OH3No2 2 . 2 5 1  1 8 7 � 2 . C 3  1 6 ( g . ) ; 1 6 ( gl )  

Et OH 2 . 2 5 9  1 8 1  2 . C 5 1  1 4 ( e u  ) ; 1 7 ( gl ) 
C u ( m t i ) 4 01 2 A c e t one 2 . ,  1 5  

OH 3N o2 2 . 2 4 6  1 e 6  

EtCH 2 . 2 65 1 7 5 �2 . 0 5  n < e1 )  
V.eOH a )  2 . 269 1 78 ] b )  2 . 276 1 3 1 1 4 - 1 7 ( £1 ) 

O u ( rn t l  ) 4 Br2 A c etone �2 . 2 5 �1 8 4  1 6 ( gl ) 
OH 3Nc2 �2 . 2 3  �1 e e  

K OTES : - uni t s  o f  I A 111 a:-e ern - 1  

i s o  = i s o tropi c ; s l .fs  = sup erhyp e r f i n e  spl i t ting 

uni t ::J  o f  1 4N -• re G au s s , shfs 
all ::Jpec tra were recorded  a t  77[ . 

r � r l cn i n  whic! 1 4� o h fs l in es arc n� s erved is i n � i ca t e d  in 
p:lren t r-. e s e n .  

1 6 3  



theoreti cal val ue of 2 . C O  reaui red for tri gonal bipyrami dal 

c ompl ex e s  ( dz2 ground stat e )  and th e I A I  values  are 

simi lar to tho se  normally obs erved for thi s typ e  of  c ompl ex . 
64 , 65 , 67 Tri gonal bipyramidal c orr.p l exes  are al s o  

typi fi ed  by t:r, eir " r ever s ed " sr e c tra a n d  tte sp e c tra of  

Cu ( e t ea ) 2 cl 2 and Cu( e t ea ) 2Er2 ful fi l t:hi s r equi rerrent ( s e e  

Chap t er 1 ) • 

Cn tte  basi s of  the s e  ob s erva t i on s  and the 1 : 1 

e l e c troly ti c behavi our ( Tabl e 3 1  ) of  the c ompl exe s  in  

m e than o l , the sp e c tra are a s si gned t o  the  tri [onal bipyra

mi dal [cu ( e t ea ) 2x] + ( X=Cl- , Br- ) sp eci e s . 

i i i ) [cu( et�2�.1 .. ] BF 4 

pi ch1 ororr.ethane_ and Ki tromethan e :  An int e rmed i a t e  

d i s t ort ed  five- c o ordina t e  str� cture i s  prctably r e sp on si bl e 

1 64 

fer the sp ec tra ( Fi �ure 2 6  ) alttough the r� gh fi e l d  r egi on i s  

not a s  di ffuse  a s  has b e en rep or t ed far o ther intermed i a t e  

five-c oordinate  6 4  . c ompl exe s  . 

chromophore may hav e m or e  t etragonal pyrarr.i dal charac t er than 

tri gonal bipyrami dal  chara c t er . 

K ethanol : T� o sp eci e s  are pre s ent , the ma j or one 

probably teinf tri gonal bipyramidal [cu( e t ea ) 2 cl] + as  i t s  

p eak s ( Fi gure 2 6  ) are sup erimp o sabl e on tte sp ec trum of 

Cu(  et ea ) 2c1 2 in  thi s s olvent . The minor speci e s  ( I A I  ......., 1 8 0  

Gaus s )  may b e  t e tragonal [cu(  e t  ea ) 2cl .K e 0H] + ,  a s  the s emi 

c oordina ted nature o f  the  BF4 ani on in  the soli d s tat e ( s e e  

5 . 4 )  sugge s t s  that the sixth c o ordinati on si t e  o f  [cu( e t ea ) 2 cl] + 

i s  rela tively open and would all ow s olvati �n . 

i v )  Cu( e t ea)Cl 2 and Cu( e t ea)Br2 
In methanol , the ma j or spe ci e s  in  the spe c trum o f  each 

c ompl ex c orrespond s exac tly t o  the ma J or speci e s  in the spe c tra 



o f  CuC1 2 . 2B2 0 and Cu ( C l 04 ) 2 . 6H2 0 un d e r th e sarr. e C '"'n d i t i on s  

( Fi rure  2 6 ) .  Thi s impl i e s ttat t� e p o l ym eri c Cu ( e t ea ) X 2 
c omp l ex e s  a r e  b ein[ hr ok en up on di s s oluti on , �i th 

C u ( K e OH )  2+ ( n=4 or 6 )  b eing th e rra � or c on tribu t or t o  tte n 

1 6 5 

sp ec tra . t h ere  X i s  br omi d e , the rri n or sp e ci e s  tha t i s  form e d  

p r obably ha s a tri g onal bipy rarri dal  g e orr e try a s  i t s  l o� e s t  

g val ue i s  app r oximat ely 2 . CO and the hyp erfi n e  spl i t t i n g  on 

t h e  r.i eh- fi e l d  si d e  o f  the: sp e c tru.rn i s  v ery srr:a l l  ( ea 4 7  x 1 C -4 

cm- 1 ) .  Tr. e  na tur e  o f  the IT!i n or sp e c i e s  v:Lere X i s  cl::l orid e ,  

i s  n ot r e e. di  ly appa ren t . 

v ) A d di t i on o f  Ex c e s s Lifan d  t o  Cu ( e t eal2!2 and 
[cu( e t e�2f1] BF4 

In m e t han ol , t�o sp e c i e s  a r e  f orm ed on ad d i n g  exc e s s  

l i gand t o  any o f  the Cu( e t ea ) 2x 2 c omp l ex e s  ( X= C l C� , C l - , Br- ) 

o r  t o  [cu ( e t ea ) 2C l] EF4 • The sp e c tra ( Fi [ure 2 6 ) and the g 11 
an d I A 11 1 value s ,  are  c on s i s t en t  vii tr. b c th c ompl ex e s  hc. ving  

t e tragonal s t ructur e s . The  d e ep blue  s ol uti on s  are  al s o  f orm e d  

i n  other s ol v en t s . I n  di c hl orom e t han e a t  room t emp era ture tte  

d -d maximum i s  a t  64 2nrn ( € = 1 39 ) and a cr ( S ) � C u ( I I )  charge 

t ran s fer ab s orp ti on can be a s si gn e d  at 34 1 nm . A c on c en t ra t i on 

d ep en d en t  cr ( N ) � C u ( I I ) cbarge t ran s fer absorp ti on can b e  

a s si gned  a t  ab out 2 5 Cnm and thi s a s si gnm en t i s  supp or t e d  b y  the 

app earan c e  of 1 4N sup erhyp e r fi n e  l i n e s  in  the e sr sp e c t ra 

( Fi gure 2 6 ) • 

The two m o s t  obvi ou s typ e s  o f  c ompl ex that c oul d b e  

f orm e d  i n  t h e  p r e s en c e  o f  exc e s s  l i gand a r e  sh o�n in Fi gure 2 7 

2 -�:.ETHYl TH I 0-2-D.� IDA ZOl iKE C Ol;:PLEXES 

i )  Cu ( mti )4 ( BF4l2 
I n  a c e t on e , ni trorr. ethan e and e than o l , g 11 , g1 and I A 11 1  

are n ormal for s quare planar CuN4 
2+ or  t e tra g onal CuN4X2 
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sy s t em s  involvinf imi da z ol e and substi tu t ee i�i da z ol e l i gand s . 

146 . 1 49 

Nine 1 4N sup erhyperfine  lines  are ob served in  the 

l ow e s t- fi el d  c opper hyp erfine l in e  ( Fi gure 28 ) in a 

ni tr cme thane rla s s . The in t en si ty pa tt ern o f  the s e  l i n e s i s  

v ery simi l ar t o  tha t  wt i c h i s  cal culated , in c omputer 

simul ati on s tudi e s ,  f or Cu ( I l ) in a n  envi ron�ent o f  f our 
. l t . t 1 50 e c u l v a  en nl r ogen s . A s i iT i l a r s up e rtyr e r fi n e  s t r u c t u r e  

was a l s o  repor t ed for Cu( DK I Z ) 4 c l 2 , where l�I Z  i s  1 , 2-di m e t hy l -
1 46 i mi d a z ol e ,  i n  an ethyl en e  gly c ol-H2C glas s . 

i i ) Q�i�1il�Cl 2_and Cut�til4��2 

The sp ec tra are gen e rally s i mi l a r  t r  tho s e  o f  Cu( mti )� 
( BF4 ) 2 a l t h o u g h  in ni tromethane g l a s s e s  the 1 4N s up erhyp er fin e 

l in e s  are n o t  ob s erv e d  i n  g 11 • In the sp e c trurr. of Cu( mti ) 4 Cl 2 

in m e t han ol , tw o sp eci e s  of ab out e qual c oncen trati on a r e  

ob s e rv e d  ( Fi [:ure 28 ) . Cne o f  ttes e  ( I  A Il l = 1 7 2  X 1 c-4 err. - 1 ) '  

i s  probably 1rans-te tragonal Cu(mti ) 4 Cl 2 . The l ow I A u '  
( 1 3 1 x 1 C-4 cm- 1 ) of  the s e c ond sp eci e s  su[ge s t s  ttat i t  rray 

b e  ei ther a t etragonal pyramidal c omp l ex such a s  [cu ( m ti ) 4 Cl] + 

or a t etrahedrally di s t orted  Cu( mti ) 4
2+ chrom oph or e . 

5 . 3  FAP- IN FRARED SPEC TRA 

2 -ETHYl THI OETHYlAN: IN E  CCN:PlEXES 
i )  Qu ( et ea)2Ql2_and c��t ea)2��2 

In an extensive  s tudy of a s eri e s  of Cul 2X2 c ompl e x e s  

( where  L i s R2NcH2 cH2NR; ) , l ever  and Kant ovani 90 r ep or t ed 
-1 tha t the V( Cu-X ) frequen ci e s  were bel ow 200cm and w e r e  

out si d e  the range of the sp e c tr omet er ttat  they u s ed . On the 

basi s of cry s tall ographi c and e l e c troni c sp ectra s tud i e s , the s e  

c ompl exes  have been a s si gne d  1ran s-tetragonal stru c ture s . A s  

a g en eral guide then , V (  Cu -X )  abs orpti ons wil l  b e  foun d  b e l ow 
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2 C G crr.- l i f  tLe  Cu ( I I ) -- X  b ond s ar e axi a J a s  i n  [c u ( en ) 2 C l . H 2 c ] Cl 

and  [cu(  en ) 2 E r . ! 1 2 0] Er . 8 9 , 9 1 , 97 

The at s orr t l on s  fer Cu ( e t e a ) 2 Cl 2 ( 1 8 2 , 1 E 8 cm- 1 ) an d 

C u (  c t ea ) 2Br 2 ( 1 6 3 cm- 1 ) r e sp e c tiv ely ( Tabl e 29 )  a r e  c on si s t en t  

v. i t l1 th e s e  c on�p l ex e s  �avi n g  .!�§.n s- t e t r a g onal s t ru c t u r e s  

c i rr. i lar t o  t t e  e tty l en edian.i n e  c or;:r l ex e s . Th e tv.- o  ab s orr ti on s 

ttat are ob s e r v ed for C u ( e t ea ) 2 C l 2 , rr.a� t e  d u e  t o  t � e  syrr.r e t ry 

o f  tti s c c2 .r l ex b ei n [  l o� er t t qn D4 h . Cn l y  on e al s orp t i on i s  

ex:r-� e c t e d for u-. i s syrrr. e t ry . 8 6  

Thi s c m:.p l e x arr ea.r s to hav e an ax i a l Cu-C l b on d  a s  

t t e  V ( Ct:- Cl ) 8.l::' s crr t i cn fr e qu en cy ( ea 1 E7 ( t:r ) cr.J- 1 ) i s  v ery 

simi l ar t o  t t e v( Cu-C l ) fr e o uenci e s  for Cu ( et ea ) 2 cl 2 ( Tarl e 2 � ) . 
i i i ) 

The s e  c ompl ex e s  hav e p olyrr. e ri c t e t ragonal s tr u c t ur e s  

simi : ar t o  t h o s e  o f  Cu ( en ) X2 a n �  Cu ( py ) 2x 2 for �ti ct far

i n frared data ha s b e en rep or t ed ( Tabl e 1 3a ) . Tte V( C u-X ) 

fr e quen c i e s  [cu ( e t ea ) Cl 2 ; 2 54 , 28 5 cm- 1 and Cu ( et ea ; Br 2 ; 

2 2 6 cm - 1] ar e al s o  wi t'bin  the range s [v( Cu - C l ) ;  3 1 2 - 2 C f  crr.- 1  

and V (  Cu-Br ) ;  2 3 3- 1 8 7 cm - 1 J ob s e rv e d  for other t e t ra g onal ly 

d i s t ort ed o c tahedral Cu( I I )  c orr.p l ex e s . 72 

2 -JI' ETlfYL THI 0- 2 - Hi iDA ZCI INE C O.�PlEXES 

i )  Cu ( m t i )4 cl 2 
The m o s t  p r omin en t  ab s o rp t i on s  ( Tabl e 29 ) o c c u r  a t  1 4 2 

and 28 6 cm- 1 but a sati sfa c t ory sp e c trum ,  v:i tt wl:i c h  c orr.pa ri s on s  

c ould b e  mad e ,  wa s n o t  obtai n ed f or Cu ( m ti ) 4 Br2 • The e l e c troni c 

sp e c trum of  Cu( mti ) 4 c l 2 i n  d i chl or orr.e than e sugge s t ed tLat the  

C u- C l  bond i n g i s  axi al ( s e e  5 . 1 ) and  the far-infrared 

a b s orp ti on at  1 4 2 cm- 1 , i f  i t  is  a V ( Cu-Cl ) ab s orr ti on ,  V\ Oul d 



C CMPlEX 

Cu( e t ea ) 2 ( Cl 04 ) 2 

C u ( e t ea ) 2 ( BF4 ) 2 

C u ( e t ea ) 2 Cl2 

Cu ( etea ) 2Br2 

Cu ( e t ea ) Cl2 

Cu ( e t ea ) Br2 

(c u (  e t  ea ) 2 c1] BF 
4 

C u ( mti ) 4 ( BF4 ) 2 

C u ( m ti ) 4 cl 2 

Cu ( m ti ) 4Br2 

C o ( mti ) 3c1 2 

TATJ � 29 

Il'TFD A R ED ST'F:C 11R !\. ,  e t c8. AJ'T:;) m t i  e r ;  T' J  VX E S  

v ( N-H) 
3 3 1 7 ( s ) , 32 68 ( s ) , 3 1 4 0 ( w )  

3 3 3 3 ( s ) , 32 8 2 ( s ) , 3 1 4 7 ( w )  

3 2 3 6 ( s ) , 3 2 1 O ( s ) , 3 1 3G ( s )  

3 2 2 0 ( s ) , 3 1 98 ( s ) , 3 1 1 3 ( s ) 

3277 ( s ) , 32 2 2 ( s ) , 3 1 4 3 ( s )  

3 307 ( w ) , 3 2 5 2 ( m ) , 3 200 ( m ) , 3 1 32 ( m )  

3 34 2 (  s ) , 3 2 8 7 ( m ) , 3 2 1 7 (  s ) , 3 1 32 ( s )  

3 39 2 ( s )  

3 2 34 ( m )  

3444 ( w ) , 34 2 2 ( w ) , ea 3247 ( m-br ) 

ea 3 1 67 ( br )  

__ v_,_O- -x) 

1 8 2 , 1 8 9 

1 6 3  

2 54 , 28 5  

2 2 6 ( sh )  

ea 1 B7 ( br ) 

H - 2 

3 1 0 , 3 1 8  

-1  N OTES : - a l l  sp e c tra r e c ord e d  for mu l l s ; fre q u en c i e s  � r e  cm , 

"V ( c = x.) v 3 ( c l c1 L�X4.i-' __ 

1 c 97 ( s )  ' 1 c 5 2  ( s )  

1 C 5 2 ( s ) , 1 C 2 C ( s )  

1 5 2 5 ( s ) 

1 5 �  7 ( s ) 

1 5 2 G ( :::; ) 

1 5 32 ( r; ) 

1 1 CC ( s ) , 1 C 30 ( s ) 

1 C 5 C ( s ) , 1 C 3 3 ( s )  

"V ( N-H ) for e t ea : 

- -v ( N-E ) for mti : 

3 367 ( s-br ) , 3 3C�. ( s-b r )  [� c� t  J i ra n d ] and 3 38 C ( s ) , 3 Y, C ( r.1 ) , CI �c1 3 

e a  309 3 ( br ) [rr.ul J ] an cl }� 3 1  ( s ) [cFC 1 3 s o luti on] , 
s o' .. 

- "V ( C = N )  f o r  mti : 1 5 51  ( s ) [ rr.ull] , 

s = s t r onc ; m = m e d i  urn ;  w = we.'1k : br = b r c ·;, c1 , 

- i oni c C l O� and BF4 , v
3 

at  ea 1 1  C O  

-

- 1 cm . � 

o
'0 



b e  c on s i s t en t  w i  t L  t}  i s  s t ru c t1l r e . The 2.xi a l  c } : J  ori d e  i C'n s  

r.�u s t  b e  v e r y  \·. eqkly  b o� n d  i f  tLi s a s s i e:nm en t i s  c orre c t , 

b e cau s e  t t e  ab s orp t i on i s  ab out 4 C cm- 1 l o� er tt an i n  t ran s -

t e t ra [ onal C u ( et ea ) 2 C l 2 • 

The ar s orp t i c n  a t  2 2 6cr.l - l i s  c on s i s t en t  \". i t J. .  i t  b eing 

a V( C u-E ) �t s orpti on a s  U. e s e rcav e t e en a s si t_ n e d  i n  the 

r e gi on fror.1 ab out  2 4 2 to 2 S 2 cm- 1 i TI  the C u ( I I ) c om r l e x e s  o f  
,... 

t t .  t t ' . . ' 1 1 47 � - s u s l u · e c  l iT l c a z c  e s . 

i i ) �2L�!�3�12 

1 7 0 

The tv; o  V( C o- C l ) e.b s orp t i on s ( 3 1 C ,  3 1 8 crr.- 1 ) t l.a t tav e 

b e en t en ta t iv e l y  a s s i cr. e d ( 'Iab l e 2 S ) a[r e e  wi t h  t t e  r r op o sal 

( 5 . 1 ) t tat t 1  i s  c omr l ex ha s a d i s t or t e d  t e t rah e d ral s truc tur e . 

Th e far-i n fra r ed sp e c t ra o f  t e tra t e � ral C oK 2 c 1 2 c c� p l e x e s  hav e 

C e en tr: or OUE::f.ly d:a ra c t eri z e d . 86 ' 1 3 7 ' 1 4 2 

2 -ETEYITHI CETEYT A! I:t\::S C CI.: FJ :::XES 

i )  ligand C o or d i na ti on : In c on t ra s t  t o  tte [1�: ( c c ) 5 ] 2 e t ea 

( � = C r , � )  an d K ( C c ) 4 e t ea ( � =Cr , K o ,  � )  c omp l ex e s  ( S e c ti on I I , 

Ctap t er 3 ) , the V ( NH )  ab s orp ti on s o f  t h e  Cu( I I )  c omp l ex e s 

s h ow si gni fi cant sti ft s ( Tabl e 2 S )  t o  l ow er fr e o �e�ci e s  on 

c o ord i na ti on . Up to four ac s orp t i on s  a r e  ob s e rv e d , c omp a r ed 

t o  the two ab s orp ti on s  ( du e  t o  the  syrmr e tri c and a symrr · e t ri c 

V (  NB )  v i  bra t i  on s 1 5 1  ) i n  the sp e c tra o f  the fr e e  l i gan d . 

i i ) Ani on C o ordinati on : The weak sp l i t t ing o f  t t e  p er ch-

1 ora t e  and t e trafl u or ob ora t e  v3 m o d e s  i n  the sp e c t ra o f  

C u ( e t ea ) 2x2 ( X= C l 04 , BF4 ) and [c u ( e t ea ) 2 Cl] BF4 in d i ca t e s  that 

th e s e  ani on s are p r obably parti c i p a ti ng i n  w eak , a x i a l  b ond i nf 

i n  a manner anal o g ous t o  Cu( en ) 2 ( Cl 04 ) 2 
9 1 

9 1 



g 

N 

a = C u ( e t ea ) 2 ( Cl 04 ) 2 

b = Cu ( t bmp ) 2 ( Cl 04 ) 2 

( N  = Yuj o l  

' '  

t .J 

' ' 
' . 
' : 
L •• � 

c 

d 

= Cu ( m t i ) 4 ( BF4 ) 2 

= Cu ( t brr:p ) 2 ( BF 4 ) 2 

ab s orr ti on )  

1 7 1  



T h e  sp l i t t l n f o f  t h e  V3 rr. od e  i n  th e s p e c t r a  o f  t h e  

e t ea c cn .} l ex e s i s  n o t a s  p r o n oun c ed c. s  i n  t h e  sr e c t ra c f  

Cu ( tb�p ) 2 ( Cl 04 ) 2 an d C u ( tbrr.p ) 2 ( BF4 ) 2 ( Fi f ur e 2 � a )  and tti s 

su g [ e s t s  t t a t i n  tt e l a t t e r c orr. p l e x e s  ( C har t e r 2 ) , th e 

Cu ( I I ) --- an i on i n t e ra c t i c n s  a r e  s i rn i fi c an t J y  s t r o n c e r . 

2-�{:ETFYI TEI C-2-II: IL4 Z I I IKE  C O."Fl �XES 

i )  �.U·;!-:) _6_Q�.Q!::.L!:b_.Qn s : In n.n e a r l y  s t u.dy of  s cr.' e r- e t a l  

1 7 2 

c o�p l ex e s  o f  2 - s ub s t i t u t e d  i rr � d a z ol i n e  l i ca�d s ( e . [ .  2 - ( 2-pyr l dy l ) 

2 . . , 1 . ) F . t 1 1 5 2  - -l m l o a z o_ l n e , r e1 s e r  �- §:._ sr_ ov, e d t L a t t l': e  

fr e qu en cy d e c r e a s e s  on l i ga n d  c o o r d i n a t i on t o  r 2+ . 

V( l\E ) 
� : en c e 

l t l-. 1,. -'- 1-- t 1 "h b l  b "  d t th . . • t  1 5 2 • 15 3  
a L C t.: [ L L- 1 1 e rr e  a p r o  L a  y 1 n  s o 1 e  u r a n e  n 1  r o §" en , 

a c on si d e ra t i on o f  t h e  t� o r e s onan c e  s t ru c t � r e s  f or t h e  

i m i d a z o l i n e  l i gan d s , p r ovi d e s  a r: e c Lan i sr.: b y  \':l · l c l-. tL e V ( F E )  
fr e qu en c y  c an b e  l o� e r ed ( Fi f ur e 2 � b ) . 

F I G URE 2 ':-b 

a Mn + bi nds to im ine  N b 

) 

I N C R E AS E S  

OF  b 

Wea kened N - H 

Hy d r o g en b on d i n g  e f fe c t s  i n  t h e  s o l i d  s ta t e  s p e c t r �  

o f  un c omp l ex e d  m ti , r e sul t i n  a sub s t an t i al l o� ering o f  t h e  

"( NH ) ab s orp t i on fre quency c ompa r e d  t o  t � e  sp e c trum in 

c h l or o f o rm ( Tabl e 2 9 ) . The V ( N H )  ab s orp t i on i n  t h e  sp e c t ra 

of  Cu( mti ) 4x2 ( X=BF� , C l - ) i s  r e l a t i v e l y  sharp an d thi s 

s ugge s t s  t h a t Cu ( I I ) -li gand b on d i n£ and n o t  hy d r ogen b on d i ng , 

i s  r e sp on si b l e for the d e c r ea s e  in the V( N H )  fr e qu en ci e s on 

c omp l e xa t i on . C u ( m ti ) 4 Br2 and Co (m ti ) 3cl2 hav e r e l a t i v e l y  

b r oa d  V( NH)  ab s orp ti on s . F or the form er c omp l e x , thi s may 



1 7 3 

b e  du e t o  i t s  hygr o s c op i c na tur e w�i l e  for the l a t t e r  

c omp l ex , e l e c tr oni c an d fa r-in fra r e d  sp e c t r o s c op i c inv e s t i g-

a ti on s  an d c ondu c ti v i ty � ea s ur ciT en t s ( Tatl e 3 1 ) ind i ca t e  tt a t 

on e o f  tt e ITti  l i gand s i s  un c omp l ex ed . 

i i ) V( C=N) Ab s orD ti on s :  Ey anal ogy � i tt o ther C u ( I I ) -i rn i n e  

c oiTpl ex e s  suet a s  th o s e  o f  t h e  N- ( 2 - t t enyl i d en e ) alkylarri n e  

1 .  d 1 2 2 l e:an s , the  \J( C=N ) fr e q u en cy s l : o1; l d d e c r ea s e  on 

c ornpl exa t i on t o  Cu ( I I ) or C o ( I I ) . � l t h o u r �  f or Cu ( rr t i ) 4 C l 2 

t�e d e c r ea s e  i s  n o t v e �y s i gni fi c an t ( Tabl e 29 ) , t h e  d e cr e a s e s 

i n  th e sp e c t ra of the r err.ainint c or:.pl ex e s  p r ovi d e  en ot;g�. ev i d en c e 

t o  c on c l ud e that the l i gand i s  bind ine via  on e o f  t h e  h e t e r o -

cy c l i c ni t r cgen a t om s . K or e  sp e ci fi c a l l y , i t  i s  p r ot a � l y  

. . . t 1 5 2 . 1 5 3  tind i n g  via th e  liT.l n e  nl r o£ en . 

i i i ) 1�tra fl�Q�ObQra1� C o ordina !i on in  Cu ( m ti )4 ( PF4 l2 • 

Th e BF4 v3 m od e  i s  \', e ak l y  sp l i t ( Fi { ur e 2 � a) an d tti s 

r:.ay b e  i n t e rp r e t e d  a s  ind i catir. g  t:.at  the ani on s a r e  \'. e ak l y  

c o ord i na ting . Howev er ,  only a v ery w e ak ab s orp ti on i s  found 

at  ab out 7 7 1 cm- 1 v:here the \11 ab s orp t i on i s  exp e c t e d  an d tti s 

w eak ab s or� ti on i s  al s o  found i n the  sp e c tr1;rn of Cu ( rn t i )
4

c l 2
. 

Other studi es  hav e s t o�n that the V1 m od e ( £� 7 6C cm- 1 ) s h ould  

be o f  rn ed i urr i n t en si ty if th e FF4 ani on i s  s e�i - c c ord ina t ed 

1 4 3 . 1 54  The s e  r e sul t s  suggest  that the BF4 ani ons rerr.ain 

unc o ordinated  i n  Cu ( mti ) 4 ( EF4 ) 2 • 

5 . 5 REA C TIV I TY S T[DIES 
------------------

The s e  w e r e  d e si gn e d  t o . t e st the s tabi l i ty o f  e t ea and 

rnti  t owar d s  r ep l a c ement  by pyri d i n e . 

i )  Addi ti on of  Pyri dine  t o  Cu ( e t eaL2 ( Cl Q4 l2 

In Ethan ol : Wi th a 1 : 1 rati o o f  pyri dine  t o  Cu( I I ) , the 

e l e c tr oni c sp e c t rum p r ovi d ed no evi d en c e  for fiv e-c o ordinat e 
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adduct format i on a s  tl1 e  d-d max l r. mrn  a t  5 2 5nrr. rer.-ain s  un cban[ed . 

I n  Ac et on e : In the presen c e  of exc e s s  pyri d i n e  the d-d  

maxirr.um sr� ft s  from 57 Cnm t o  5 9 5nm and thi s irr.pli e s  that 

adduc t formati on may be taking p l a c e . 

(cu ( e t ea ) 2] 2+ ex c e s s  -c ': )  (cu( et ea ) 2 ( py ) n] 2+ ( n  = 1 or 2 ) 

In P�i ne : The t otal r epl a c e� ent  of e t e a  from the Cu ( I I )  

c oord ina t i on sphere  i s  a chi ev ed o� di s s o l v i ng tte p er chl o ra t e  

c crr.pl ex in pyri d in e . A �auv e precipi t�t e �ti c t  �a s i s olated  

from thi s rea c ti on , �a s ctara ct eri sti c o f  Cu ( py ) 4 ( Cl 04 ) 2 ; i t s  

d -d rr.axirr.urn b ein[ a t  5 2 5nm in the  sol i d  stat e . 

1: ur:s : In e t:r,an o l  and a c e t one , tte l i gand - fi el d  ab s orp ti on 

o f  [cu ( py ) 4] 2+ i s  a t  700nrn and 64 5nm re sp e c tiv e l y . 

i i ) A d d i ti on of rvri d ine  t o  Cu ( rr. t il4 ( E�4l2 
The change s  in  the energy of tte d-d ab sorpti on 

( Ab s . EtOH s olut i on )  on addin[ di fferen t  rat i o s  of pyri d ine , 

are stov.·n in rr·atl e 30. 

TABlE 30 

Cu( I I ) :pyri dine  
1 : 0  
1 : 1 
1 : 2 
1 : 4  
1 : l arge Exc e s s  

d -d rr.aximurr./nrn 
620 ( gr e en/y ell ow s oluti on 
6 2 2 
6 24 
6 2 5 

6 5 C  ( bl ue / green s clutl on )  

In the p r e s ence  of a large exc e s s  of pyri din e , the 

shi ft to 6 5 Cnm suggests  that an adduc t ,  such a s  

[cu( m ti ) 4 ( py )n] 2+ ( n  = 1 or 2 ) ,  i s  being formed . A gre en oi l 

was i s olated from thi s r ea c ti on ,  but i t  c ould n ot b e  

cry s tal l i zed . 

i i i ) Di scus si on 

The r e sul t s  of the s e  exp eriments  are similar t o  thos e  

inv olvin� th e  c ompl exe s  of tbmp ( Chap t er 2 )  where th e  li gand 



wa s sl1 own t o  b e  qui t e  s tabl e tov,ard s r ep]  a c  em en t by pyr i d i n e . 

In t h e  c ompl exe s  o f  t t e  ch e l a t e d  N-- S li fan d s tbm� 
. . 

and et ea , the  pre sen c e  o f  c oord ina t ed ni tr oeen app ear s t o  

c on fer gr ea t e r  s tabi li ty to  t t e  Cu(  I I  ) - S c on d inf  a s  

simi lar exp erirr; en t s  hav e shov.n tLat t h e  d i splac emen t o f  
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c h e l a  ted  di  t:bi oether l i gan d s i s  r e2..d i  ly a c :h i  ev ed ( s e e  Cl 1ar t e r  2 ) • 

5 .  6 .fAR/lJ.'A GFE'I I C  1 H nrr.r I Il:E Pfc Ch.DE!,; I l'\ G  EXr::�n:E!:T 
'Ihe pri n cipl e s  tLa t are inv o l v e d  v. e r e  di s cu s s e d  in 

C�ap ter  2 ( s e e  2 . 6 ) . 

Cu ( I I )  i n t era c ti on s  �i t h  mti : 

In Fi f ur e 3 0 , i t  can b e  s e en that tt e -KH-

r e s onan c e  i n creas e s  i n  i n t en si ty wi t h  an i n cr ea s e  i n  the 

c on c er;tra ti or. c f  Cu ( I I ) an d tri s i rrpl i e s  tha t tLere i s  a 

d e c r ea s e  in  the rat e  o f  exctange o f  t � e  -l JH- n r o t on 1 55 � . 

Thi s re s onan c e  al s o  shi f t s  up fi el d and tti s �ay b e  d u e  t o  

d e crea sing  hydr ogen b ondinf e f f e c t s  i n  s ol uti on . 

A s  there i s  n o  si [ni fi cant e f f e c t  on the r e s �nan c e  

o f  t !l e  -sr,: e pro t on s  and tt.er e i s  n o  br oad eninf o f  the  ·-NE-

r e s onan c e ,  the re sul t s  can b e  i n t erpr e t e d  a s  m eaning tta t the 

C u ( I I ) i on s  i n tera c t  wi t h  the imine ni t r og en und er t t e s e  

c cn d i ti on s . In c on tra st t o  the sp ec tra o f  the � ( C0 ) 5m ti 

c ompl ex e s  ( K  = Cr , � o ,  W )  ( s e e  S e c ti on I I , Chap t er 3 ) , the 

-cH2- r e s onan c e  i s  n ot spli t as  a r e sul t of the Cu ( I I ) -- N 

i n t era c ti on s .  Thi s suge:e s t s  ttat the rat e  of exchar. g e  o f  

Cu ( I I ) a t  the ni trogen bindine: si t e  i s  t o o  rapi d f o r  the 

-CH2CH2- p r o t on s  t o  be " s e en "  as b eing i nequival ent on the 

nmr time scal e .  



KlC r :.:.�_Jl_ 
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a = mti in ab s enc e o f  C u ( I I )  
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· b ( ) [o -4 - 1  J mti in  pre s en c e  o f  C u  I I  c.. . 9 x 1 C  rn ol . l .  



S Y r T I ! ESES 

S om e  teneral c orem en t s  ttat r e l a t e to al l o f  tt e s e  

synth e s e s  can b e  found  i n  the exp erimen tal secti on of  t h e  

A r p end i c e s . 

2-ET! iYl TPI CE T HY I.f:T.' HJ:: C C.-PIEXES 

�iQer�hlorat obi�t2-�ttyl thi oe tliYl��in�c oLner ( l l ) 

The addi t i on of 1 rLrrL-:-l e  o;  C u ( C l 04 ) 2 . 6P.2 o ( C . 37 0 g . ) 

t o  a sl L [):t exc e s s  of  l l [ar: d  ( C . 2 2C g . ) l : av e an int en se , 

d e ep blue s ol uti on . A rurpl e  pr ecipi t a t e  app eared when 

almost  all of th e Cu( I I ) had be en ad d ed . 

1 7 7 

YIElD : C . 29 8 g .  ( 64 % )  

Di t etrafluoroboratobi s ( 2- e ttyl thi o e tLvl amincl.£onn er ( Jfl 
c u ( e t e a ) 2 ( EF4 ) 2 �as i s o lated fro� a� att effip t t o  

synthe si z e  Cu ( e t ea ) 4 ( BF4 ) 2 . 1 mmol e o f  Cu ( P F4 )
2 . 6E

2
o ( 0 . 34 5  g . ) 

�as added  t o  4 rrc ol e of the l i Eand ( C . 4 2 1 g . ) to  fiv e  an 

inten s e , d e ep bl ue solut i on . A blue  oi l �as d ep o si t ed a f t er 

the soluti on had b e en c on c entrated  and etter h a d  be en add ed  t o  

i t .  " S cratcr: ing "  t:: e  oi l gav e a rurrl e s c l i d  wti ch wa s 

fi l tered and �a shed wi th Ab s . EtCH and then et�er . 

Y IElD : 0 . 1 5 C  g . ( 34 % )  

Bi s ( 2- e thvl thi oe tgylarrin e) c opu er( I I) sulnhat e  

Thi s c ompl ex was i s olated  fr om a qual i tative  a t t emp t 

t o  synth � si z e Cu ( et ea )ns o4 ( n= 3 or 4 ) ,  in  wtl ch s om e  

Cuso4 . 5H 2 0 was d i s s olv ed i n  r: eat li gand . The dark blue 

mixture was heat e d  for about 1 minute and then ether was 

add ed t o  precipi tat e  an oi l .  " S c ra tching" the oi l induced  

s ol i di fi cati on ;  the blue s olid  was fi l t ered  and then washed 

wi th Ab s . Et OH and etter . 



Di c h l or obi s (  2 - e thyl thi o e t l:Yl.arr i n E-: )  c orp e rUll 

1 mm ol e o f  CuC1 2 . 2H2 0 ( 0 . 1 7 C g . ) wa s s l owly a d d ed  t o  

a n  exc e s s  o f  th e l i can d ( >  0 . 2 1 0  g . ) and tt e da rk g r e en 

s ol u ti on wa s c o ol ed . The p r e c i pi tati on of th e b l u e  c o�r J ex 

v;a s  i n d t: c ed by " s c ra t chi nf " the fl a sk . 

Y I:SlD : C . 2CC  g . ( 5 2 % )  
�i br o� oQis ( 2 =�1tYltl1i o�1LYl��in e� o� � er ( I I L  

Th e sam e r r o c ed u r e  a s  f o r  Cu ( e t ea ) 2 Cl 2 �a s f o l l ow e d , 

u sin[ 1 �� o l e of CuBr2 ( C . 2 2 3  g . ). �ark gr e en flak e s 

p r e ci pi t a t e d  fr om th e s o l u t i on aft e r  ab out 1 minut e . 

Y IElD : C .  3C 3 g .  ( 7 C % )  
Di �h1_or.Q_ ( 2- e thyl thi _Qe tL_yl a�i n e ) c opp er_(_.£U 

· 

Cu( e t ea ) Cl 2 wa s r r e� ar ed by t h e  a ua l i ta ti v e  a d d i t i on 

o f  e t ea t o  an exc e s s  o f  CuC1 2 . 2 H2 0 i n  Ab s . St OH , t o  siv e 

a b l u e-g r e en p r e c i p i ta t e . 

�i br om o_(_£=.s1hillhi o e ttyl a'Qli n e l£ opn er ( I I L  

1 rnm bl e o f  t h e  l i gand ( 0 . 1 C 5 g . ) was sl ov:l y a d d e d t o  

an exc e s s  o f  CuBr2 ( > 0 . 2 2 3  g . ) t o  give 2 fi n e , d a rk gr e en 

p r e cipi t a t e . Thi s wa s fi l t er e d  off , wa s h e d  wi t h  Ab s . E t OE 

and ai r - d ri ed . 

YIElD : 0 • 1 1 8 g • ( 3 6%)  

£t l_Q�obi s ( 2 - e thyl thi o e thy1_arni n e ) c opper ( I I)t e tra fl u o r ob ora t e  

1 7 8  

1 ro� o l e o f  Cu( e t ea ) 2 ( BF4 ) 2 wa s pr epar ed  i n  s i t �  using 

a n  ex c e s s  o f  e t ea a n d  the  s oluti on wa s fi l t ered to  r e � ov e  a 

small  quant i ty o f  l i ght b l u e  p r e ci p i ta t e . Sl i ght ly l e s s  than 

1 rnm ol e o f  anhy d r ous l i C l  ( < 0 . 04 2  g . ) in Ab s . E t OH/a c e t on e  

w a s  t h en a d d e d  t o  thi s s ol u t i on . The t o tal v olum e  a t  thi s 

s tage sh oul d b e  ab out 5 C - 6 0  cm 3 i n  ord er t o  av oi d t h e  

p r e ci p i t a t i on of Cu( et ea ) 2 ( BF4 ) 2 and Cu( e t ea ) nC1 2 ( n= 1 or 2 ) . 
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T h e  r e su 1 t i ne: l i rL t  bl u e  s ol u t i on wa s c on c en t ra t e d i n  �§_c u o  

c o ol e d  CJ. n d  " s c ra t c h e d " t o  i n d u c e  t:r. e  p r e c i p i ta t i on o f  i n p ur e 

[cu ( e t ea ) 2 Cl] BF4 . Thi s v;a s r e c ry s t al J i z ed fr om a rr i n i murn 

v o l um e of h o t  Ab s .  E t CH . 

Y I EI D : 0 . 1 C 4 g . ( 2 6% ) 

Th e fi l t ra t e  y i e J d e d  i � r u r e  p r e c i p i ta t e s  t t a t  

c c)n t a i n e d d a rk b l u e  [cu ( e t ea ) 2 C l] B F4 e..Yld \'. hat 2.j p ea r e d  t o  b e  

C u ( e t ea ) Cl 2 ( g r e en ) and C u ( e t ea ) 2 ( B F4 ) 2  r urpl e . 

2-I�- E1'PYl TEI C - 2 - III: IDA Z CI H: E  C Cl.' Pl ZX:SS 

N . B . F o r  the p r er ara t i on of t h e  Cu( m ti ) 4 x 2 c omp l ex e s  

( X = BF4 , Cl- , Br- ) ,  i t  i s  e s s en t i al t o  hav e t h e  C u ( I I ) : m ti 

ra t i o a s  c l o s e  t o  1 : 4 a s  p o s si b l e ,  o t h erwi s e  l a re e quan t i ti e s 

o f  [ e l a ti n ou s  p r e c i p i t a t e s  wi l l  app ear . 

T e t raki s ( 2 -m e t hvl t hi o- 2-im i d�z o l i �c opper ( I I) t e t r a f l u o r ob ora t e  

1 mm ol e o f  C u( BF4 ) 2 . 6H 2 0  ( C . 34 5 g . ) wa s s l ov.-ly a d d e d  

( �hi l e  fi l t e ri ng ) t o  a � arm s ol u ti on o f  4 m� ol e o f  m ti 

* 
( 0 . 4 64 g . ) .  The s o l u t i on w a s  r e d u c e d  i n  v ol wu e  t o  ab out 

1 - 2  crn3 than s e t  a s i d e  at 4 °C .  l a re: e c l ump s of bla ck 

c ry s t al s g r ew and the s e  w e r e  fi l t e r e d  o f f  an d � a s h e d  wi th 

A c s .  E t OH and th en s od i urr - d r i ed e th er . 

YIElD : 0 .  3 6 1  g .  ( 5 1 % ) 

* I t may b e  n e c e s sary t o  fi l t e r  t t e  br own-black s o l ut i on 

a t  thi s  p oint , t o  r em ov e  a d a rk gr e en gel a ti n ou s pr e c i pi ta t e . 

N OTES : - f or c ed p r e c i pi t a ti on wi t� e th er gav e a c omp l ex 

or 2 ) , 

- the c ry s tal s o f  Cu( m ti ) 4BF4 ) 2 d ecomp o s e  ov e r  

a p eri od  of s ev eral m on th s . 



Di chl o r o t e t raki §l2-methv l thi o- 2 -irr.i d a z ol i n e) c onrer( I I )  

A s  for Cu ( m ti ) 4 ( BF4 ) 2 , the  c ompl ex should b e  

all owe d  t o  c ry s tal l i ze s l owly from a c on c e�tra t ed s o l u t i on . 

The sl ow add i t i on o f  1 rr.� ol e of  CuC1 2 . 2H2 0 ( 0 . 1 7 C g . ) 

t o  4 rr.m ol e o f  m ti ( 0 . 4 64 g . )  gave a gr e en-b l a ck s oluti on 

that had t o  b e  fi l t ered in  ord er t c  r e� cv e  a smal l quan ti ty 

of a g ol d - c ol oured pre cipi ta t e . The s ol u ti on �a s r e d u c e d  

in  v o l urr. e and c 0 ol ed f o r  a r :r o l onged :t: eri od t o  y i e l d th e 

blue , hygr o s c opi c c ompl ex . 

An e th er-forc ed p r e c i pi t a ti on gave a yi e l d  of  1 4 % . 

��Q�Q�ot��raki s ( 2-me thyl thi o-2-imi d az ol i n e ) c onr- er ( I I )  

1 mm ol e of  CuEr2 ( 0 . 2 2 3  g . ) wa s sl owly add ed  t o  

4 m�ol e o f  m ti ( 0 . 4 64 � . ) and the gre en-black s ol ut i on 

w a s  fi l t er e d  i n  ord er t o  r em ov e  a gelatinou s  pr e c i p i ta t e . 

The s ol ut i on � a s  then c on c en t ra t ed i n  v a cuo and c o ol ed f or 

2 d ay s  b e fore  tte lar[ e c l ur::p s  o f  black  cry s tal s ( tr:a t  are  

bl ue �hen ttey are  broken op en ) ttat r e sul t ed were  fi l t ered  

and v:a sr. e d  v; i t:r, a minimum of  c ol d  A b s . Et CH . 

YIEJ D :  0 . 2 66 g . ( 39%)  

Di chl or o t ri s (  2-m e thvl thi o- 2-irr.i d a z ol i n elf.otal t (  I I )  

1 8 0 

C o ( m ti ) 3c1 2 wa s i s c: l a t ed fr om an att err.p t t o  syn th e si z e  

C o ( m ti ) 4 c l 2 • A s ol u ti on o f  1 rrm ol e of  C oC1 2 . 6H2 0 ( 0 . 2 38 g . ) 

( plus  tri e thyl orthoforma t e )  wa s ad d ed t c  4 mm ol e o f  rr. t i  

( C . 4 64 g . ) t o  giv e  a d eep blue  s olut i on . Thi s wa s c on c entra t e d  

0 and navy blue c ry s t al s wer e grown a t  4 C .  The s e  were  fi l t ered  

and w a sh e d  wi th a minimum v olum e  of  A b s . Et OH . 

YIElD : C . 1 8 8 g .  ( 39% ) 



TABJ E 31 

M I S C ElLANEOUS F l !Y S I CAI. DATA 

C OMPLEX C OI OUR t.1 .P�Q ANAJ.YSES : Cal c . {Found2L� C ONDUC T [ V I TYLohm- 1 m ol: 1 cm 

C u ( e t ea ) 2 ( Cl 04 ) 2  purp l e  

C u ( e t ea ) 2 ( B F4 ) 2  purpl e 

C u ( etea ) 2 s o4 blue/gre en 

C u ( e t ea ) 2c l 2  bl ue/gr e en 

C u ( e t ea ) 2Br2 d . gr e en 

C u ( e t ea ) n 2 blue/gre en 

Cu ( e t ea ) Br2 d . green 

(cu ( et ea ) 2 c 1] BF 4 blue 

C u ( mti ) 4 ( BF 4 )2 bl ack 

C u ( mti ) 4 C l 2  bl u e 

C u ( m ti ) 4Br2 black 

C o ( m ti ) 3c1 2 
navy blue 

N OTES : - m olar c onduc t i vi ti e s  a t  2 5°C : 

- d = dark ; A c  .. "' ac et one 

c 
- 20 . 7 6  

( 2C . 64 )  

1 7 5-1 77 2 1  . 4  7 

( 2 1 . 5 9 )  

1 78- 1 80 26 . 69 

( 2 6 . 3 1 ) 

1 1 4- 1 1 6 27 . 8 6  

( 27 . 96 )  

1 1  5-1 1 8  2 2 . 1 5  

( 2 2 . 36 )  

1 2 2- 1 2 3 2G . C 5  

( 20 . 3 2 )  

1 09 - 1 1 1  1 4 . 62 

( 1 4 . 4 1 ) 

1 1 4- 1 1 6  24 . 25 

( 2 3 . 7 3 )  

1 1 9- 1 2 1  27 . 38 
( 27 . 1 9 ) 

1 1 4- 1 1 6 3 2 . C7 

( 32 . 5 2 )  

1 0 1 - 1 03 27 . 92 

( 28 . 27 )  

1 3t'-1 4 C  30 . 1 2  
( 30 . c  1 )  

Ni t r r>m e thane 
rv: e t hanol 

Ni trobenzen e  

A c et on e 

E than ol 

H N 
4 . 7 9  

( 4 . 9 3 )  

4 . 9 5  6 . 2 6 

( 5 . 2 3 )  ( 6 . 3 1 ) 

6 . 1 6  7 . 78 
( 6 . 1 ] ) ( 7 . 3 1 ) 

6 . 4  3 8 . 1 3  

( 6 . 68 ) ( l3 • oc ) 
5 . 1 1  6 . 4 6 

( 5 .  24 ) ( 6 .  2 1  ) 

4 . 6 3 

( 4 . 7 6 )  

3 . 37 4 . 2 6  

( 3 . 54 )  ( 4 . 3 3 )  

5 . 6C 7 . C7 
( 5 . 5 3 )  ( 6 . 78 )  

4 . 59 1 5 . 97 

( 4 . 8-1 )  ( 1 5 . 4 9 )  

5 . 38 1 8 . 7( 

( 5 . 6C ) ( 1 ll.  7 1  ) 

4 . 69 1 6 . 29 

( 5 . 0 6 )  ( 1 6 . 1\ 6 )  

5 . 06 1 7 . 57 

( 5 . 4 9 )  ( 1 7 . 7 5 )  

1 : 1 ( 7l·-9l ) '  
( 1 C l - 1 3C ) ,  

( 2G-3C ) , 

( 1 00-1 30 ) 
( 6C-8 0 )  

O t h e r  C H 3N o2 !{. eCll 

C l , 1 5 . 32 1 27 

( 1 5 . 1 4 )  

1 50 

In s o l . 

2 1 1 09 

39 1 1 6  

C l , 2 9 . 5 9 1 3  

( 2 9 . 2 5 )  

7 6  1 36 

1 7 7 

64 1 4 4 

9C 1 44 

3 1  1 1 9 

2 : 1 ( 1 50-1 7 C ) 

( 2 1 C-25C ) 

( 4 5-5 5 ) 

Other 

EtO!l : 2 4  
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3- ( 2 -l\: E THYL T E I  CPEEK YI. Ir.· rr-; o) CAI.:PHCR ( U 

g_::..L}1 . .3- Q.i� e tr.;(!:.::._g_::.!_hi � buiYJ:.lo u l !}.Ql in e :  C u (  t brr q ) Cl 2 an d 

C u (  tb]"'; � ) E r 2 w e r e  tt e onl y C u ( I I ) c c : ·r l ex e s  t ::- a t  \'; e r e 

i s o l a t e d  pu r e , ev en \'. � _ er e U. e r e a c t i cn s  i r:v ol v ed a t·l': o- f o l d 

e x c e s s  o f  t t e  l i gan d . Tt e e l e c t r cn i c ,  :ar-i r: frar e d  an d 

e l e c t r on s p i n  r e s on an c e  sp e c tra are c on s i s t en t  wi t h  b o th 

c orrpl ex e s  havine fl a t t en e d t e t rah e d ra l  s t ru c t u r e s . In tt e 

r ea c t i on s  wi th Cu( C l 04 ) 2 . 6E2 o ,  onl y v ery swa l l  quan ti t i e s  

o f  an i �r ur e  Cu ( I I ) c ocp l ex w e r e i s o l a t e d , a s  tt e s ol uti on s  

d e c omp o s e  t o  gi v e  a Cu( I )  c omp l ex . 

Tte Cu ( I )  c o�pl ex e s , C u ( tt� q ) Er , C u ( t t r q H ) Br 2 and 

Cu( tb� q ) 2 C l 0
4 

ar e a l s o  b r i e fl y d i s c u s s e d  i n  t ti s C hap t e r • 

. :�.::. .. L�=��1hYl t hi op:h enyl imi n o l£amphor : 'I h i  s l i gand i s  v ery 

s u s c ep t i b l e  to C u ( I I ) ca t a l y s e d hy d r o l y s i s in p r o ti c s ol v en t s  

( e . g .  E t OH )  wh e r e a c r ord i na tin[ ar:i on such a s  C l  i s  p r e s en t . 

C on s e quently the only c orrp l ex e s tta t c oul d b e  i s c l a t e d , fr om 

a r e a c t i on i n  a c e t on e ,  w e r e CuJ ( C l 04 ) 2 . a c e t on e . xH 2 C 

( x  = C or 2 ) . Th e el e c t r oni c sp e c t r a  of  th e s e  c o�p l ex e s  

s u g g e s t  tta t t h ey pr obably hav e f l a t t en e d  t e trahed ral 

s tru c tur e s . 

1 8 2 



6 . 1  EI ECTRCN I C  SFEC 1RA ------------------
T:h e t en ta t i v e  a s s i cnm en t s  f o r  ti l e C u ( I I ) c om p l e x e s  o f  

tt e c e  l i gan d s  a r e p r e s en t e d i n  �a t l e 3 2 . 

2 - i.J..L 3-� n- �sTYI - 2 - T r r A  Pt TYIJ.�r n� o Ir-s_I_Q�E.L -sx:s s . 
c·d II�T:PI r:x::s 

T t e  t � o  l ow en e rgy , l i c a n d  fi e l d  �ax irra in  t t e 

r e fl e c t �n c e  sr e c tra o f  C u ( t�� q ) C l 2 ( 8 5 C , 1 2 C C  nrr ) an d 

C u ( tcrr. q ) F r 2 ( c 5 C , 1 4 6 2 nm ) ( Fi cur e 3 1  ) ,  a r e  tyr i c a l  o f  

d i s t or t e d t e trah e d ral C u ( I I )  c o�pl ex e s 4 3  s u c :L a s  t t e  w e l l 

ct�ra c t e r i z e d b i s ( N -alky l s a l i cy l a l d i rr i n a t o ) c opp er ( I I ) 

( R  = i s op r opyl , t-bu ty l ) ,156 Cu ( dcae:r ) X2 ( dcaer = 2 - ( N , K -

d i m e t hy l amj_ n o ) e thy l pyri d i n e )  39 and C u ( � -i s o sr a r t ei n e ) X 2 9
6 

sy s t em s . 

C n  d i s s o l l) t i c n  i n  d i c h l o r o s e t t an e ,  t h e  l i gan d fi e l d  

maxima m ov e  t o  hi t h e r  en e r [ i e s  an d tti s i s  a n  i � d i ca ti cn 

t ta t the  c ompl ex e s  are n o t  a s  d i  s t c r t e c  i n  s ol ut i  on .4 3 

T t e  a s s i gnment o f  f l a t t en e d , t e t rah e d ral s t ru c t ur e s  t o  

C u ( thm q ) C l 2 and Cu ( tbm q ) Er 2 i s  c c n si s t en t �i t h  h o tt t h e  

e l e c t r on i c an d e l e c t r on s p i n  r e s onan c e  sp e c t ra l  d a t a . 

i i ) Charge Tran s fer Tran s i ti on s  

T h e r e  i s  s om e  un c er t a i n ty a s  t o  the a s s i gnm en t of tl:. e  

rr ( S ) �  Cu( I I )  charge t r an s fe r  tran si t i on s  i n  th e s e  c orrpl e x e s  

b e c au s e  o f  t h e  n earby x- � Cu( I I )  ab s orp ti on s . H cv>' ev er , 

t h e  a s s i gnm e n t  o f  t h e  l ow en e rgy Br---4 Cu( I I ) ab s o rp ti on s  i s  

c on s i s t en t  wi th the ob s erva t i on s  ttat hav e b e en r ep or t ed for 

di s t or t ed t e t ra h e d ra l  Cu( I I ) c ompl exe s c on tainin� c o ordi nat ed 

bromi d e  i on s .59 ' 1 5 7 The l ow i n t en s i ty Br-� Cu( I I )  
charge t ran s f er ab s orp t i on a t  5 9 2 nm ( e = 5 64 l . m o1: 1 cm- 1 ) 

1 8 3  



F I C  1 f: r� Jj_ 

1 8 4 

i:: l ec t r rr. i c  '' r: e c t ra - C u ( tc::' r; )Z2_�o��rJ e�e s ( [; efl c c � ::D!c c )  

d-d MAXIMA 

1 4 6 2 

nm -+ 
8 0 0  1 2 00 1 6 00 

TA PIE 32 

ELEC C" ?. C: I C  Sr .,.CT?��, tb;- a A�ll l c ;-•;?EXES 
c et:n:;::x R:SFT ECTA�;c:; A S S IG��:::nT C H 2 Cl 2(E) ASSIG�J.: ?.�;T 
Cu( tbrn q ) C 1 2 �395 ( s h )  6 ( 5 ) ---t Cu ( I I )  3 9 5 ( 2 1 � C )  6 ( 5 ) --+  Cu ( I I )  

�4 1 0 ( sh )  Cl-_. Cu ( I I )  .£e4 35 ( sh )  Cl--t Cu ( I I )  
5 4 0  n ( S ) -t  Cu ( I I )  
8 5 0  LF .£e6 0 0 ( sh )  LF 

1 2 00 IF 1 07 5 ( 201 ) lF 
C u ( tbrn q ) B r2 .£e362 ( sh )  <r ( S ) --+ C u ( I I )  

495  Br---+ Cu ( I I  ) .£e4 50 ( sh )  Br--t C u ( I I )  
6 1 5 Br--t Cu ( II )  5 92 ( 5 64 ) Br - -t C u ( I I )  
8 5 0  LF 770 ( 2 69 ) lF 

1 4 62 LF 1 1 5 0 ( 2 9 8 ) lF 
' C ul ( Cl 04 )

2 . a c .  c a 39 5 ( 1 G 7 5l <1 ( S )  --+ Cu ( I I )  
7 5 5  LF 7 60 ( 1 5 C )  LF 

1 300 LF t 
N OTES : - sh = shoul d e r ;  lF = l i gand Fi el d ;  a l l  �axima are in nm . 

extincti on c o e ffi c i en t s  are l . �ol . - 1 c�-1 

� s o l � t i ons c ontai n e d  tri ethyl orthc fonna t e  

ACZTCT:: re) 

�390 ( 1 6 6 6 )  

�620 ( sh )  

1 2 C 0 ( 1 0 2 )  

p o orly r e s olved , weal< shoul d e r  on J o·11 enerr:y s i d e  o f  7 60 nm . r.-axin:um . 
- a c . = a c e t on e . 

cr( s ) -o  Cu ( I I )  

LF 
LF 



i n  d L c r.l ororr: e t r,an e r r·ay b e  a " f o rt i d d en "  t r=:. n s i t l nn
1 5 7  

an d s i r i l � r ab s o rr t l on s  � av e  b e en r e c ofn i s e d as  Br-� Cu ( I I )  
c La r c; e  t ran s fe r  maxirra by o t L er 4 7  8 2  \': or}.;_ er s . 

' 

Tr, e  b l u e - sti f t  tl. 8. t  i s  exrii b i t e d  by th e Er-� Cu ( I I )  

ab s o rp t i on s  i n  d l chl or om e tL8.n e i s  al s o  g o od evi d en c e  for 

C u ( t bm q ) Er 2 b ei n e  l e s s  d i s � or t e d  i n  s o l ut i on . B l u e - st i ft s  

a r e  exr e c t ed a s  tte Cu ( I I ) � ::? r  b on d s b e c cr.: e  r.. or e  " i n -p l an e " . 
4 3 , 59 , 1 5 7  

T h e  a 2 s i gnr. er. t  o f  t h e  ab s orp t i on at  5 4 C  nm f o r  

Cu ( tt rr: q ) C l 2 ( r e fl e c tan c e ) , i s  i n  afr e err er. t  � i t h  t � e  

e. s s i g:n rr. En t s  rr. a d e  b y  S c 1:u [ ar �1 §cl , f o r  TI ( S ) � Cu ( I I ) cLarg e 

t r a:::. s fe r  tran si ti on s . 4 7  fJ:'hi s ab s orp t i on ( 54 C  nm ) i s  t o o  

r:i e !-. i n  en e r f y t o  t e  a l i ca-:. d  fi e l d c o�' :r: on er: t o f  a c i s t c r t e d 

t e t ra � e d ra l  c o�p l  ex 
1 5 7  

an d i t  arp ear s t o  t e  t e e  l e� i n  

en e r gy t o  b e  a Cl -� Cu ( I I ) at s orp ti on . Ev En in t e trat ec ral 
2 -C u C 1 4 , t h e  ctarre t r qn s f e r a� s orp t i on s  a r e  ot s e rv e C.  on l y  

a s  l o's a s  about 4 5 5  nrr . 1 5 8  

C t'. (  I)  C C.. PL2XES 

Al thoLJ §::L an i n t erp r e tabl e r e fl e c tan c e  sp e c trurr c c ul d 

n o t  b e  at tain e d  for Cu ( tb� qH ) Br 2 , t h e sp e c trQ� o f  C u ( tbm q ) 2 -

C l 04 st o�s a d i s t in c t  ab s orp ti on a t  378 nm and a l ow e r  

i n t en si t y  st oul d er at ab out 4 7 5  nrn . In m e than o l  th e f orm er 

ab s orpti on shi f t s  t o  3 6G n m  and the l a t t er ab s orpti on 

d i s ap p ea r s . The C u ( I )  c ompl ex e s  of tbmp and t bmpH+ ( s e e  

Chap t er 3 )  a l s o  shcwed maxima a t  ab out 3 65 ± 1 0  nm an d t he s e  

w e r e t en ta ti v e l y  a s s i gn ed a s  b eing Cu ( I ) �  S c�arge t ran s fe r  

t ran si t i on s . 
By anal ogy wi t h  t h e  C u ( I )  c omp l ex e s  o f  1 , 1 C -p h enan th -

r o l i n e  ( 

r ol i n e  ( 
\ ) 1 5 9  1\ = 4 35 nm max 
\ ) 1 60 /\ max = 4 5 4  nm , 

an d 2 , 9-d i m e t ty l - 1 , 1 C-phenan th

th e sh oul d er at ab ou t 4 7 5  nrn i s  

1 85 



r r obe.tl y a d.a re- e  tran s fer  t rar: s l t i or. fr o�.; t L '. CL,;_ ( I )  
a - o rb i t a l s t o t h e  l l ran d ' s e�p ty 

3 - ( 2 -l: �TEYI TJ-ii C FEENYJ n: Il� ( )  C�_l:F E C� 

* . 1 6 1 TI- orr L t a J  S . 

In r c tt t L e  s cl i d  s t a t e  e.n d  i n  s ol �,.; t i on ,  the Cur
2+ 

c t r o� op h o r e  a p p e a r s  t o  t av e a fl a t t en e d  t e t rat e d ra l  

1 86 

s t rLJ_ c t ure s i r: i l a r t c  t !  2. t  o f  t � e  bi s O:-alkyl s-?.J i cyl al d i rr i n a t o )-

c opr er ( I I )  c or:-rl ex e s , wL c1· e tr.a t sur 3 t l t ,J en t  i s  i s or r cpyl 

1 56 or t-bu ty l , e. n d  t h e  c c:-:- p l e x e s  o f  r c J a t ec s�,.;1:- s t i t l ' t e d  

'1r • 
l

' ,'l 1 6 2 , 1 63 c arr.p 1. or q ul n on e l [a�u s . TI: e b l u e- s h i ft o f  tL e 

l i gan d fi e l d  �ax i �a in a c e t on e  ( Tabl e 3 2  ) s ug f e s t s  t � a t  the 

c o�pl ex i s  l e s s  d i s t or t e d  t c� a r d s a t e t rah e e r a l  f e orr e try 

than i t  i s  i n  tt e s ol i d s t a t e ,  a s  ob s e rv e d  fer t he 

C u ( tbrr. q ) X 2 ( X = C l
-

, Er- ) c cT p l ex e s  t t a t  � e r e  � i s c u s s e d  

ab ov e . 

In a c e t on e a-:1 d  d i c h l or orr. e t han e ,  t ti o e tL er binding  

i s  apr ar en t , bu t thi s r ec i on ( ea 3S C n� ) i s  p o o rl y  

r e s olv ed in tte refl ec tan c e  sp ec trum . 

6 .  2 El E C T R C N  SI I!Y  R E S C��A;� CS SFEC 'IRA 

The g and A rara� et er s  for th e s e  c ompl exe s  are 

r re s en t e d  i n  Tab l e 3 3a . A l l  o f  tt e sr e c tra � ere  r e c or d ed 

a t  7 7K . 

i )  g_- ( 3..t. 3-D H: ETrYl- 2 - TP. IA J3l' TYI ) C:;ll Il� C J  IK E C G' I J . EXES 

A c e t one : The sp ec tra o f  Cu ( tbm q ) C l 2 ( g 11 = 2 . 4 1 2 ,  g1 = 2 . 1 C 2 ;  

I A 1 1 1 = 1 4 3  x 1 C-4 cm- 1 ) and Cu ( tbmq ) Pr2 ( g ll ._ 2 . 4 1 2 , gl = 

2 . 1 1 6 ; I A 11 1 -.. 1 35 x 1 G-4 crn�1 ) are c on si s t en t  v:i th the 

c omp l ex e s  having fla t t en ed t etrahedral s truc ture s . The 

r el ativel y hi t:h g 11 values sugge s t  that the C u ( I I ) -li gand 

b on d i n £ i n  these  c ompl exes  i s  l e ss  c oval ent 60 tr;an in other 

d i  s t arted  t etrahedral sy st em s  ( Tabl e 3 3b and t hi s rr- ay b e  

a r e sul t of  st eri c e ffec t s  imp os ed by the l i gand . 



TA El E 33a 
ESR SPEC TRA, tbmo A !'i D  L C C:.' PlEXES 

c or:rux SOLVEN T  g ll 1 0�11�11_L�III _ _gl 
C u (  tbm q ) Cl 2 A c e t on e  2 . 4 1 2 1 4 3 1 69 

CHC1 3 2 . 264 1 64 1 3 8  

t CH2 c1 2 
C u (  tbrr: q ) Br2 A c e t on e  §2 . 4 1  c a 1 3 5  1 7 9 

CHC1 3 ca2 . 4 0  £.?,1 44 1 69 

Cui. ( Cl 04 ) 2 . a c . A c e t on e  a )  2 . 4 1 2 1 4 1 1 7 1 
b )  2 . 3 5 2 1 57 1 5 0 

+ TEOF a )  2 . 4 1 4  1 35 1 7 9 
b )  �2 . 3 5 £.?,1 5 9  c a 1 4 8  

$ CH3N o2 a )  2 .  3 8 1  1 3 3  1 7 9 

b )  2 .  34 2 1 4 2  1 6 5 

$ CH2 c 1 2 a )  2 . 4 2 6 1 2 0 2 0 2  
b )  �2 . 0 1  ca94 

$ 1: e OH 2 . 4 27 1 24 

N OTES : t i n ot r opi c sp e c t rum ; ( gi s o  = 2 . 1 4 0 ) , 

$ t h e s e  s ol u t i ons c ontained tri ethy l or t h o forma t e  

- all sp e c t r a  

- uni t s  o f A ll 
- uni t s  o f g U 

r e c orded 

and A1 

a t  7 7K , 
- 1  a r e  cm , 

; I A11 1  are cm . 

TABl E 33b 

2 . 1 08 

2 . 1 4 0 

2 . 1 1  6 

2 . 1 1 5  

2 . 1 94 

2 . 09 5 

( TEOF ) , 

ESR SFEC'I R..A. ..__ D I S 'IC!- Tf.� Cu ( I  Il_ C C'l:FJ.-:::XES 

1 04 I AJ.I_ 

8 2  

C O'PI.EX fll 1 o4 1A 11 I__E 11 LJ_t,11 1  g1 __ R?.FERE1·: C E  

C u ( N- t-buty l - sal ) 2 2 . 2 70 1 4 5  1 57 2 . C68 6 1  

C u ( N-s-butyl- sal ) 2 2 . 2 5 3 1 5 6 1 4 4 2 . C 5 5  6 1  

CuL1 c1 2 2 .  3C 3 1 27 1 8 1 2 . 08 5 162 

C uL 1 ( BF4 ) 2 2 . 2 9 9 1 39 1 65 2 . 07 3 162 

C u ( dmaep ) C l 2 2 .  3C 5 98 2 3 5 2 . 1 1 8  39 
2 . 0 57 

C u ( drr:aep ) Br2 2 . 37 1  5 9  4 C. 2  2 .  1 1  6 39 

C u ( spar t e i n e ) Cl 2 2 . 2 9 9 85 270 2 . 07 5  1 5 7  

C u ( thi oac e ta�i d e ) 4 
2+ 2 . 1 5 2 8 7  2 4 7  1 64  

C u : tmtd 2 . 1 2 5 9 3  2 2 8  2 . 0 2 1  165 
2 . 0 5 1  

C u ( SPR2NPR2 s ) 2 2 .  1 07 1 1 9  1 77 2 .  (; 30 1 66 

N C·TES : - Cu : tm td Cu( I I )  d op e d  t e trar.: e thy l t Li ouramdi sulphi d e  

uni t s  o f  I A 11 1 and g 11 I 1 1'. 111 - 1  and - are err. . cm . r e sp . 

1 8 7  



The rat i o e:- 1 1 / I A 11 1  ha s "b e en sue:c e s t e d by A d d i s on an d 

r k 1--. • 60 ...; a a gu c11 l , t o t e  a p c s si tJ e ��i d e  i n  e s tima tinG th e 

d ee: r e e  o f  d i s t orti on t ov. ard s a t e t raL edral g e om etry in  

four- c o ord i n a t e  Cu ( I I ) c omp l ex e s . ?or exarrrl e , tte  

d i s t o r t e d  t e t rqted ral c o�pl ex e s  C� ( e�a ep ) Cl l9 an d 

ra t i o s  of  2 3 6 cm ann 

2 7 C  ern r e sp e c t i v e l y , wti l e  for s o uare  p la�ar c crr r l e x e s , tte  
ra t i o l i e s  in  tr. e  ra:: [ e  fr orr al' o t; t 1 C 5  t o  1 3 5 c rr. .60 

T L e  ra ti o s  for C u ( tbmq ) C l 2 ( 1 6S err. ) ar:d  Cu ( tt: q ) Er2 ( 1 7 � cm ) 

l i e a t  v a J u e s  tha t a r e  c on si s t en t  �i th t t e c crr r l ex e s  t e i � f  

fl at t en e d  t e t rah edra . 

Chl or oform : The su e c t ra ( Tahl e 3 3a )  i n d i ca t e  tta t  the  

c orr.r l ex e s  a r e  l e s s  d i s t or t ed t ov:arc s t e traLed r?. l  e: e or.J etri e s  

i n  tl 1i s s olv en t , the  g 1 1 / I A 1 1 1 rc. t i o s  t einf 1 38 cm ( X=Cl- ) 

and 1 69 cm ( X=Br- ) . 

i i )  J= ( 2 -i.' �TP.Yl�E I C·FH'S1�YI IJ·: p; c) C:S].::_E_�CP. C C! ' T J ��ES 

A c e t on e : T�o sp eci e s  are  pr e s en t  i n  t h e  gl a s s e s of t h e  

Cul ( C l C4 ) 2 c or.:pl ex e s . A t  l ea st on e o f  t:t e s e  sp eci e s  

c on tain s  c o ordina t e d  water  and thi s i s  d em onstra t e d  by i t s  

a l m o s t  c omrl e t e  d i sapp earan c e  ( Fi fure 32  ) in  th e r r e s en c e  

o f  t t e  d ryinf reagen t , tri e thyl orthoforma t e  ( TECF ) . The g 

and  I A 1 1 1 values  o f  bo th sp e c i e s  ar e c on s i s t ent wi th th em 

having fla t t ened t e trahed ral ge ometri e s , simil ar t o  th o s e  

1 1 

1 8 8 

tta t  hav e b e en p r op o s e d  fer  other Cu( I I ) c ompl e x e s  ( Tabl e 3 2b )  
o f  thi s typ e 

•162 

N i t r om ethan e :  Two di s t o r t e d  t etrahedral sp e ci e s  a r e  ob s erv e d  

a s  i n  a c e t on e , exc ep t  that t h e  p r e s en c e  o f  TECF has n o  

e ff e c t  o n  thei r r e l a t i v e  c on c entra ti on s . Thi s sugg e s t s  tha t  

on e o f  the  c ompl ex e s  c ontai n s  c o ordina t ed CH3No2 , p erhap s 

b eing  a [cuL ( CH3No2 )]
2
+ sp e c i e s . 



2 800 I 
911 = 2 ° 4 1 2  

r - , - - - - · · - , - - - - - - - - - , ' 
' ' : :  0 � 

� -0 � : ___./ I '-----" ' 1 ' 
0 0 0 
I : t 

' ' 
L - - - - - - ·  !. . . .  - - - - - J - - - - - - - - - J 

9 11 = 2 ° 352 

Afte r adding T E O F  

9 11 = 2 ° 4 26 
r - - - - - - - � - - - - - - - ,. - - - - - - - ,  
I t 1 I 
! : I 

' 
:._ - - - - _ l _ - - - _:_ - - - - - � 
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A c e t o n e  

D i c h l o r o m et h a ne 

� ( : : - - - -,- t - - - - -.!.. - - - - - - J 

; 911 = 2 ° 0 1  
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Di chl or orr. e tr:an e :  Ev en i n  t l . e  p r e s en c e  of  'IECP , hv o sp e c i e s  

3re evi d en t  in tLe  sr e c tra ( Fi t: u r e  3 2 ) . The " r ev e r sal " 

1 90 

o f  tt.e sp e c trum a t  h i [t- fi el d ( g � 2 . C C7 , I A I  � 94 x 1 C-4 crn- 1 )  

impl i e s  t t a t  on e of th e sp e ci e s ha s a tri [ cna] b i p y ra�i d al 

s tru c t u r e . C orr:p l exe s su ch a s  [c ui ( C l C·4 ) . P. 2 c] +  or 

[cuJ ( Cl C'4 ) 2 ] rr.ay hav e tti s typ e of st n. ct ur e . 'Th e s e c or. d 

c or p l e x  i n  tt e s e  sp e c t ra pr o�atly  t a s  a d i s t or t e d  t e t r at e d ra l  

s t r  c t u r e . 

r e t Lan o l - T :: CF : Di r e ct evi d en c e  for t L e  in s tari J i ty o f  tt i s  

C u ( I I ) -l i gand sy s t em i n  p ol ar s ol v ent s i s  p r ov i d ed tt. e  e sr 

sp e c trlJm , v. t_i eh i s  i C. en ti cal  t o  tta t o f  Cu ( I I )  i n  r:. et b3.r. o l . 

:Ci s c u s s i on : -------- I t  i s  n o t  v ery cl ear fr o� tt e s e  r e su l t s  a s  t o  

v:ta t t f: e  f our t f: l i [an d i s ,  i n  t.L e  C. i  s t ar t ed t e t rah e d r a l  

sp e c i e s . In  ord er t o  a chi ev e a f our- c o o r d i n a t e  ge om e try , 

the c orr.pl ex e s  o f  th i s  tri d en ta t e  li gan d Lav e a choi c e  o f  

p er chl ora t e  i on s , � a t er o r  s olv ent rr. ol ecul e s  ( i f  a l i ga t i ng 

s ol v e� t i s  u s ed ) , a s  p ot en t i a l  l i gand s . 

6 .  3 IT: FRJ.RED SF�C TRA 

2 -.L�.LJ-DH��T! :Yl- 2 -TE IA�U TYU�r H( CI Ir:S_ C O.' F I EXSS 

i )  Far -In frar ed : A l t r: ou g-t at l ea s t  two V ( Cu - X ) 

ac s orp t i on s  a r e  exp ec t ed for t etrated ral C u ( I I ) c ompl exe s , 
1 67 on ly one c nul d be  a s si gn e d  in ea c t  sp ec trum . For 

Cu( tbm q ) Cl 2 , a V( Cu - Cl )  ab s orpti on i s  a s si gn e d at 2 68 -1  ern 

and for Cu( tbmq ) Br2 , a V( Cu -Br ) ab s orp t i on i s  a s si g-n ed a t  

2 3C cm- 1 • Both  a s si gnment s  are c on si s t en t  wi t:t the  sp ec t ra 

tha t hav e b e en r ep orted  for other d i s t or t e d  tet rah edral 

Cu( I I ) c ompl ex e s  such as  the Cu(  spar t ei n e  ) X2 1 5 7 and 

Cu( i s o spar t ei n e ) Cl 2 96 sy s t ems . 

A sa ti s fa c t ory sp e c trum wa s n o t  obtained for the  

C u ( I )  c omp l ex , Cu( tbrnq ) Br . 



i i ) G en e ra ] In fra r e d : Four ri n c  s t r e t c hi nc m od e s a r e  

n or�a l l y  ob s er·v e d  f or 2 - sut s ti tut ed qui n ol i n e  l i cand s i n  

t h e  re[i  o n  fr om 1 7 00 t o  1 5 0 C  cm - 1  98 but v ery l i tt l e  i s  

kn ov.n ab out t h e  e ffe c t s o f  � e ta l  i on c o ord i n :::. t i on on 

tte s e  abs orp ti on s .98 

g_u ( IILand  C u ( I )  C o!'!n l ex e s : Th e sp e c t ra ( Tacl e  34 a ) sr. O\'i 

tta t t t e r e  i s  gen eral ly  l i t tl e chan g e  in t t e ri � e  s tr e t c h-

( - 1  ) ing  fr e q u en c i e s  1 7 C C - 1 5 C C  c� o f  t b rr q  up on c orpl ex a t i cn . 

Cn l y  t h r e e  ab s orpti on s are  ob s erv ed . 

TABl E 34a  

E� FRA HED SF:.:C THA - t rr. c  C C.:PLSXES ( 1 7 C C - 1  500 cm:2_l 

1 9 1  

C Ci. FlEX SPECrt?.U.� ( - 1 r · 1 c m �U J O  T.'ul l )  
tbmq 1 6 1 3 ( w ) , 1 6 0 1  ( s )  ' 1 5 6 C ( m )  

Cu ( tb� q ) Cl 2 1 6 1 9 ( w ) , 1 6C 4 ( m ) , 1 5 6 5 ( w ) 

Cu(  tbr., q ) Br 2 1 6 1 0 ( w ) , 1 6C 2 ( m ) , 1 5 6 3 ( w ) 

Cu( tbm q ) 2 c 1  0 4 1 6 1 5 ( m ) , 1 5 S4 ( s ) , 1 5 6C ( m ) 

Cu ( tbm q ) Br 1 6 20 ( m ) ,  1 6 C 1 ( s ) ,  1 5 6 2 ( m )  

Cu ( tbm q H ) Er2 1 6 1 7 ( w ) , 1 5 9 7 ( s ) , 1 5 6C ( w )  [al s o  1 64 G ( w )] 

i i i ) Cu(  I) C omp l ex e s ,  G en eral I n frar ed : The v3 m o d e  o f  

the  p erchl ora t e  ani on i n  t h e  sp e c trum o f  Cu( tbm q ) 2 C l 04 , i s  

qui t e  sharp ( 1 08 4  cm- 1 ) and thi s show s  the. t the ani on i s  

n ot c oordina t ed ( se e  Chap t er 2 ) . 

In c on t r a s t  t o  [cu(  tbmpH ) Cl 2 ] 2 and [cu ( tbmp P. ) Br 2] 2 

( s e e  ChaT ter  2 ) , the sp e c tra o f  Cu( tbmqH ) Br2 i n  K u j ol  �ul l s 

d o  n ot sh ow any br oad abs orp ti on s  tha t can be  r eadi ly 

a s s i gn ed as V ( N+- H ) m od e s . 

3-( 2-J,;ETHYLTHI OPHENYLIJ\: IN O) CAXPEOH C Ol\:PlEXES 

The hygr o s c opi c Cu ( I I ) c omp l e x e s  have alm o s t  i d en ti c al 



i n fra r e d  sp e c t re1 ( H u j ol Lull s ) , b o t h s h ov: i n f  br oad V( OP: ) 

ab s o rp t i on s . 

'I'A BlE 34 b 

.C or.m l ex v ( C = 0) � I cm -1 v( C=N)<$ v 3( C l 04) V 1 ( C l 04l 

Li gand 1 74 3 ( s )  1 67 2 ( m s )  

CuL ( C l 04 ) 2 . a c e t on e . 2H2 0 1 7 0 2 ( m )  1 6 3 3 ( m )  1 1 00 ( vs ) , 1 05 2 ( vs )  

Cul ( Cl 04 ) 2 . a c e t on e  1 7 0 1  ( m )  1 6 2 7 ( m ) ' 1 1 0 6 ( vs ) , 1 C7 1 ( vs )  

� J.. s s i [nm cnts  a r e  i n  a c r e err. en t  \':i. t : . � e f e r en c e  1 6 8  • 

Tt e V( C = O )  at s o rr t i on ,  wh i c h a l s o  ha s a t i e t e r  

fr e qu en c y  sh o ul d e r , wi l l  a l s o  hav e a n  a c e t o� e V ( C = O ) 

a b s o rp ti o n  c o7p on e n t  a s  thi s i s  exr e c t e d t c  b e  in t h e  

. • 1 5 1  sar:: e r e [l cn , d ep en d i n g  on hy d r o g en b on d ing and o t h er 

i n t e r fe r en c e  e f f e c t s . The r e l a t i v e  sharp n e s s  c f  the 

9 28 ( w) 
9 3 6 ( w )  

2,1:: s o rp t i on i n t h e s e  sp e c t r a  sug e:: e s t s t. t a t  tl: e �:e t on e  oxy g en 

o f  t :t e  l i gan d may b e  b ound t o  C u (  I I ) . 

Unar.�b i g u o u s  sl� f t s i n  t h e  "V ( C =l\ ) ab s orp ti on a r e  

app a r en t  a n d  thi s i s  g o o d  evi d en c e f o r  t h e  i nv ol v em en t o f  

t h e  i m i n e ni t r o g en i n  t h e  C u ( I I ) c o o r d i na t i on sphe r e . 

T h e  p e r chl ora t e  v3 m od e s  a r e  b r oa d  and weakly sp l i t 

an d t h e  app earan c e o f  t t e  -v1 m c d e  i mp l i e s  tha t a t  l ea s t  

o n e  o f  t h e  p er c hl o ra t e  ani on s i n  e a c h  c omp l ex may b e  

weakly b ound . 

6 . 4 PARATv: A G KE T I C 1 
H nmr liNE BR OADEN ING EXPER IKEN T 

C u( I I ) i n t e ra c t i on s  wi t h  3 - (  2-m e thyl thi oph enyl i mi n o)

c amph or 

W h en C u ( I I )  i s  a d d e d  to a CDC1 3 s ol u t i on of th e 

l i gan d , t h e  -S� e r e s onan c e ab s orp ti on i s  s i gni fi c an tl y  

b r oad en e d  ( Fi gur e 3 3  ) a� d thi s i s  g o od evi d enc e f o r  t h e  

1 9 2 
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exi s t en c e  o f  Cu( I I ) -t hi oe tl-J e r  i n t era c ti on s  un <l e r t.f: c s e  

hy d r op h obi c c ond i ti ons . 

- S Me 

I '  
I '  
' 1 1 , ,  

�� 
� p pm 

T M S  

I ! � !  / 1  
l_J� 

I 

I 
I I 1 1 i !  
. ; I 

FlGtB_�_l} 
i ll � - -· · .L · f C ( I I )  .L I !1 r"-''T,r - ."'.. C: G. l  c l OD 0 U L- 0  - -- ------ ----------

i n  a � s en c e  o f  Cu ( I I )  

i n  pre s e� c e  o f  Cu ( I I ) 

[ 8  0 -4 - 1 ] " -'  x 1 0  m ol . l . 



S"'.l'l'� �' ! :  SSES 

F or the syn t he s i s of the tbm G c omrl ex e s , the c en eral 

rr. e tLod i s  d e s c r i b e d  el s ewh e r e  i n  t :r�i s tLesi s ( s e e  A r p en r-: i c e s ) . 

:Q.i cbl oro [2 - (  3 ,  3-d irr  e th:vl - 2- th i� bu t�l ) o uiJlQli��J c orp er ( I  I )  

I n  an a t t e�p t t o  sy n tt e si z e Cu ( tt� q ) 2 cl 2 , 1 �� ol e 

o f  CuCJ 2 . 2H2 o ( 0 . 1 7 C g . ) �a s ad d e d t o  2 rr� ol e o f  l i gand 

t c  e � v e a b r or. n-[ r e en s ol u t i on . '1' :-; e 1 i r� t l: r C'::n c orr;pl ex 

tLat  p r e c i p i ta t e d  f r or. t !:i s  s o l u t i c Yl ;:_::..v e  an?.ly s e s  

c orre sp onding t o  Cu ( tbm q ) Cl 2 • 

Y I ElD : 0 . 1 7 5 f!_ . ( 4 E � )  

DiQ�Q�Q [2- ( 3, 3-dir e�l-2- thi ab�lovi�Qlin�J c orr ertiil 

Th e r e  wa s n o  c�a� g e  i n  the s ol uti on o f  1 cm ol e o f  

C uBr 2 ( C . 2 2 3  g . ) a s  t � e  l i [and ( 1  mr o l e , 0 . 2 3 1  g . ) wa s 

a d d ed . �ten a l l  o f  the li gan d had b e en ad d ed a bla ck 

precipi tat e  apr eared . Th e mi x ture wa s l e ft t o  s tand f o r  

about 3C rei nut e s  and then i t  wa s fi l t e r ed . 

YIElD : 0 . 1 7 6 g . ( 39 % )  

B r om o  [2-i_.:h_ 3- d im e thyl - 2- thi abuty;UQui n ol �n e] c op-e er ill 
1 mm ol e o f  l i gand ( 0 . 2 3 1 g . ) wa s s l o�ly add ed t o  

rrm ol e o f  anhy d r ou s  C uBr ( C . 1 4 3 E . ) ,  that had b e en 

d i s s ol v e d  i n  th e p r e s enc e o f  exc e s s  l i Er . Tti s r e s�l t ed i n  

t h e  d ep o si ti on o f  y el l ow c ry s ta l s . 
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Y I ElD : 0 . 1 94 g . ( 5 2%)  

�i s [2-i�-d im e thyl - 2- thi abutyl )ouin ol ineJ c opper ( I )p e r ch l ora t e  

T h e  addi t i on o f  1 w� ol e o f  Cu( C l 04 ) 2 . 6H2 o ( 0 . 3 7 0  g . ) 

t o  2 mm o l e o f  l i gand ( C . 4 6 2  g . ) gav e a gr e en s ol ut i on 

whi c h  gradual l y  turned br own whi l e  i t  wa s being fi l t er e d . 

The s ol u t i on wa s c on c entra t e d  i n  va cuo and c o ol ed t o  g i v e  

a br own-b l a ck oi l . Thi s wa s s ol i di fi ed ( br ovm s ol i d )  



by p r o l on g ed 11 s e ra t c ri n c. 11 \'. i t h  a sp a t. u l  a . C J  urrp s o f  

c r ov.n i sh c r,y s tal s v; e r e  c:r ov:n fr o rr a n  A c s . E t C H  s o l u t i on 

o f  th e br oRn s ol i d . 

-:; C' IE : T h e  ra t e  o f  r ed u c t i on o f  t h e  rr e en s ol u t i on c e}:' e d s  

on t t e  age o f  the  l i g3 nd . I f  fr e s t l y  r r e c i r i ta t e d  l i gan d 

i s  u s e d , t l· e [reen s o J. u t i o n  wi l l  p e r s i s t  f o r  s ev e r a l  r_ ou r s . 

A t t emp t s  � e r e  m a d e t o  i s ol a t e  t � e pur e C u ( I I )  c omp l e x , b u t  

t t e  gr e e n s o l i d s  t l. a t  Yl er e  ob tai ::1ed , ·.·; e r e  i r.:} ur e . 

]�orr. o [2 -D�=d i 17.�l - 2 - t hi ab ut ;vl ) c ui n ol i n e  tyQ.rob�QIT i d e] 
c or,n e r (  I L 

Eyp orf: o sp h o r o u s  a c i d ( e a 5 drop s )  wa s a d d e d  to  

mm ol e o f  C u ( tt� q ) E r 2  s u sp en d e d  i n  �arm � e t tan ol . � � e n  

the d i s s ol ut i on of t t e Cu ( I I ) c o� p l ex wa s c o�r l e t e , a 

y e l l o� - e o l d  c omp l ex p r e c i p i t a t e d  out . Tti s �a s fi l t e r e d  

a n d  wa s L e d  v. i t h  l,: eoH . 

YIElD : C . C9 4  g . ( 2 5 % )  

C orr, n l  e x e s  of 3 - (  2-meth:yl thi ophen....- l imino) c :m.n h or 

Two Cu ( I I )  c omp l ex e s  � e r e  i s ol a t e d  fr om a c e t on e  

u s i n£ C u ( C l 04 ) 2 . 6E2 0 as  t h e  C u ( I I )  s ou r c e . H o w ev er , i f  

C u C 1 2 . 2 E 2 0 i s  used ( in Abs . E t OH )  hy d r ol y s i s o f t h e  l i ga n d  

o c c ur s . 

Sv n th e s e s : An ac e t one s oluti on ( pl us TEOF ) of C u ( C l 04 ) 2 . 6H2 0 

( 1 . 5  mm ol e ,  0 . 5 5 6  g . ) was a d d e d  whi l e  fi l t eri n[ , t o  a 

fi l t er ed a c e t one  s ol ut i on o f  the l i gand . The s olv e n t  wa s 

removed  ( in va c u o ) from th e black s oluti on t o  l eave a 

black oi l . The solidi fi cati on of  the oi l wa s i nduc ed by 

thorou§:.hly drying i t  in  vacuo and then adding dry e th er 

and w orking the resi due wi th a sp atul a . A dark gre en 

hygr o s c opi c s o l id  [ cui. ( C l 04 ) 2 . a c e t one . 2H2 o ] was i s olat ed 
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i n  thi s v.ay . I f  'l E D' i s  ad d ed t o  th ·_ e tLer , a d ark er , 

a J m os t  b r own hy [r o s c opi c s o l i d  [ cuL ( Cl 04 ) 2 . ac et on e ] i s . 

i s ola t ed . E o t h  c ompl ex e s  r ev er t  t o  t�e  oil  i f  th ey are  

wa shed w i th a c e t on e . 

Y I ElB S : Cul ( Cl 04 ) 2 . a c e t on e . 2H2 0 

Cul ( Cl 04 ) 2 . a c e t cne 

C . 2 1 9 g . 
c� . C 6 C  g . 
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c or:pr :r;x CCI OUR 

Cu ( tbmq ) Cl 2 l . brown 

Cu ( tbm q ) Br2 black 

<J> Cu (  tbm q ) Br y e l l ow 

Cu ( tbmqH ) Br2 gol d  

Cu ( tbmq )  2 c 1o4 or . /brown 

CuL ( Cl 04 ) 2 .Ac . 2H2 o d . ere en 

Cul ( Cl 0 4 ) 2 . A c . br. /e;reen 

�r . r ;oc 

1 1  0- 1 1 2 

9 9- 1 ( 1  

1 98-2CC 

98 -9 9  

N OTES : - molar c onduc t ivi ti e s  at  2 5 °C 

�nArT =_.12 
l' ISCF.J J A?'T"Z\ ( :-3  fT 'Y� I C /\ J  D!\ TA 

ANAl YSES : CaJ c . ( F<'und )/% 
C H 1; Oth e r  

4 5 . 97 �- . 6[? 3 .  8 3 C l , 1 S· . 38 

( 4 6 . C 2 ) ( � . 6 1 ) ( 4 . C 2 ) ( 1 �' . 1 C ) 
3 6 . 98 3 . 7 7  3 . c2  Br , 3 5 . 1 5 

( 37 . 1 2 ) ( 3 . 7l ) ( 3 . 3 5 ) ( 3 5 . 4 4 ) 

4 4 . 8 6  11-. 5 7 3 . 71 
( 4 4 . 5 2 ) ( 4 . 4 1 ) ( 3 . 8 2 ) 

3 6 . e g  3 . 67 3 . 2 1 
( 3 6 . 9C )  ( 3 . 98 ) ( 3 . 07 ) 

5 3 . 7 5 5 . 4 e 4 . 4 8  
( 5 3 . 38 ) ( 5 . 67 ) ( 4 . 51 ) 

37 . 3C 4 . 8 5  2 . 1 8 
( 37 . 2 C ) ( 4 . 5 6 ) ( 2 . 2 S )  

3S' . 5 1  4 . 4 2 2 . 3 C  
\ 3� . 2 2 ) ( 4 . 57 )  ( 2 . 4 4 ) 

�!i t r orn e t1nn e 1 : 1 ( 7 C -S· C ) 

r ct lJan ol ( 1 C C - 1 3C )  
Nl tr ob en z en c  ( 2 C - 3C ) 

- 1 = l i ch t ; or . = orance :  d = dark ; hr . = brown ; A c . = a c e t on e . 

--. - - · ,..., n - ,..., v · - � - - i 2 �..; (' Tl1 C � ..�... I 1.. �I_Lon�rn o:!::...!..� 
CI� �; \ T: c r'IT 3--2---------

2 64 

I 1 7 5  

P 1  f 5 

�I; c  2 : 2 7  

<J> in  chl oroform , aprarcn t J. ' . \' . . = 66C f . Cc:l J c . for rr 0n om c r  n.n d  d l m c r , 37 5 r .  �n c1 7 fJ C  f . r e s r . 
� 

'<) 
"'-J 



QHAPTER 7 

.fl�TI�1_-r__li__£l_ArD F :\ I .I  AD H1·." ( I I )  C C. IT ;::X ES 

OF 

A!�D A FJ ATI? Jll. ( I I)_�C. " F l EX 

CF 

· · - � - Yl '1· �-� I CI --::� - T .�� �! l. c::. c:--�:� ���  - �  . - - � - - - - - - - - - - - - - -- - - - - -

A l t h ough e t :-_y l t :b..i o_ er: t a fl u.or oc e n z en e  ( c 6F 5 s .s t ) 

f o rrr s t�--e v e ry un s t a b l e c orr:r:; l ex e s  t�: ( c c ) 5 c 6 F 5 s :s t  ( r = C r , \': )  

( s e e  S e c t i o n  ( I I ) , 1 , 2 -bi s ( p en t a fl u o r op t eny l t t i o ) e t tan e 

( fp t e )  i s  q ui t e  unr ea c t i v e  t o\'.'a rd s t .r.. e G r oup -u :: :-: e tal 

c a rb ony l s , C u ( I I )  a n d  N i ( I I ) . The r e a c t i on s o f  t h e s e  

J i can e s  � i t h  F t ( I I )  a n d  I d ( I I )  w e r e  t h u s i �v e s t i ca t e d 

and a s  a c on s e qu en c e ,  th e C O!r.p l ex e s  C i .:2_-J',' C l 2 fp t e  o,· =r t ( I I ) , 

F d ( I I ) ) an d _!ran s -F t C l 2 ( c 6 F 5 S E t ) 2  tav e t e en c Lara c t e r i z e d  

b y  fa r- i n f ra r e d  and el e c t r on i c sp e c t r o s c op y . 

Th e r e  hav e b e en a t  l e a s t thr e e  r e c e� t  inve s t i [a t i on s  

o n  r e l a t e d  l i gand s wh e r e  hi gtl y  e l e c t r on e ga t i v e  p er fl u or o -

a l k y l  o r  p e r fl u o r o a ry l  sub s t i t u en t s  ar e a d � a c en t  t o  t .b.. e  

s ul p hur d on or ( s ) . A s  a r e su l t , c ry s ta l l o [ rapti c a n d / o r 

nrr r d a t a  i s  avai l at l e  for F t ( I I )  c orrp l e x e s  o f  t h e  

t f l  t o · h l t . 1 69 , 1 70 p en a u o r o  ll l op en o a e an l on and th e l i gan d s 

CF  3s cH2cH2SCF 3 , 11: eSCF 2 cH 2 SK e  and CF 3s cm.' e C H 2 S C F  3 :7 1  

Th e e l e c t r on i c a n d  far - i n fr a r e d  sp e c t ral p r o p e r t i e s  ( �h e r e  

ar p r op r i a t e )  o f  t h e s e  c omp ound s ,  hav e n o t  b e en i nv e s t i ga t e d . 
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7 . 1  FAR - I : FRAREL SPEC T R A  

i ) ci s -t. C l 2f£ t e _jy =I.!il.f..L r d .l I I l 

Th e sp e c t ra o f  f t Cl 2 fp t e  and F d C l 2 fp t e  are  o u i t e  

s iF i l a r  ( Fi eu r e  34 ) ex c ep t  for tte  s t r ong , t en ta t i v ely 

a s s i gn e d , V ( � -- Cl )  a� s orp t i on i n  ea ch sr e c tr�m ( watl e 3 6  ) . 

In th e at s en c e  o f  tte sp e c t ra for  t t e  anal o[ ou s  � P r � fp t e  
t::. 

c crr.p l ex e s , tLe s e c cnd -v ( I.: -- Cl) "c and t L a t  i s  exr c c t ed 

1 7 2 f o r  e c c h  sr e c t rum , ha s n o t  b e e� i c en t i fi e c . 

i i ) !ra��-F!fl2 ��6�5 S E!.l2 

Th e a s s i e:nrr. e n t  o f  a £i s s t ruc ture  t o  F t Cl 2 ( c 6F5 SEt ) 2 
can b e  rul e d  out on tte ta s i s o f  th e d i s sirri l ari ty t e t� e en 

t}·. e  r t-- C l  s t r e t c h i n[ fr e � u en ci e s  o f  t l: i  s c cJ:.f l c:x  and 

f t C l
2

fp t e . J i e:an d s of  s l rr i J e. r  d cr.. o r  a 'r· i:l i t i e s  · : r e  

e x:_r: e c t e d , e n  th e ra si s o f  t::-. e !_ran s - e fi.'e c t  ,1 7 2  t o  fi v e  

r i s e  t o  si r·i l ar V(I.�--X ) fr e o u en ci e s  f o r  t h e i r  £i s-r::x: 2r 2 

c orr p l ex e s . 

In 'Iabl e 3 6  , the "V ( t:- C l ) data f or the c i s an d 

!_ran s  c orr.r l ex e s  ar e c orr:par ed  v. i th the da ta  for o tter 

t l Li o e tL er - f ( l i) ( J,r =P t , f d) c orr.n l ex e s . 

TAEI.E 36 

ci s-CC?.'FlEXES -v Ot-Cl ) REF . trans-COJal :SXES v{Pt-Cl2 REF . 

P tC1 2 ( M e 2 s ) 2 34 2 , 3 30 1 73 P t C 1 2 (1: e2 s )  2 344 1 73 
P t C l 2 ( Et 2 s ) 2 330 , 3 1 8 1 72 P t C 1 2 ( Et 2s ) 2 34 3 1 75 
P t C l 2 ( PhSC 3H6SPh) 31 7 , 3 1 2 1 74 P t C 1 2 ( dpd ) 34 6 1 76 
P tC1 2 fp t e  329 Thi s W ork P t C 1 2 ( c 6F

5 SEt ) 2 34 2 Thi s W ork 

PdC1 2 ( PhSC2E4 SFh) 277 1 74 P tC 1 2 ( prr.s ) 2 34 1 1 77 
P d C 12 ( PhSC 3H6 SPh ) 2 7 8 ' 2 6 2  1 74 
P d C 1 2 fp t e  3 0 6  Thi s v: ork 

N OTES : - d p d  = 1 , 1 2 -bi s ( phenylthi o ) d od ecane 
--

- pm s = pheny l m e thyl sul phi d e  

- -v ( M-Cl ) fr e qu enci e s  a r e  in cm- 1  

1 99 
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?:.r - I �  Sr e c t .ra - c i  s -� · C L. , fn t e  C o� n J  e x e s  -- --- -- -- - -------- c_ ---- - - - ·--

i 
306 

100 200 300 

t h e  "V (T-.:-Cl ) ab s c r: t i on s  a r e  s �-:. own . 

2 0 0  



L I S C r S S I CR 

s t r e t c l: i n [  fr e qu e:r. c i e s for F t Cl 2 fp t e  an d fd C J 2 fr t e , 

v. t en t t ey 3. r e  c or.1r2red  .,., i t h  tr. e  anal orous c CP.'p l cx e s  o f  

t h e  f h S ( CH2 ) nSFh l i gan � s  ( n= 2 , 3 ) , i s  c on s i s t en t  � i t h the 

[ en e r a l  ot s e rva t i on t t a t a s  l i €an d e l ec t r on ega t i v i t i e s 

i n c r ea s e , t L e  I.: - C l  s tr e t c L i n[ fr e o v. e:r. c i e s  al s o  i :r. c r ea s e .
1 7 2  

'Ite c e. u s e o f  t t i s e f f e c t  i s  d i s c u s s e d i n  7 . 4 .  

n o t ed tr:a t 

� ( r t-X ) r eP'a i n s r 0 J a t i v e l y  c on s t a n t c orr � e. r e d  t o  the 

v a r i a t i c- n s U:3.t are co s e rv e d  f o r  t h e  c orre s; ondi n[ £i s 

i n c C'n s i s t en t  v:i tt  tri s c orr:p J ex !:3.v i n f  a _ir�:r. s s t rv c t u r e . 

F ig u re 35 

7 . 2 El 'E C IJ R C}a C SPEC TRA 

Proposed t ra n s - structure . 

The out st andin[ f ea t u r e s  i n  the el e c t r oni c sp e c tra 

( 34 C -74 C run) of b o th the £i s c 6F5 s cH2 CH2 s c 6 F5 and .!_ran s 

c 6 F5 SEt c omp l ex e s ,  a r e  the r e d - shi ft s o f  the l i gand fi eld  

maxima ( Tab l e 37 ) . The s e  s hi f t s  i ffiply t h a t  the  n e t  

l i gand fi e l d  s t r engths a t  F t ( I I ) and F d ( I I ) ar e l o� er than 

t h . th 1 '  d 1 78 - 1 8 1 
i n  t h e  c omp l ex e s  o f  th e o t h e r  l O e e r  l gan s .  

The � e s t  p r obabl e expl aDa t i on for t h e  l ower 

l i gand fi e J d s t r en g t h s  of  fp t e  and c 6 F5 SEt , i s  the  

i nd u c ti v e  e l e c tr on ega t i v i ty e f f e c t  o f  the  p entafl u c r ophenyl 

sub s t i t u en t s  on the su l phur d on or a t om s  ( s e e  7 . 4 ) .  K ol e cul ar 

m od el s t udi e s  t end to rul e out the p o s si bi l i ty ttat s t eri c 

20 1 



T !\. T'I_ ]i_TI 
�I_ECTR C. ?� I C  �r ;�C!�Pt ( Il.)_AY�- :::' d ( .J..fL c rr·.: :d :;x:�s 

. c o� ' f l E?EC' d d1 8
2 0 0J I/ '"''1\T T n � p, , - , ,.... .. c�- t c r· T'r ·· · y · • r A l' " ( ' ' - - ,., · - r·' 1' 

C l S- • J 'I A 0 � 2 2 0 1 111\ r t :. ' .Gh .GJ': .G ro.n ;; - \ r .I . : ·,.1\ �jv Jl. . · . ) . •  : .• . 1 \ • .  
----------xy -- x - y 

P t c 1 2  ( dm e d t ) 3 6 5 m: s o  1 8  3 .r t c 1 2  ( d r d ) 3 2 5 , 3 5 1  

2 S 4 , 3 5 7 

P t Cl 2 ( dnxd t ) 37 2 

P t C l
2

( d b e d t ) 37 5 

r t c 1 2  ( fp t e ) 3 9 7 ( 2 2 3 )  
3 98 

P d C 1 2 ( d m ed t )  38 8  

P d C1 2 ( dmmn t ) 38 ? 

F d C l 2 ( dnxd t ) J9 2 

.Pd C 1 2 \ SN ) 3 S' 2 

P d C 1 2 ( fp t e )  1 2 2 ( 1 C 7 7 ) 

4 1 7 

m� s e  

:ur.: s o  

A c e t on e 

R c fl . 

1\. c e t on e  

A c e t on e 

A c e t on e  

A c e t on e  

A c c t cn e  

P. c fl . 

1 8 3 P t C l 2 ( pm s ) 2  

1 8 3  rtCL. ( C 6F 5 .s E t ) 2 
Thi s w ork 

1 8 3 

1 83 

1 83 

1 84 

� -h.i. s , ... or k 

JT OTES : - al l c o!Jlp l ex e s arc r�� s 2 c 1 2  c hr om o p 1 J Or e s , 

394 , 4 2 7 
ca4 l 5  , .S::2/+ � C 
ca�- 1 7 ,  ca. 5 C  G 

maxima a r c  nm . ;  exti n c t i on c o c .::fi c i cn t. ::--; : � r e in r ' :· � r rm t. L r; s c s , 

s h oul d e r s  a r e  i n d i c a t e d  by p r e fi x  £� ,  

for r t c l 2 ( pm s ) 2 ,  m a x i m 3.  o. s �:;i c n e d  o. s  :3 i nc) et d x� d
z2 - ·y 2 ( 3Sir mn . )  :1.nd 

Trinl e t  d , d ---. d 2 2 ( 4 2 7 nm . ) 1•7 7  J�. s :::; i t �nm cnt c T< r o t a t l Jv ana] \l {· n u :..; f r r  ' X Z  y z  X -y L • 

o t he r  tran s - C O!Jlp l e x e s . 

s o v-:.Ts..' 

CL2 c 1 2  
R e il . 

r: u l l  

Ac e t on e  
;:; e fl . 

r. �?-=r �:T c  z 

1 76 

1 77 

Th.i. s \'. c r1c 

!'V 
0 I'V 



e f f e:: c t s  a}: e r e s r on si l'] c fe r t h e  fl i.. ffe r c::n c c; i n  t : . e  �r c c i r"l . 

7 .  3 L�C�f��L�Q:If:�L-�- -r.:g_;[:2�I_fr_1�_ r rr :t:t.L_.t.c:1! a!!.sl.-�=£::�1� 
Th e [ . V .  r � o t o e 1 e c t r on sr e c t r� � e r e  rr ea s� r e d  f o r  

a t t en:p t t o  ra ti on a J i z e t }� e  an a r er.. t r a s i c L t y r-J i f f e r e:r: c e s  

c e t ':. e en d i t l. i o e t f:er s S l. C J-. a s  (n t t , 1- e t t  ::-� r. d  :r. -'r :;. t b , <=: n d  t }': e 

J i [ 8 n d s t � . a t  are t L e  s u'c � .:; c t  o f  t l  i s  C h1 .::-' t c r . : : o·;. cv e r , t l  e 

a s  i t  a;: r ea r e-d t o  C. a� a c e  tl"; e i n s t rw� en t ' s C. e t e c t or . 

R2.StLTS 

F or tt. i o e t:L er  l i e,ar,d s st..c h  e. s  R 2 s  ( R=I ' e , Et e t c ) , 

tL e l: i t_ �r c s t  o c cu:ri e c  rr ol c c u l a r  orhi t a l  i s  l a r [ ely l o c al i s ec 

t '  l 1,. t - . on � e  s� f l-�r � c� ar.. c 1 s  

1 8 6 � l ::::.r. e 

r c r--r e r. 2. i c l: 1 a r  -'.: c  L . e  :-:- o2. e c l: l :: r 

:: r e  c e T � _ e :: 

t o  f orrr a sy�m e t r i c ( n s ) and an anti sy�� e t r i c c c�t i n � t i c r. . 

7te an t i syrrrr e t ri c c rrer i n � t i on 

i n t e ra c t s  � i t h tl. e aryl n - orti tal  t o  [ i v e  ri s e  t o  If 1  ard 
IP4 ( Ta'r l e  38 ) . IF2 i s  l ar s e : y  d ue t o  th e n c o;r 1 . i nr� t i on s 
and th e o rbi t a l  i s  l o c a l i s ed  on t t e  sul pl ur � t offi s , �1 i l e  

IP 3 i s  d e r i v e d  rr a i n l y  fr om t h e  ary l  n - orri tal . 1 1' 5 ' 

w�i ch h� s m or e  t on d i n[ ctara c t er ttan I F 2 , ari s e s  from t h e  

" ot h e r "  l on e  p a i r  orbi tal o n  e a ct sulpt1-r ( nrr ) .  

fpt e :  Only thr e e  b an d s  w e r e  ob s erv e d  for th i s  

l i gand . The fi r s t ban d  i s  p r ob ably an a l ofous t o  ei t h e r  

1P 1 o r  1F 2 tLa t w e r e  ob s erv e d  f or t t e  ot her tLi o e ther 

l i gan d s . 

* Tte sp e c t ra � e r e  m ea su r e d  and ara l y s e d  by Dr . K i c ta e l  
. , . 

1 8 5  . .  e u:. er . 
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T I G .\ l�D IF 1 IF2 1 !' 3 IT4  1 !' 5  
- -- - · - - - - - - - - - - - - --------- -- - - - - ------------

bm t t  7 . 2 5 2 . 4  3 

b e t t  7 . 7 8  8 . 2 8 

rr; -rr:·: t b s . c s 8 .  34 

p -trr: tb* 7 . S 3  E . E C 

0 
• 1 1 -

9 . C 1  

9 . 6 6 

9 .  � 3 

S· . 79 
1 c .  2 3 

9 . 2 2 

1 C .  7 C  
1 ( . 4 5 

1 c . s s  

1 c . 1 c 
fp t e  s . c 7 S . 7 C ( tr )  1 1  • 6 5  
F C T:S S : * S e e  R e f e r en c e  1 8 7  . --- --

br = e r  cad 

IF2  e. r. d  If5 a r e  e s s er. t i 3 J l y  l on e  r e. i r o r� i ta J s , 

1 o c a l i s e d 0� su l p tur . 

:u r s c r s s r c� : 

I �  c cn s i d e r i r. [  t � t t ar. d t e t t , t t e  i � d � c t i v e e � f e c t s  

' - -"- � 1 8 8  
c. r  .. CJ. � L 2 ::;  

o f  th e s u l r hur l one  rai r el e c tr on s  ( IT 2  a r. d  11 5 )  d e c r e � s e  

i n  g o i n e  fr orr; R =� e  t o  R=E t . � t en c 6F5 S CE2CH 2 s c 6F5 i s  

c or.-.r 3.red  v-:i t L  tL e o tt e r d i tr. i  o e t�_ er 1 i [3n d s i n  'la 1:' 1 e 3 8 , 

t h e  i oni s a t i on p o t er.t i a l s i n d i c a t e  t L a t  tL e r e  a r e  

s i gn i fi can t el e c t r on ega t i v i ty e f f e c t s on t�e en erfy o f  tt . e 

s u l p hur l on e  pa i r orb i ta l s . Thi s i s  s h o " r. by t h e  IP5 d 3 t a , 

� hi c h sugg_ e s t s ttat t h e  l on e  p a i r e l e c t r on s  a r e  rr or e 

t i E h t l y  h e l d than i n  the o t L e r  d i  t l2 i o e th e r l i gan d s  

c on tai ni n g aryl sub s t i tu en t s . S i mi J �r el e c t r on ega tiv i ty 

e f f e c t s  hav e b e en r ep or t ed f o r  tti o e t h e r  l i gand s s u ch a s  

r. an o r  p1; 0 SP1•l n e  _ l gan s s u c 1" a s  ( CH3 ) ( c u_2 Cl ) S  1 8 6  d f ... .._ . l .  d ... 

P F  
1 a9 

3 ' 
th e l a t t er l i gand havi ng a s i gn i fi can t ly r ed u c e d  

a-d on o r  capa c i ty c or.-r ar ed t o  other sub s t i t ut e d  pb o spti n e 

1 .  , 1 89 
l gano s . 

2 0 4  



p o t en t i a J s o f  th e s u l r t u r J cn e  r � i r  e l e c t r on s  o f  fr t e  

( s e e  �t cv e ) , t � e  e f f ._ c t s  o f  t t e  e l e c t r on c p a t i v c  

p en t a fl u o r or t e ny l s u t s t i t u en t s  a r e  a l s o  r e fl e c t e d i n  t t e  

l ow p K  o f  
a 

t hi or:L e r:  ol 

r � n t a fl u o r o t b i o� t en ol ( pK � 2 . GE )  a 

( r K � 6 . 4 3 )  �70 i' L e  n e t  r e s u l t a 

c C'T." q r e d  t o 

o f  t L e s e  

c J:::' e c t s  i s  t L a t S -- J.: o-- i n t e ra c t i on s  �� :' e ·:: e: J.� � c: n. e d . 'lJ i s  

i s a� r 2. r er, t i n t t e r e d  s � i f t s o f t t e l i c e-. :: d := u �  J C. : � a :x: i !' a 

i n  t t e  e l e c t r oni c sr e c t ra o f  th e F t ( 1 1 ) a n d  Td ( I I )  
c o�pl ex e s  ( s e e  7 . 2 )  an d t t s s e  e f f£ c t s  � ay a l s o  t e J p t o  

e xr J a i n v .l·.y s t 3.t l e  c or::p l e x e s  s:<r e  n o t  f o rn c d  i n  t J·, e 

r e a c t i on s  o f  t h e s e  l i c a ::. ::':. s  v: i. t l .  Cu ( 1 I ) ,  1'" i ( 1 I )  a n d  tt e 

z e r o - va l en t G r c 'Up V I I3.  rr e t ::1 l s ( t" \ C ) � C r , r.- o ,  '.'. ) . 

/')1 1 1' • ... c:: 1 ' ( 1 - )  · t t · ( r  r- t - - ) 1.. ·. e ':. e ar. en l n £" 0 1.  ..., - '- 1 l n  e r a c  l cr:. ::: . �-" , - c: 

a l s o  e x p l a i n s  v:ty t h e  l.' ( I I ) - C l  s t r e t chi n [  fr e q u en c i e s  

o f  tf: e  c i �-�' C l 2 fp t e  c orr.p J  ex e s  a r e f: i ( t e r t t an i n  t h e  

c o� r l c x e s  o f  t h e  r e J a i e d  F h S ( C H 2 ) n s r t  ( n� 2 , 3 ) l i ra n c s 

( 'Iat. l e  3 6  ) . A s  f e v. e r  e l e c t r on s  a r e  p J  a c e d  i n  U. e I ' (  1 1 )  
m o l e c u l a r  orb i t a l s t ra n s t o  t h e  c o o rd i na t e d chl o ri c e  ---

l i gan d s ,  t h e  1,: ( 1 1 ) -- Cl b on d s  a r e s t r e n g t h en ed cy an 

. d t .  
1r • 1 72 

l n  u c  l V e  m e c 1l an l sm . 

C on e ]  u s i en s : T h e  sp e c tral i nv e s t i ga t i on s  i n t o  t h e  

p r op er t i e s  o f  th e s e  F t ( I 1 ) and P d ( I I ) c omp l ex e s  an d t h e  

c h emi c a l  s tud i e s  i n t o  t h e  " r e a c t i on s "  o f  fp t e  an d c
6

F
5

S E t  

� i th o t h e r  t r an s i t i on � e t a l s ( s e e  a b ov e and App e nd i c e s  t o  

S e c t i on s  I and I I )  t en d  t o  su u : e s t  tta t 1,! - S  TI -ba ckc onc i n c 

i s  a r e l a t i v el y  rr i n o r  c on t r i bu t or t o  t t e  n e t  s t r en g t h  o f  

2 0 5 



1.� - - u- i o c t. L e r i n t e r1. c t i on s . S ur r or t  : e r  t h i s c c1 c l u � i on 

c o� c s  fr om t h e  r e s u l t s  o f  c ry s t a l J o p r 2r t i c  i nv c s t L r q t i c n s  

d ( C .F� J' f C " '  C "' F"' 1 90 
a n  

3 2 r�2 ' - 2 · r E2. I n  tt e J � t t e r c �� r l ex , 

t l  e r e  i s  a s1;t s t ar: t i : l  sL oT t c r. i n [  o f  t l-J C  F t --- P ( C F
3

)
2 

b en d , t u t  i n  t t e  f o r r e r  c or r l e x , r t -- t ti o e t t er 

'11 - i n  "l C l'2. C t i Gl1 S d (' r. o t  <1 "!"  f C 'l T  t r  b e  v e ry S i  [T. i f i C 3.n t , 

2 0 6  



1 rr � ol e o f  P t ( PhCf ) 2 C l 2 ( C . 47 2  e . ) ( s e e  R e f e r en c e  

292 ) �a s a d d e d t o  a fi l t ere d  t ol u c� e  s o l u ti on of  1 �n o l e 

of fp t e  ( C . 4 2 6 g . ) and t h e  mi x t u r e  � a s  r c fl u x e d  for 

2 C  n · i r: u t e s . A y e J l ovi T' r e c i y: i  t� t e  ;:::_ -:.p c a r e c  c 1;r.i n t:  t h e 

d i s s olu ti on o f  t :Le F t ( F'hCl� ) 2 cl 2 2.nd t � i s ·::2. s f i l t e r e d  

off  v:hi l e th e ni x tur e v. a s  hot , \'.'2. Sl': e d  ':. i t �:. etf:E:r 2-�1 d  

d ri ed in  va cu o . The t o l u en e fi l trat e  v. a s  r e fl ux e d  for 

a fu r ther 2C m i nu t e s  to  £ i v e  a s e c on d  c r op of the 

y e J l ov: c ompl ex . 

c i  s -:Si c t l  or o [1 , 2-bi s ( n en t a  f} u or or L  e n�l tl".i o )  e tl".ar. e  J 
gl l adi 1JJT1 ( I I )  

A t, 1 1 -'- .  f ' 1 r V P .  Cl �e  �an o s o  u �1 on o 1 �� o e o �  � a2 o � 

( C . 29 4  g . ) v!a s added  t o  a s u sp en s i on o f  1 r.::-· ol e of tl; e  

l i gand ( 0 . 4 2 6  g . ) i n  mett2.n ol and t t e  mi x tur e wa s 

ll eated t o  di s s olv e the li gand . I:urin[ tl te [;eating , 

an oran g e  precipi tat e  app ea r e d . �hi s wa s fi l t ered  off 

and th en v:a shed t h or ou[hly wi th � e CH/ H2 o ,  t e CH and 

e t h er r esp ec tively . A further quan ti ty wa s i s olated  

fr om the fi r s t  � eCH fi l trat e ,  after i t  tad b e en c o oled . 

YIElD : (• . 28 3 g . ( 4 7% )  
tran s-Di chl or obi s( ettyl tr� opentafluor oben zen e)platinum( I I) 

Exc e s s  l i gan d ( > C . 2 2 8  g . ) wa s added t o  a hot  

fi l tered  s oluti on of F t ( PhCP ) 2 Cl 2 ( 0 . 5  mm ol e ,  0 . 2 3 6  g . ) 

i n  t oluen e . A fter 4 5  minutes  of  r e fluxing ,  the y el l ow 

s ol uti on wa s fi l tered , c oncen tr2. t ed ( in  vacuo ) t o  

ab out 1 - 2 cm 3 and tten c o ol ed t o  yi eld an oran[e  

2 0 7  



c ry s t a l l i n e  :r r n d u c t . n� e o r an c c , rU c t Ly l c: t L cr - s · l ll l • l c 

_ c om p l e x  \':a s v:a s l ed v: i t h  p e t r o l c urn  c: t l  c_r a f t e r fi J t c� ri n r  

a n d  t L t:n r e c ry s ta l l i z ed fr om t oluen e . 
Y IElD : 0 . 1 7 4 [ . ( 4 ( ;� ) - c c f o r e  

r e c r� s � a l J i z a t i on . 

2 08 



C ClVflEX c or. cun 

cf> P t c 1 2 ( fp t e ) Y el l ow 

fdCl 2 ( fp t e ) Oranc,c  

PtC1 2 ( c 6F5SEt ) 2  Orane; e 
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cf> although the c ompl ex wa s r c cry s talli z e d  fr or a c e t on e  �nd wa s h e d  �i t h  h o t  t ol u e n e , the 

C nnd H analy s e s  d i d  n o t  impr ov e . 
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S c d i �IYi ( ( . 4  !!: C' l e , S . 1 S 6  [ . ) '.', : ! S c i ::; : c l v e r5  i r.  a t- ou t  

3 C. C Cl1; 3 o f  .:._ t s . E t C H  a r"d t : . E:  r e sv J  t i � c s o ] u t i  c ::1  ·: :::. s c o ol e C. . 

2 -l' i c o l y l  cL1 o r i d e  t�· r. r c c 1J l cr i c3 e  ( C . 2  :-:- o l e , 3 2 . E C f f . ) and 

t t en t -b u t y l  t � i cl ( C . 2  r ol e ,  

s ol u t i  or. . r e f l t c  i r_ �- t � _ c; 

1 0  ( ' F r \ " ' l "'  \_ • ..:; .._  f_: .  ) . .  e . · c 

t L e  rap i d  p r e c i !:'· i te. t i  en o f  a l ""  rc e c: �_;_:;.n t i  ty c f  : · 3. C. l � f t e r  

a 1 · o"l< t  3C r· i nu t e s . T L i s c au s e d t L e  s c l l;_ t i o:n t o  s : a r t  

t lJ:. . r i :n c  v i o l en t l y . /-.. f t c r  t :: e  r. i x � ·J r e  L :::. � r e c;t J c rt t o  

S l 3.Y! O  OV el ·r.i [_!', t , i t  '.\ :l. S  f i l t ::: r e G  2!1G c i s t i J. J c d -,·. :::. t er v:a s 

:::. J c e d t o r r "'  c _;_ r- i t a t  e J. b r  o v.r1 o i l . r__· 1 i :::: v . .::. s u: t r �� c �-· e d i ::1 t o 

e t L e r . Tte e t: . e r  ex t r a c t s  v. t:: r e  c r i e d.  v:i t t  ar. Ly d r c u s  r.: f S C A  
'-t 

a n c.  fi l t e r e d . A .: t e r t t ::: re:-. cval o f  t i e s r: J v ent  ( :i_'!l  ::y_a c�Q ) , 
t L e  dark t r oi'.Yt oi l \\a s d i s t i l l e d t o  :y i el d  t :r·. e  c cl o u r l e s s 

J i gand . 

YI:::I.L : 27 . 5 3 5 £ . ( 7 6� � )  

.t.. f t e r  s o d i 1J..m ( C . 1 4 C  r: ol e ,  3 . 2 2 C  [' . ) :t.::. d l: e er. c i s s o l v e d  

i n  c ol d  h t s . � t CH , 2 - ( c tl o r or e t t y l ) c: u i n o l i n e  � .y d r c c hl o r i d e  

( C . C 7 C  IT ol e ,  1 4 . S 8 7  g . ) � a s  ad d ed t o  t t e  s o l u t i on . �h e s l ow 

a d d i t i on o f t-butyl t t i ol ( C . C7 C s ol e ,  6 . 3 1 3 f . ) ,  v� i l e  

a c:i t a  tine t h e  fl a sk ,  h e l  r ed t L e  2 - ( eL l  or orr. e t hy l ) q ui n o l i n e  t c  

d i s s ol v e  and �a C l  �a s d ep c s i t e d . Th e r e sul t i n e  s u sr en s i cn 

wa s r e fl ux e d  f e r  1 5  rr i nu t e s , c o ol e d an :i f i l t e r e d . 'It.e 

f i l t ra t e  wa s c on c en t ra t e d  an d d i s t i l l e d  �a t er wa s a d d e d t o  

p r e c i pi t a t e  a br ovm oi l . Thi s v:a s e x t rCl. c t e d i n t o  e t h er . 

T h e  eth er s ol u t i on s w e r e d r i ed w i  tL a n hy d r ou s  : � a 2 s o 4 '  

2 1 0  



f L J  t c r t:: d nnd tL 0. s ol v en t  r c: ·: . c v c� r1 i � 1  v · 1 c u o . 

'.'. L t l s r :-: · e d i f f i c L: l t y , :: �·. 1. l J c. 1: ::: n t i t i c s o f t ; : c r v r c , 

o f f- d . i  t e , s oJ i d  l l [.M. n c  c?.n c c  i s c l � .. t e d  ::.· j· c: c oJ i n c  a 

i c: c / a c e: t c n e  t cr;.r c ra t L,; r c s . · . .  L en s o J i d i f l c 2. t i cn Le. s t e: en 

i n :J u c e d , t :-_e rc i x t u r e  rr t- s t  b e  fi l t c ::" c: d  r3.�' � c l y . � L 2  s "':-:- i - d ry 

s c l i C.  1 1; S t  t .: . en 1:- e T• U t  L:.r:, c e r  V'� C 'C.li.IT. t c  d ry . 

a "':' o u t  a rr. or:tt . 

* : x t eL � i v e  � e c o·. ; c s i t i on o c c u r r e d  c ur i n e  a� a t t ��-r t 

t o  6 i s t i l  tti s c i l . 

( l )  
A s l i L 1 .  t exc e s s  c f 2 -::-- e L L�. l t ! .  i o ::::, :!" i l i n e  ( > 1 • 3 �· 2 [ . ) , 

( - ) c arr r.  L o r q L: i n cn e  ( 1 C r .:-:-. ol e ,  1 . 66 2 [ . , p r e �  ar e d a s  i n  P. e f . 293 ) 

a n d  a t ra c e  o f  d ry Z n C J 2 ( £� 5 c� . ) � a r e  s e 3 l e d  i n  a t e fl c n 

t o:nb an d tea t e d  f o r  2 L c 'J r s  a t  1 E 5 ° C  i n  ar: ev en . �Le 

r e a c t i on r r c d u c t s  � e r e  t t en d i s s ol v e d  i n  d ry e t t e r . Th e 

s o l u t i  cm \', a s  fi l  t e: r e d t Lr ou ( r_ K i e s e l £uhr b e for e t L e  e tL er 

�a s r er ov e d a n d  tt e r e s i d u e  d ri e d  i n  v1. c u o . r e� t ar: e �a s 

a d d e d t o  t h e  r e s i d u e  t c  p r e c i p i ta t e  j e l l m·. c r�: s ta l s . �L e s e  

v: e r e  r e c :  j s t a l J i z e d fr c:-:-: l i e:r o i n ,  v. a sL e d  \". i t t  p en tan e q�-! d  

a i r  d ri e d . 

Y IEl D : C . S 8 1 f . ( 34 % ) 

A 2 m o l e ra t i o  o f  2 -m e t h� l tt i oan i l i n e  a l s o  r e sul t s 

i n  t h e 1 : 1 c on d en s a t i on p r c d u c t  b ei n r  i s ol a t e d . r r o l on f e d 

t e a t i n f  r e d u c e s  t t e  y i e l d and t h e  p r e s en c e  ' f  Zn C l 2 i s  

e s s en ti a l . 
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1 . 2 -1-- i s ( T: e: n t a i'J u o r  0 1"' J·. e: n '.' l t L i o ) o t L?. '! ? ( f-:-- i. e ) 
------- - - - - - - - - - � - - - - - - " 

�· e:r: t a fl u o r o t l • i op L e:n o l  ( C . C 5 C r n J c , 1 C . C C 6 f . ) v:::>. s  

i n  c ol d  .t-. r s . E t C' I : . 1 , 2 - c i t r c·;: c e t : . :ln e  ( C  . C 2 5  ::-. c J e , � L E S- 7  g . ) 

i t  l e s t  i t s  y el l o� c ol ov r  �� � 

, • ,..... C' , , -:::;.. , .)  

. 
t '  - ::: :..� '2 

� 
� a t e r ( £� 4 C C  c� J ) �a s a d d e d a� d t t 2 i :r: s o i �r l e � l i t e  J i c a:r: d  

v.· :::. s fi l t e r e d  o f f . I t  v:a s \'. a sL e c  v. i t h :5 i s t i 1 l � d v:3 t e r  ·ln d  

Y I ? I  1J : 9 . 4 3? f . ( f ? � )  

_.;_ s o::. 11 i. i  0n o f  s o d i  UJIJ ( C . C 2 5 :'' cl e , 

r er. t 3. fJ t; c r o t Li opt en o l  ( C . C. 2 5 r-:-. ol c , 5 c . )  i E  .'�l- ::: . - � t C2-: '.': ?.. s 

p r epar e d , t o  ·::h i c h  e t L:y l i o d i d e  \ C . C 2 5  rr. ol e , 3 . t � S' [ . ) wa s 

a o c e d . T!-:.i s s ol u t i on \'. a S  r e fl t;,Y. ed ( u n n e r  �� 2 ) f or er. r. c·u r 

a n d  l e f t  t o  s t ar.d cv e rn i e t t . � i s t i l l e d � a t e r  �3 s a d d e d  t o  

r· r e c i p i t a t e  a l i c L t  r e d  oi l . T t e  oi l \':a s e x t r o. e: t e d i n t o 

e t:L e r . Tte e t L e r ex t rc::. c t s  ':: e r e  t � _ en ci r i e :S. v i  -t r� a;! ! .y c r ou s  

E ::. 2 c o 3 al! d fi l t e r e d  b e f o r e  t L e  e th er v:a s r em cv e d  i n  V8. c u c . 

T t e  oi l � a s  u s e d  �i th o u t  any f� r t h e r  r ur i fi c a t i o n . 

i i ) I I G J..FL fP::TARA T I Ci S  

In a ty p i c a l  r r er a r a t i on , 2 - e t ty l t t i o e tty l am i n e  ty d r o -

c hl o ri d e  ( C . C 6S m ol e ,  ? . 2 2 1  r . )  wa s n eu t ra l i s e d  wi t h  a 

s J  i e h t  ex c e s s  o f  2 .  o: . r a CH . ��n c ran r. e  o i l  v:1'1 i. eh wa s 

i s ol a t e d a ft e� s ev e r a l  e t h e r  ex t ra c t i on s , wa s d i s t i J l e d t o  

e i v e  t h e  c ol our l e s s  J i eand . 

Y I El D : 6 • 3 3 C g . ( f 7 C:., )  
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Ly c r c i o n i d c  ( C • C 6 2 ;..-: o l e , 1 5 [ ) ' ' ' ) ('  ..... . , . ... .,.., ..., � . c e -'1 • \ . -... .....; J � ....; l.4 L - r_ .. __ l .:; � \. • 

l . ;· " ,., -1 - -- .:_ - . \ _.. 

c a rr l  �;' d e t  t ,  �:. d  f. r i c d  L n  v � c 1; o . 

,. l -1 - � j -_, • I ,') : 

i l l )  

\'.·c.. s 

A J l J ..i. [2.r d c E s t i l l a t i cr. s  \'. C: r e  C 2. r 2.' i e: :5. cu. t  1x :: c r 

2 1 4  

� o  r r ev en t  cxi d a t i r n  of  t t e  : i c a n d s , c x: c e� - �r e e , � ry d i r. i tr r c en 

\'. � S  s ] cv. ::_ y  r l e d  ·u-_ �· c q: · t  t L e  s:J· s t e::-:-: ·5 u.r .i r. [  e q c }'_  .� i s t i l l "l t i cn . 

'lr. e  l i E_c.nd ( tt:�p ) v. 2. s  2. d ·: e :S.  t o  ar c � t  

c t:: c" !.:1: 1;' t .  l -'-l l.; J 1.; u� -'- 6 un l L. -:. e fur::i n £  c e 2. � e d . 

1 - 2 o f  

t�. e  

s ol u � i on f o r  ab out 1 m i n ut e ,  .L. b s . E t C H  ( e a 1 C  c!:� 3 )  v; e. s  a d c ed 

t o  i t . A � ti t e  r r e c i p i t a t e �a s i s 0l a t e d b �  a d d i n E  e th e r  

t o  t t i s s c l � t i on . 

Ex c e s s  EBr " 3. s bubbl ed U�r c q ;h an _L_ l> s . 2 t Cl 1  s oh.1t i cn 
o f  tbiTp b e for e r em ov i n [  t � e  s ol v en t . Tte a d d i t i on o f  d ry 

e t h e r  t o  the r e si d ue p r e c i p i ta t ed an o i l . A ft e r  b e i n f  t h or-

oufl-.ly c ri ed in ve. c �_g_ , tte o i l wa s c ry s ta l l i z ed ( by " s c r a t c t i n g "  1 

t o  g i v e  an o ff-�t i t e  s r l i d . 

In frared  S r e c tra o f  ( tb�DP. ) X _ sa l t s  

Tte fr e qu en c i e s  o f  tr. e -v 0�+- H )  ab s orr t i c- n s 

( abov e  2 C CC cm- 1 ) a r e  d ep en d en t  on the  c oun t eri on , x- . I� 
g en e r3. l , "'V (N+- L ) d e c r ea s e s  v. i tr. in c r ea s ed +1\ E - - - - X-hy d r oe: en 

b d .  
98  

on l n e; . 



i r. c r e -:;. s o s  t L e  :�r (: c t: er. C j' 0 :r  i 1  c; r � r U i i r e  r L n f  v L L r ·l t i. r :J 

t l  t 0 .,. � a t 1 1- C "  !'1 - 1 0 .._ ,_ 0  . :1  l s  L C t: !! Cl _, � J  c . .  1 l n l- - - • T · 

t 'c , · -� 1 - )  � r  . I 1 .  , 

l� C 1Z : 

c ) 

3 2 � 2 ( -.0• ) ; 3 1 7 2 ( \', - s :  0 ) ; 3 1 1 c ( 3 ) ; 
c -:: 3 C  � 2 ( s )  

c q  2 7C 7 ( �- ) ;  
C :?- 2 32 1  ( r" )  
( ::.. 1 1  l-r ce. d ) 

r v � o1 f:' '..J ]  1 sr s c � r 2. . 

1 5 9 3 

1 E 2  2 

i 6 1  2 

i :· i :J o ) c e.r· r L or c ar. t e  r e � 1J C (; :i  L .';  t l . c r:. e :. L c ::  o f  ? c r s t e r s ::: :i 
ro ' - 1 91 
1 � . crnJ. cj· . � i s t i J l e d �a � e r � a s  2. d � c d t o  t � e  c c l ot: r l e � s  

r ed t: c c:S s ol L  ... � i cn t o  p r 2 c i y.: i  t c. t e 'o.. -.·. � - i  t e  c c:: :;::- l ex . 'l' : i s  ':. ;;:. s  

ex i rs c t e d i n t o  ::' Cr:. t�r:. e 2� 0 t � . e  r cr. � c n e  s c l t-. t i nr. c r i. c :S. ': i t L  

anhy d r o u s  l.·fs04 . A ::.':' t er fi l t e :;i � [  tli e r-- i :>: t u r e  t �. e  p er. t an e 

� a s  r em ov e d  i n  va cu o . C r eano-v fl ;;:.1-:- e s  ( T: . r . d ' ·� - f E 0 ) e r: s ta l l -

i z e o  fr or.: t h e  r e s i r. 1J e  o n  1 1 s c ra t c :,i ng 1 1 • 

Y IEJ D :  C . 2 3 C  C . ( 4 61- ) 
In fra rgQ_�� e c _!r:__rn C� u j ol r: u l l ) 
Tt e lli e d i um i n t en s i t y  v ( C=Y ) b a n d  a t  1 67 1  

- 1  CTI' 
0 th 0 • 1 6 8  
l n  " e  lTnn e d i sapr ear s en forr: i n f  t t e �hi t e  c c�Pl ex 

an d a sLarr , v: e ak \J UT-} ! ) ban d ar r e� r s  at 3 35 6  cm
- 1

• 

�nrr:r S r e c t rvm ( i n CDC1 3 ) 
A sta rr d ou b l e ( J =4 Ez ) arr ears  a t  4 . CC ppm i n  

t l: e  sr e c t rurr. o f  t !:. e  r e d u c e d  c orrop l e x . TJ i s  r e s on e.n c e  i s  r o t 

p r e s en t  in  t h e  sp e c t rum o f  t L e  i £T in -: and i t  i s  a s si cn e d 

t o  t h e  -NE- rr o t on . 
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2 1 6  

lr. l c= s s  i t i s  �; _; c:- c i fi c a 1 l y  0 i. a t c ci r. t J . c:: :::."'. . L ;� e , a J l 

fi l t :_: r c d . 

d. e t e r ·,.... _;_ r_ e � . 

a )  A d d i i. i cn o f  -::: v ri c L r e  t o  Cu ( tb;;::· ) r X -____________ _.__ ______________ ,:: -� ( -,r _ L, i:;'- ...., � ,� Cl-) � - - ..- - .1 /. .A. - � -.. 
. r 

B o t h  c cr.n l ex e s  v; e r e  -::: r e�- :::_r e d.  ( in s i  tu ) i n  t L e i r  � . ..._ - --

r e s} e c t i v e  s ol v ec � s  ( X:::IF4 ,  � c e t cr: e ; :i':.:::Cl - , :cc s . : t C::. ) t o  

e. i. v e c c:r c en t r a t  i or_ s o f  5 x 1 C - 3 r:- o l . l . - 1 
• S "G c c e s s i  v e 

al i t;L;. o t s  ' f  r·� r l c lr. e  -.. · . ::; r e  a d d e d t o  t L e :: e s e =  1.: -':; i  r :  s ::t s 

r e q"G i r e d  . 

b ) 6_�9_i t i  rn o f  D'" r i d i�e t o_�v.(_e Jc- e :. ) 21_fl C4l2 
rrre ol e of t h e  c crn l e x �� s n r �n a r ed ( in si tu ) i n  .L "- - - ---

3 a� out 1 C C  ere of �1 s . E t C E . For a 1 : 1 r � t i c o f  r� ri � in e : Cu ( I I ) .  
C . C 8  crn 3 o f  t h e t a s e  � e r e  u s e d . 

c ) A c d i !�on _ o f_pv r�sin e t o_��ir t i ) 4{EF4 l2 

C . 5 rr.rr. o l e  o f  Cu ( rr. t i ) 4 ( BF4 ) 2 \':a s rr:-. pared ( in si t}!)  

in  /. b s . Et  C E  . Suc c e s si v e al i qu o t s o f  r y ri d i n e  � er e  ad d e a  

t o  t�i s s olut i on a s  r e q ui r e d . 



I'\: ·\. s C l  ( ( . 2 !• 7  f_' . , C . 5 C : l ' . : · c l c )  ·:. :. ;, :1. (� d e c t o  
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C r 6 r- rr · · c l n )  L· n \' :::> Y'JJ' " ,.-, \.' � • .. / ..) 1 ! , .  , _ ....... • . ......... .. . • c .I. � . 

c-:::.r e fuJ ly in Y : c �. c . 

[c U ( � 1' � n 1' \ C J J a c- t •· e i r 1 · T' ( 1 "' � 1 ..., r r ) L. .... __ .• � ... -- 1  2 2 ..... . .-� . -: _  . . .i . � - r - , .:_ .) 

_ _ _ __ _ _ _ _ _ _ _ _ __ _ __ __  :.-_:XL��---- :._ � -i:...L. :: �: ;_;.._ _ _ _ __ _ _ _ _ _ _ _ __ _ _ 

[r ,  ' ,...] C · · C '  l !  A • � .� •.) .l. r 
'-r- c. 

1 7 s - 1 E c. 

1 7 6 - 1 7 8 

c 5 � . 7 4 , C l  1 4- . 2 2 

( ::c c ' "'( \ 
..,.... ,..... • 0 I ( 3 . E S )  ( 1 3 . 6 S ) 

2 1 7  



I S - 5 C C C  s� e c i.r c rh c t c � c t cr . 

r e  ot tain e:: d . 

':'te s c l u t i cn c T) ,., · "l 1-.a� ( 1 C ,. " c u !Cl r· + '7 c ,.., l ' c::. '\ " "' .,., e -- ...... ..... • • • • • - ' _.. '" L..J \ � ... _L • - I V. \,... 

r e c o r d e d , v. 1 . e r e  r c :::; s i .h l e , i n  f: o l v e:r- t s  o f  v a ry i n t:  l i [ a t i n f  

ab i l i  -:.y . 

1 L e  !' E: c cr :: i YJ. t_  o f  sr e c t ra a t  l i  · ,-' .:_ ..;  a i r  t c:r ·  :J r2. t ur e s 

( � C z ) i r_ 2 c. ·;: C l y c er o 1 /=  - e C E ( 2 C. r 2. r t s C :L y c f r c l  I f C. r eo_ r t s I - c C:: ) 
ci e:t cnc: e: d  on tt c C ·c ( l l )  c c.r•1p oL:r: d s ' s 't :::.l- i l .i t l c s i n  t��i s s ol v en t . 

A l  ttour� - s ev e r a l  c t t e r  s ol v en t  s:;. s t e : s v. e r c  i .l·i e J. , t L i s 

s j  : t ern v. a s  c c·n s i s t en t l y  f c L:r_ d  t o  t: i v e  u.n c ra ci: e 2. , t r a n � f 2. Y' e r: t  

[ l a s 2 e s o f  c c o d  op t i c a l  � u a l i ty . E o� ev er , c a r e  �L: s t  b e  

t a�: en t o  e r: ::: u r e  t 1 .at  th e c -uv e t t e s  ar e c o ol e d s l ov. l y  and t }· a t 

fr c s t d c e s  n ot f orrr on t : _ c  c uv e t t e  \', i n � ows . S t an d a r d  2 !!'IT. , 

a c ry l i c c uv e t t e s ( Shi ::: a d zu ) \': er e -u s e d . 

V a ri an E 1 C 4 A  sp e c tr orr e t e r . T � e  s o l ut i on s � e r e  c � o l e d t o  

77K u s i n g  l i  q_ui d n i tr ogen and a J  l d a t a  i s  f or t l:.i s 

t er:!p era t u r e . 

R e g L: l :::.r cal i bra ti  on s o f  tr_e i n s t run en t ( v:i t h  DTF ti ) 
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b )  

·;. ::·. -::. :;.·· o V , � �- ; - = 3 ? 2 C  C' ::. lJ S s  
- 1 - . .  

� �'! c1  f- . - - - = 2 . ( ( 3 6 
_.,; i _;., ; _  

I '. ( l. � J r · , , , . I . .  · . .  c i:. J 1 = r x l � ( c � � : s ) l z p 
1 � 1 3 c c r o T " ' - ; r. r:_ e r e  r = . � _ o � . .  _ � .__ . 

- .1 - 1  
� C . 4 6 C 2 6  x 1 0 · c �  / G . 

::;.r. d  t l·. e 

F en c e  l !c l  = e_ x h ( C aus s ) l x C . 4 C G f C x 1 ( -tr c m - 1 

r ei.::: : ::rrr = ci i r l. c ny l r .i c r:y l Lycr':l 7..y l  

·:. � .  e r e  i s c t r c r i  c s � e c t r ::;.  c u l C :r. o t r.. c i :r, :;- r  c -,r e d - u .  E; 

i s o t r c_r i c  [ L: ::>  t e en :- op o::< e rJ. . 

- 1  c� 1 � 0 � e  r e c c � d s d en a 

:? c d:r;.s.r:. IF.- 2 C  sp e c t r cr, L o t crr e t e r 2.n :3 c e. J  i t:r-?. t -:: �1 \'. i -:: i! 

p o l y s ty r en e fi l m . 

E'e. r- i n -:.� r a r e d  e r E:: c t ro. ( 4 C C -I; C  crr.- 1 ) r. e r e  ot ". c-. i n e d  

t er p 2ra tv.:r e f e r  p e t r ol eum : e l l y rr:u J l s  on � (')l�. " }·_ e:-: e  c i:::: c s . 

T l: e  v o:-x ) ab s c rr t i on s  v. c: r e  -'c Gn ta t i v e l :y ?. s :::- i c n c c  by 

c o�pari�g the sr e c t ra �t e r e  tte t a l o [ er:. he.s t e en ctan[ cd , 

and b� i n t en si ty c on si d 2 rati cn s . 

C on d u c t i v i ti��- v: e r e  m ea sv red ( f or ea 1 x 1 C - 3  rr ol . l - 1 

s c J 1] t i ons  at r o om t effip eratur e ) u si ne a r:r i J i r s  l 'R 9 5 CC 

c on d u c t i v i t y  rr. e t er , fi tt e d v:i tl� a Ft i l i r s  FY. S 5 1 C c e l l . 

�nrr.I_��c tr§: ( pararacn e t i c s t ud i e s ) w e r e r e c ord ed 

u si n r. a J ECl C - 60fll Ei gr, R e s ol u t i on m.T sr e c t r orr: et er . 

T e t r arn e t ty l s � lan e ( n- s ) was u s e d  a s  an i n t e rr:. al s tandard 
for al l sp e c tra . 
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a )  
r c c i s t L l l ed t e f c r e  u � e . 

� a r e  s � or e 1  ev e r  rr n l e c u l a r si e v e s . 

b )  ? r s r � r8 4 i v e  � o rk : ---------- - -----

r e d i s t i l l e d : a c e t cn e  � a s  A . E . £ ra d e . 

r e d i s t i l l e d ov e r 1�8. v. i r e . 

i '  . .J.... , • a . .  l L e.  c !� l 

� J l s c l v en t s  � e r e  

. -' "h �-: 1 ... r o L sn z e n e  
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C:: :Z C 0 S S  

( C ' c'· ..., r- ) '' ' ·r' ,. � "' ,.; "' d  + o , • ..) ) (_ • , , L: _ .. ; c. l� ...... ._.. "' 

of  c ry Zn C l 2 ( > C . 2 7 2  [ . ) . s c l \.,  t i.  ( �: ' 

': .:r .:.. = 1 2 f - 1 E ?  0 c 

a n  

2�� y � c : : c � J c . ( r c �� c ) /� : c 37 . E 2 , 

( 3E  • c 2 )  
H 4 . 7 6 , r: ,..,, . :t 1 

:Far- IR : '"V ( Zr.. - C l ) 2. t  3 1 6 ,  3 3C c r. - l . 

t"l.:::r:p 
Zn ( tb.-:-p ) Cl 2 

1 u_• · ( �� ) " C r: r.r r  1 �  1.. . 3 _2� 

-C T-i "-' "<  -' 

1 • 
28 

1 • 3C 

r - � /""� -v,:2.:::. -
3 . S 3  
3 . 87 

( 4 . 2 5 ) ( 4 . 2 C )  

o< u 
- L  

f . 5 3d  ( 4 )  
E . 4 � d ( 4 ) 

d = d ou b l e i ; c cur l i n[ c c� s t ar.. t s  ar e in  � s r s� t L e E e s  ( E z )  

Tl-: e  t w o  " ( Zn - Cl ) al: s cr; t i cn s  e. r e  c c·n s i s t er. t v i  H. t ::-. i s 

c orr.p l ex l1:=!.Vi n g  a d i s t ort ed t e t r e. L e d ra l  s t n: c t 'I.Ar e in  tL e 

� . d .L t 273 u s o � l s � a e . � o� ev e r , 

i s  v i r tu:J.l ly -v.r.. c L2.n g ed fr or.. t t e  fr e e - l i cand sr e c t rum . T�·-i s 

i s  in  c on tra s t  t o  t h e  s i eni fi can t d o� n fi eld  shi ft s t ta t  ar e 

ob s erv ed for tr. e  o< -H an d -CE2 s - r e s on an c e s  i n  the 

I.· ( c o ) 4 tbr.:p ( I,: = C r , �: o , '.'. ) c orr p l e x e s ( s e e  C t2.r t e r 3 ,  S e cti on I I ) . 

Th e 1 H nmr sp e c t ru.rr U.:'I.A s sv.f[ e s t s  U.2. t  t L e c orr p l ex 

d e c c�r c s e s  on d i s s ol ut i on ( t c y i el d  t � e  fr e e l igand ) . 

S tat i l i ty c cr. s t a n t  rr. ea s u r e:- en i s  fer t L e  r el a t e d l i [and , 
2 - ( rn e · hy l tti or.: e t�y l ) ry ri d i n e 3  [ l ogK = 3 . 27 ( Cu2+ ) , 2 . C 6  
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r;_· L e l i [ s n � \'. :. s c i :::: s o J v e d i n  s. :- i !:  � ·: t: � o f  -. ::1 � 2 r 
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e r: d  � � st e d  �i t t �a t e r ar: d  t t en Ab s . S t C!! . C a r e  �u s t  � e  �ak en 

t o  er. s r r e  t � . :1 t  t � e c o:r;p ot: n c3  i s  n e t ex-;- c s e d  t o  a i r . 

t o  h;rn a d e rk e r  y e J  l cv: . 

T� o in d ep end en t  r r e r a ra t i or s  t o t h  cav e c o o d  
a n ,., l Jv s e s f o r  1 'u ( c:: C P  C F  r p  I : C l ) C l ::0. - v 2 ° " ' 2  . _  2· ,  . .  2 ° ' 0 

C el c u J 3. t ed : 

Fcund : 

c 8. . 7 3 ,  � 2 . 5 6 , 

( 8 . 74 )  ( 2 . 5 7 )  
( S . C C )  ( 2 . S � ) 

c 1 2 5 . 7 7 ' s 1 1 • 6 5 ;� 

( 2 6 . 1 2 
) ( 1 1 • 62 ) 

( 2 6 . 1 2 ) 

c ) Re§cc t i  on o f_Qu ( B ? 4 l2��2c ·:. i t : _ rr· t i  ( 1 .:_tl  
In A b s . �� t c'H , a v e ry fi n e ,  l i r L t  h l u e  c crr. r l e x 

r r e c i p .i t a  t c s  on 1r i x i r. f  t : : e  s t a r t i n r  r:- 3. t e r i e l  s . 
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Vl1 C 1; 1  ·t t c d : 
--- ----·- - - c 7 . 2 :; , - \  : . ?. 3  ; .. 

( 7 .  2 1  ) ( 2 . f 2 )  ( 3 . G �. )  

Cl  2 1  J S  

( 2 1 . 7 1 )  ( 1 2 . 7 t+ ) 

+ � .; c- ·  , • . •  - l' '1-.. L • .J... - ' ..._ - - ·  ' 

<,_, v _ _ _ l __ t 1.-_ P ,c-. l· ::-: I r , � --J C J ( T  - + -:.,.  ....... ,...... -L.L i.- ...... , c ) - - - - - �- - � v. - - � � .. � ' : ' 

0 f C 1LJ ( + 1-- ' r 
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) ( -r: -::' ) - ' ]_. .J..L 1 I� 1: r �: Y\ a . • .... . .:. ' 2 - .L 4  2 ' - ·  . 3� � 2  ·-- - -

( 2 1 . i 2 ) 

Cu ( t b�� ) 2 c l 2 � i t t  n c� -r r c t i c  reet;cinc  � f en t s , 

s� n t L e s i s o :i  Cu ( tr rr c:.) c?2 ( X = Cl C4 , l:?,Z ) , 
r e a c t i u: o f  : o ( t1::·; .. _r ) ,... ( C l CLi ) ,) . � ,.. C v:i t :--. J i C l  ( 1  : 1  ) , 

t:C. f- c.. � 

synt :: e s e s  

r e C t; C t i  C�'1 

o f  Zn ( tt� r ) 0 Cl ,.. a�d - c.. ,: 

r e a c t i on s o f  e t ea � i t� C u ( K C 3 ) 2 . 3E 2 C and 

C u  ( C B 3 Cl� ) 4 C l  C 4 ,  

i s ol a t i on o f  C o ( � t i ) 4 ( Cl C4 ) 2  ant r ur e  C o ( r t i ) 4 ( P q4 ) 2 ,  

r ea c t i on s  c f  fp t e  v:l t l: Cu ( I I ) ar.d. F i ( I I ) , 

r eac t i on s  o f  c6F5SEt wi th F a 2F d C l 4  i n  J," e OH e.nd I t er-: , 

for�a ti on of  i iTi n e s  fr o= carrp �orqui n on e  and c e t �i -

onin e , c e tti on ine  e tty l e s t er ar.� e t e a , 

r e e. c t i cn s  c f  C u C l 2 � i t t  
3 - ( 2 -� e tt y l tti of h0ny l i rr i n o )  

c arr,rL or and 3- ( 2-r.: e thyl tLi orteny larr. in o )  c arr; L cr , 
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: : e 1 t s  ':" e i :r. [ C"...- ( r ) C C''� ·? :;_ E: X e S . 

:2 24 



H K O R S  C � L C  

. .  , . L :1 0 • • • •  
· 1 t 7 2 :.i  2 4  
• 1 1)  6 � 6  -1 4 
· 1 o  9 1 9 2 2  

'" 9 
. , 1 7 1 8 

. 9 2 7  3 1  
'" 8  4 3 o  3 4  
· a  6 1 T  1 7 
. 7  1 0 li. 7  4 5  
. 6  - 5  1 ?  1 7 
. 6  0 4 6  ) 8  
. 6  2 t a  2 3  
. 6  3 3 1  J 2  
. 6  4 7 2  7 5  
. 6  7 1 (j 2 1 
. 6  8 3 6  4 2  
· s • 6  2 7  2 4  
'" 5  - 2  3 ::>  J 4  
'" 5  · 1  4 2  ) 4 

: �  5 1 8 1 8  
6 3 4  4 3  

'" 5  7 4 2  4 5  
- 4  · 5 1 6  1 2  
. 4  • I  3 3 11 4  
- 4  2 5 5 5 1  
- 4  5 2 1  2 3  
. 3 • 6  li. 2  q 1 
. 3  • 3 7 2  a s  
. 3  · 2  3 8 4 6 
"' 3  · 1  8 1  ? 6  
. 3  0 6 8 8 2 
. 3  1 3 5 3 7 

"' 3  2 1 9 1 7 
"' 3  3 5 5  6 I 
"' 3  6 7 7 9 1  
. 3  7 7 1 d 2  
• z • 9 2 0  1 e 
'" 2  - �  7 6  7 6  
- 2  · 5  7 0  l iJ  
"' 2  · 4 2 1  2. 6  
"' 2  · 3  lC' u  1 1 5 
"' 2  · 2 3 0  .l 6  
"' 2  · 1 8 7 1 0 8  
. 2  0 4 1  4 8  
"' 2  1 7 6  6 9  
"' 2  3 8 5  l O O 

.. 2 8 5 1 5 6  

: f  1 3 2 4  1 6 
• 6 ?. 7 4 2  

. 1  · 5  3 7  ,, 7 

= i  0 1 4  3 2 ) 0 
3 6 2  6 2  

"' 1  6 1 6  2 0  
. 1  9 2 5  2 3  

: l  1 0 2 1 1 8 
1 2 2 7  2 1  

8 · u  1 6 1 2 
· 8  2 :i  2 1  

0 • 7 1 3 . 1 6  

0 • 4  1 1  5 I l l  0 I 1 3 1  1 1 4 

0 2 1 2 0  1 4 5  
0 3 1 9 8  2 .!3  
0 5 4 2 '1 2 l 6 4 2 j �  · 8  3 7  

· 7  3 9  4 3  

i · 5  1 8 1 9  
• 4 3 0  3 7  

1 · 2  6 0  6 7  

l · 1 1 0 2  1 2 4 
1 4 1 4 2  

1 7 2 6 2 6  

� · 7 2 2  � 0  
· 6  4 2  ) 4  

2 · 4 5 {  6 5  

2 - 2  1 2  1 1 
2 7 3 4  3 I 
3 - 1 1  2 0  1 2 
3 · 1 o  2 7  2 6 
3 • 9  2 9  3 0 
1 - 8  3 8  4 3  
3 · 4  5 0  5 8 
3 5 s o  � 5  
3 7 2 4  2 4  
4 • t ] 2 1  1 6 
4 - 1 1 3 d  3 5 
4 � t o  4 5 4 5  
4 · 9 4 1 4 6  
4 · 7 1 1  3 1 3 4 
4 • 6  ll Z  '} 8 

4 0 1 1 1 0 
4 11 3 5  3 7 

� ': l j � ·� � ' � l ��: V 
---�--- ----

-.. r ...- � . ) � : . I  ,-.. r • ... - -
\ , " l . .  · . ? :. c � c · . rr r ... � � � s 

- ----· ·- - - - - - - - - - - - - - ---- - - - -

[ C ' · ( i 1·. · r ) - r J 
•• 1.. • • 

• • ') I'") c.. c.. 

5 '" 1 0  :e o  2 1  - 4  5 

5 - ll  3 )  il 2  '" 4  6 

5 · ? ll J :i O  - 4  7 

5 6 1 5  1 7  • q 8 
5 3 3 2 J 5  - 4  1 0 
5 5 2 1  2 0  . 4  1 2 
6 - 1 1 2 6 2 7 '" 3  - 9  

6 · 1 o � )  6 6  '" 3 • 8 
6 : ?  1 6  2 2  • 3 - 6  
6 1 3 1 4  '" 3  - 5  
6 I 1\ 7  ) 4 . 3  - 4  
6 2 ? 0  2 1  . 3  · 3 
7 • 1 1 2 4  � 4  - 3 0 
7 • 6 4 7  ) 0  '" 3  1 
7 · 5  5 2  5 0  '" 3  2 
7 · 4 3 1  " 2  9 . 

. 3  4 
7 - 3  3 6 q Q  . 3  5 
7 · 2 1 4 1 7 '" 3 � 7 • 1 ? 3 2 9 '" 3 
7 0 5 5  6 6 '" 3 8 

7 1 ? 6  2 9  '" 3  9 
7 2 1 5  1 9 '" 3  t O 

8 '" 1 2 1 7 2 0  '" 3  1 1 

8 - 9 2 3  2 7  '" 3  1 3 

8 · 8  1 9  2 4 . 2  · 6 

g • 7  4 7 � �  - 2 · 3 
· 5 5 3  = �  · 2  

8 · 3 2 0  1 9  • 1  

8 · 2  1 6 0 - 2  0 
9 · 8  4 3  q 9  - 2 I 
9 - 6  ll. y  4 8  '" 2  2 

9 · 5 6 7  6 0 - 2  3 
1 1 - s 1 6 1 0  - 2  4 

'" 2  5 
'" 2  7 

* * * *  L = 1 • • • •  '" 2  8 

- 2  9 
· t o 1 2 '1  2 8 · z  1 0 
· t o  5 3 2 3 8  • 1 · 7 

- 9 1 2 7  .l 'l  "' !  • 6 
- 9 2 2 2  2 6 ... 1 • 4  
. 9  4 I 7 1 7 : l · 2 
- 9  8 3 2 3 6  0 
"' 8  · 2  1 d 1 4 "' 1  1 
'" b  3 3 2  3 6  • t  2 
. 13  4 1 6  1 7 = i  3 

. 8  7 5 2  () 4 4 
"' 8  8 � 6  5 2  • 1  5 
'" 7  • 3  1 6  1 1 • 1  6 
- 7 - 2 2 0  1 

: t  
7 

• 7 • I 2 0  6 8 
'" 7  0 3 8  2 2  • 1  1 0 
• 7 1 2 u  2. 2  u · t o  
"' 7  3 4 2  3 7  0 • 8  
• 7 4 2 5  2 4  0 - 7 
"' 7 6 3 2  3 7 0 - 6  
"' 7  7 8 0  9 1  0 · 5 
- 7  8 4 1  4 2  0 • 4 
• 7 9 3 2  3 4  0 • )  • 7 1 0  2 1  2 2  0 • 2  
"' 6  · 6 2 3  1 8 0 • !  
'" 6 · 5 2 5  2 6 0 1 
'" 6  · 3  1 7 1 6  0 2 
- 6  1 r �  lj 6  0 3 
"' 5  2 1 1  0 4 
"' 6  3 I 7 1 4 0 7 
"' 6  4 2 1  2 8  0 8 
"' 6  5 2 0  2 7 0 9 
'" 6  7 1 7 2 0  0 1 0  
- 6 9 2 0  1 7 1 - a  
- 6  1 0  2 '1  2 0  1 • 7 
"' 6  1 2  2 t;  1 8  1 • 6  
- 5 · 4  3 )  3 4 1 · s  
· s  · 3  3 7  4 1 1 "' 4  
· s - 2  1 q 1 4 1 - 3  
"' 5  0 2 0  2 5 1 • 2  
· s  1 4 d  5 3  1 • 1  
· s 2 I 3 1 4 1 0 
'" 5  3 3 0  3 2  1 1 
· s  4 fl u  1 0 9  1 2 
'" 5  5 3 1 3 8  1 3 
- 5  6 S ol  5 9 1 4 
· s 7 5 1  5 8 1 6 
· s 8 3 2 3 4  1 7 
- :; 1 0  t o  5 6  1 8 
- 5 1 2 3 1  2 6  2 "' l 3 
· s  1 3 � �  1 7 2 · t o  
. 4 - a 1 1  2 • 9 
- ��  - 6  2 9 2 7  2 • 6 
- 4 - 5  1 { 2 0  2 - s  
"' 4  • 11 I; !)  � 7  2 • 4  
"' 4  • 3 6 3  7 5 .., • 3  
- 4  · 2  3 )  4 2  

... 
? � 2  - ��  - I  1 6 1 9 � • 1 - �  0 ll .j  d�  0 

'" 4  1 1 2 2 
,_ 2 1 

'" 4 2 3 4  .3 8  2 2 - ��  3 4 11  ') 5  2 3 
"' 11  4 (, 7  8 2  2 4 

1 4 
7 6 
2 2  
2 2  2 0  
2 0  
2 4  
1 7 
3 5 1 4 3 4 
6 2 P, ()  

1 7 'l 
2 9 
! 6 
5 6  ! 4 
4 1 
2 6 
4 3  3 ')  
2 1  
2 a  
3 1  

1 0 5  � � �  6 8  
11 6  
1 £ 
4 4  
3 1 
5 5  
1 2 
3 d 
11 2  2 3 
4 2  4 !)  
7 7 

1 F 1 5 
2 0  
2 7  
9 6  4 1 
6 3  
4 3 
3 .!  
3 2  1 0 
2 .l  
t o  
5 2  
1 5  
6 0 

1 0 6 
1 4 £ 

1 7  
6 9  
1 \1 

1 3 3 
S Y  
2 v  
3 0  
1 6  
2 1  
2 1  
2 \J  
1 2  
8 4  S o  

1 0 0 
3 1  5 2 

1 4 d  
1 3 6  

1 ':1 
1 8 3  

9 r,  
4 7  
3 2  
2 5  
1 b 
2 3  
2 d  4 3  5 3 I I 
5 2  1 '1  
1 5  
2 4  
7 1 
6 7  

1 1  J 
4 4  
3 6  

2 2 5  

2 2 " 2  5 2 4  <: I  
9 0  2 

' 3 4  3 5  " 
2 3 2 7 3 9  J 4  
1 9 2 8 2 c  � ��  
2 0  3 • I  3 2 ::,  £ I  
1 5 3 · t o  lj ij <i 6  
2 0 ) - 9 5 6  � �  
1 5  3 • /l  1 Cl 1 8  
3 9 3 - 5  "i 'l  ) 8  
1 5 3 - q 11 9 5 0  
3 5 3 • )  1 3 :i 1 d  
7 2  3 · t 'S )  7 0  
a 1 3 0 7 4  7 9  

1 � 4 3 1 5 1  7 1  
3 1  ) 3 5 �  6 0  
1 7 3 4 1 q 1 5 
6 3  3 5 3 4  <: 9  

1 2 3 8 2 1 1 9 
11 2  4 - 1 1  l 0 1 1 

2 3  4 - 9  4 U  4 3 
-i ll  -+ - a 5 1  � ... 
3 2  4 • 7 3 -+  .l 8  
1 3 4 • 6  1 '11 1 9 
1 9  4 · 5  1 l 0 1 <: 7 

d? 4 • 4  3 Y  7 $  4 • ] 9 5  

� � � 4 - 2  4 4  " 1  
4 '" 1  9 1  1 (, 2 

5 8  4 0 7 1  b )  
'1 0  4 1 1 d £ 0  

9 4 2 5 5  o O  
5 1  4 3 6 )  i 2 

3 3  4 5 I d  1 5  
5 9  4 6 1 d 1 3 

9 5 • t 3  2 1  <: 2  
3 8  5 • t l ? d  £ 8  
3 8  5 • 1 0  2 5  ;, o 
1 5  5 • 9 2 2  £: 0  
'1 4  5 · 8  2 U  £ 5  
� 5  5 • 7 6 1 � 5  3 6  5 - 6  6 '1  

1 2 6  5 · 5 7 '1  '- 9  
1 5 2 5 • q  6 '1  5 9  

3 u . 5 • 3 � 9  o o  
2 8  5 • 2 1 0 0 1 1  3 

1 1 2 5 - 1 2 o  j 4  
4 5  � 0 4 2  5 0  

o 9  5 1 3 o 4 6  

5 0  
5 2 3 1  J 3  

J O  5 6 1 o  1 4 

j Q  6 • 1 1  3 0 j 1 

1 1  6 - 9 1 9  :2 0  
6 • 8 1 7 1 6  

1 5 6 • 7 3 U  .l 2  

6 0  6 • 6  3 ':1  3 9  

1 3 
6 · 5 2 .l  2 0  

7 £ 6 • q  3 2  j )  
1 1 2  

6 • )  lj ,  o 7  
1 � 2 

6 • 2 II Y  l U O  

1 8 6 - o  - s a  (; fl -
0 0  

6 1 3 �  " 1 

2 2  6 2 1:> 7 

1 5 8 
6 3 1 6  1 3 

0 6  
6 � 2 2  i d  

d 6 6 1 y 1 6  

2 1\  
7 · 1 o 4 0  " 4  

1 7 
7 · ts 6 o  o 7  

1 b 7 • 7  3 6  4 0 
.: o  

7 · t; 3 S 3 7  

1 5 
7 • j l �  '.: 4  

9 
7 1 9  

9 5 
7 4 2 lJ  1 4  

4 1 
8 • t l) u '.: 7  

6 3 
8 • 9 2 2  £ 2  

j 1 
8 - a  6 9  7 2  

'1 2  8 • 7  311 ) 2  

1 <: 2  
8 • 6  1 6  1 3 

1 5 6 
8 • 4  3 t. 4 0  

d 9 · t o  1 9  £ 0  
2 '.: 2  

9 - 9  4 \J  G 2  
1 1 5 9 • ll  2 o  :.! 4  

4 7  
9 • 7 1 '1  1 6  

.l 3  
9 - s  1 7 1 4 

£ 6  
9 • ) 2 2  '.: 1  

1 6  
9 • 2  1 7 1 7 

1 7 1 0  • 1 1  l Y  1 5  
J l  

1 0  - s  2 (;  1 4 

4 4 
1 1  • 7  l o  1 0 

5 6  
£ 0  
� 5  · - · · L = 2 .. . . .  

8 - u  4 1 7 1 7  
£ 5  2 3  · t o  5 1 ':1 2 4  

( 9  
· t u  7 I f  1 6  

• 9  1 3 6  4 0  
7 1 1 3 4 • 9 3 4 j " 0  

'1 8  
• 9  4 il v  i 1 

j 7  • 9 5 Q 4  4 d. 



/. 2 6  

4 · t 2 2 2  2 4  · 6 · 5  2 6 2 6  H K 0 8 5  C A L C  H K O B S  C A L C  4 - 1 1  2 9  j 1 · 6  - 4  2 3  2 2  4 • 1 0 2 3  � 5  · 6  • 2 2 3  � 0  • 9 6 2 q  £ 6 - 2  3 1 1 0  1 � 3 11 - 9  2 1  1 7 · 6  - 1 2 1  2 2  • 9  7 ) Q  :. 9  • 2 4 ? 1 l J 4  11 - 7 6 2  a 6  - 6  0 1 6  1 4 · a  0 :? 1  <. 4 · 2 � S fi  :; a  4 • 6 4 3 4 5 • 6  1 3 1 £ 7  · a 1 2 b  3 3  • 2  4 3  j 9  4 - s 1 2 6 1 1 9 - 6  2 9 8  b 6  · a  3 5 4  :1 3  • 2  a 2 1 1 7 4 • 4 1 \ 5  Y 6  • 6  4 7 4  l ij  • ()  4 5 7  a 2  - 1 - 1 1 2 0  l l  4 - 3 i 6 ' 1 1 6 · 6 5 3 8 ) b  · a  5 3 6  3 5  - 1  • 9 3 2  J 6  4 - 2  1 1 0 - 6  6 2 9 J O  · a 6 1 4  1 6 · 1 - a  6 6  7 3  4 0 ll 2  4 8  - 6  9 \ 6 1 6  - a  7 1 Y  d · 1  - 7  2 2  £ 4  4 1 2 B  3 0  · 6  1 1 3 1 £ 6  - a  9 2 �  t: 6 - 1  · 6  2 5  a 4 2 2 3  £ 6  - � - 6  2 4 1 9  - a  1 0  2 )  £ 5  · l  - s  1 5 1 6 4 3 5 3 :J 6  - 5  - s 3 7  3 5  • 7  0 3 0  3 7  - 1 • 3  4 7 'l 8  q 4 1 5 1 1 - �  • 4 4 8  :1 2  • 7  2 9 4  o s  - 1 • 2 7 7  o 2  4 7 \ 8 1 3 - 5  • 3  I ll  1 l • 7  3 � l 6 8  - 1  0 6 6  0 7 5 • 1 2 3 3  J 1 - 5  • 2  4 4  4 4  · 7 5 2 4  £ 4  - 1  1 1 4 4 5 - 9  2 2  ..:: () - 5  - 1  4 7  ) 4  • 7 6 2 6  3 2  - 1 2 2 3 � I  5 • 7  t- 3  6 1 • )  0 2 6  .: 5  • 7 7 n J 1 - 1 3 5 2  J 3  � • 6 c s  6 �  - 5  1 5 0  4 5  • 7  8 3 :�  4 2 :. 1  4 2 1  n � - s  1 2 5 ! t U - �  2 5 6 5 5  = �  9 3 2  ":l 7  - 1  5 'l O  '1 5 � - c.  2 1 .<: 4  • )  3 8 2  d S  I 0 ll 1 4 4 - 1  6 1 3 1 2 5 - 3  1 3 5 I 3 ?  - s  4 1 0 2 1 1 4 - 6  · 5  2 6  2 2  - 1 7 4 3  3 9  5 • 2 7 3  o o  - :::. 5 1 4 3 • 6  • 4  3 J  1 · 1 8 1 9  1 5 5 - 1  2 3  n • ) 6 2 0  2 0  • 6  • 3  2 1  <- 6  0 • 1 2 ! 8 1 3 5 � H H • 5  7 2 7 J I • 6 - 2  4 0  .> 6  0 - u 2 2 2 0  s. • 5 8 2 0  1 6 • 6  1 5 6  4 5  0 · 9 4 7  4 9 5 3 3 8  4 2  - 5 I 1 1 7 1 1 • 6  2 5 7  0 2  0 - a  6 5  0 6  5 5 2 2  2 4  - � - a 1 6 1 6  • 6  3 4 0  j q  0 - 6  2 3  2 5  6 • 1 4 2 0  7 - 4 • 6 . 1 9 1 7 • 6  4 6 7  f 8  0 - s  r 7  r e  6 • 1 3  2 4 1 8 - 4  • 4  6 3  6 5 • 6 6 2 2  2 1  0 - 3 1 5  J 1 6 • t 2 3 U  .3 3  • 4 • 3  4 8  4 8  • 6  7 6 0  o 9 0 - 2  1 2 o 1 1 0  6 • 1 I 2 1  l: O  - 4 • 2 4 6  � 4  • 6  a 1 7 1 8 I) - 1  1 7 4  l o O  6 · t o  4 4  4 7  • 'I 0 1 2 0 1 0 2 • 6  9 6 9  (1 6  0 1 1 2 1 3 6 - s  7 1 6 6  - 4 1 1 1  9 I U 3 • 6  1 0  a o  � 3  0 2 4 2  4 9  6 - 4  4 0  � 2  - 4  2 5 9  ) 8  = �  - 7  1 7 1 6 0 3 4 8  ) 0  6 • ) 2 3 2 :;  • lj 3 7 6  b O  • 6  4 )  4 6  0 4 a 6  9 3 6 · t  I 7 £ 5  • 4 4 1 8 1 8 · s  · s  3 o  4 2  0 5 3 4  4 0  6 0 5 5 6 0 - 4  5 7 9  i:l 3  · 5  • ) 6 1  6 9  0 7 2 3  £ 2  6 1 4 2  4 2 - 4 , 1 8  � 0  • 5 • 2  7 :J  b 2  0 8 2 5  � 5  6 2 1 9 9 · 3  · t O  1 6  9 · s  - 1  4 J  '1 6  0 1 0 2 6 2 6  6 3 1 8 1 3 - 3 · 6  2 3 2 3 · 5  1 1 'i 1 7 1 - a  1 6 1 3 6 4 2 1 2 2  - 3  - 5  2 3 2 2  · 5  2 2 2 <' 3 1 - 7  6 0 � 0  7 • 1 1 4 3 '+ 2  • 3 · !I 4 2  � 2  · 5  3 � !  b 9  1 - 6  4 9  ) 1 7 • t O  2 3  � 8  • J • 3  1 3 1 8  · s  4 2 6  <: e  1 · 5 1 11 8  1 '1 5  7 - 9  1 8 1 6  - 3 - 2  5 9  :1 6  · 5  5 3 u  J 3  1 • 4 1 9  .:! 1  7 - 7  2 3 1 9  · 3  - 1 4 5  '1 5  · 5  7 1 4  1 7 1 - 3  1 9  2 3  7 - 6  3 3  2 V  · 3 0 1 2  6 1 1  3 = �  8 2 3  £ 5  1 • 2  1 2 �  1 .; 8  7 - s  ) 4 H • 3  1 1 8 7 I f 7  9 4 o  4 4  1 • 1 1 3 2 1 2 7 7 • 4 3 0  • 3  2 1 3 2 1 J 8 • 4  • 6 3 :;  3 6  1 0 1 2 4 1 � 1 7 - 1  2 6  2 6  - 3  3 6 5  6 6  • 4  - s  2 4  J 1 1 1 3 3  q o  7 0 c,7 J 1 • 3  4 9 2  1 u 3 • 4  - ��  1 <l  £ 4  1 2 8 4  8 'J  7 1 2 5  n - 3 5 1 1 1 1 2  3 - ��  • 3 5 U  ) 0  1 3 4 7  ) 1  7 3 1 7 1 5  • 3  7 3 1  3 3  • 4 - 2 1 0 � 1 1  2 1 4 1 2 0 1 j 1 7 4 2 0 1 6  • )  1 0  2 1  1 6  • 4  • 1  7 '1  0 1 1 5 4 5  '1 5  8 • 1 1 2 8 2 9  · 2  • 1 2  1 9  1 2 - 4  0 2 4  1 6  1 9 1 3 1 0  cl - a 2 5 1 9  • 2  - 1 t 2 2  2 0  • 4  2 3 \1  4 0  1 2 9  2 5  5 - 6  2 7  2 0  - 2  - 9 1 7 1 9  • 4  3 8 3  .. 1 1 9 2 6  1 8  8 • 4  2 0 1 7 • 2 • 7  1 5 1 7 • lj  4 3 2  3 7  I 1 0 2 1 1 0  'i • 1 1 2 4  2 2 • 2  - 6  3 U  :; 2  • 4  5 ! b  1 tl 2 · t 2  2 1  1 9 9 • 4  2 9 .3 2  • ;.>  · s  3 0  j 7  • 4  6 5 Y  6 4  2 - 1 1 2 9  2 5  9 - 3  2 7 2 6  • 2  • 4  3 -1  3 2  • 4  7 3 2  3 4  2 - 9  2 9  2 5 9 - 1  1 7 1 6 • 2  • 3 8 6  8 1  - ��  8 2 6  . £ 9 2 - a  5 7  5 5  1 0 - 1 1  2 a  3 0  · ?.  · 2  1 2 5 • lj  9 1 4  l 1 2 - 7  2 8  .:! 6  1 0  · t o  2 0  2 0  · 2  - 1 S ol  5 0  • 4  1 0  3 o 3 1 2 - 6  1 3 9 1 4 7  1 0 - 7  2 4  2 2  · 2  0 1 1  7 9 7  • 4  1 1  1 7 1 5 2 - s  1 4 0 1 J 3 1 u  - 4  2 2  <: 5  · 2 1 7 0 6 9  - 3  - 6 2 U  1 tl 2 • 4 1 3 2 1 1 6 1 1 · 7  1 9  l 3 • 2 2 4 2  '1 7 • 3  - s  5 J  ) 7  2 • 3 2 2 5  2 0 7  
· 2  3 3 4  J 8  - 3  • 4 2 2  2 4  2 - 2  1 � 5 o 9  
• 2  4 4 8  4 8 • 3  - :; 5 1  ) 3  2 • I 1 5  1 3 * * * *  L " 3 * * * *  
• 2  5 5 :?  5 8  • )  · 2  ? 4  2 7  2 � 8 2 8 1  · 2  6 2 0  2 2  • 3  • 1  2 6  2 7  2 2 3 1 0  • 1 1  6 2 5  2 3  · z  8 3 �  2 b  • 3  0 6 1  � �  2 2 9 0  Y B  · t o 0 � g  2 0 · 2 9 2 0  1 5 • )  1 1 0 3  2 4 6 5  l o  - ') 1 2 9  • 1 - 1 1  2 7  2 4  • 3 2 1 7 2 0  2 5 3 1  3 0  · t O  2 2 2  1 8 • t  - 9  ? 3  2 �  • 3 3 1 0 2 1 1 0  2 6 1 9  1 7 · t O  4 2 9  u • 1 • 7 3 Q  .:! 9  • )  4 1 1  1 4 3 • 1 3  1 9 1 6  · 9 • 1  2 0  2 1  • 1  • 6 4 )  4 �  • 3  5 5 6  6 4  3 • 1 2 1 7  1 3 • 'I 0 4 3 4 0  • 1  - s  1 5  2 1 • 3 6 6 2  1.> 8  J • 1 1 � g  � 0  - 9  1 3 0  J O • 1 • 4  7 5  6 tl  • 3  7 1 4  ..:: 0 3 · t o 2 5  · 9 4 2 0 2 1  • 1  - 2  8 3  o s  - 3  9 3 1  2 7  3 - 8  6 0 6 8  · 9  9 2 0  2 0  • 1 • 1  1 B 1 2 • ) 1 0  3 5  :; o  3 - 7  4 6  4 2 - 8  - 2  2 1  2 0  • 1  0 3 7  J S  • 3 1 1  1 t>  1 4  3 • 6 6 9  7 I • 8 • 1  ll 3 ll 5  • I  1 9 1  ':1 2 - 2  · 8  1 6  1 6 3 · 5  3 8  J 5  • cl  0 1 8  1 9  • 1  2 6 9  7 2 - 2  · 7 4 2 '1 6  3 • 4  1 11 4 1 6 7 ' o  1 1 5  1 4  • 1  3 4 b  5 0  · 2  • 6  4 2  4 5  3 - 3  7 7  7 0 - b � 2 6  2 3  • I  4 1 9  2 1  · 2  - s  '>7 7 6 3 - 2  1 5  1 9  - b  1 9 £ 0  • 1 5 3 1 3 8  - 2  - �  2 2  2 5  3 - 1  5 1  '1 7  • b 6 3 0  J O  - 1 7 7 4  6 8  · 2  - 3  � �  0 4  3 0 4 3  q 7 - !l 7 5 5 o o  • I 8 5 5  5 0  • £ · 2 :? 3  1 9  j 1 3 2 3 3  · 7 • 2  2 6  2 9  • 1  1 0 2 4  l �  • 2  - 1 5 1  !! 5 3 2 5 0  5 8  - 7 - 1  A T  '1 6  • 1 1 1  2 :)  1 6  ';' 2  1 1 (, J  1 0 9 ) 3 1 '3 1 9 - '  t 3 6  J 6  0 - 9  s o  1 �  • 2 2 � �  a 3 4 3 2  H • 7 3 4 3 4 6  0 • 8  7 0  3 5 1 6 1 7 • 7  6 5 0  H 0 - 6  1 2 9 1 3 2  3 6 3 0  n - 7  I 6 2 0 - s  1 0 4 1 0 2  3 7 2 6  t 1  • 7  1 1  ? 8  :; o 0 • 4  6 2  ::> 8  3 9 2 2  1 1 • 7  1 2 2 0  1 5 0 • 3 7 tJ 6 1  q • 1 3 2 1 l 9 - 6  • 6  ? 4  2 7  0 - 2 2 9  2 6 



/ 2 7  

7 · t O  2 9  2 9  C A L C  3 • t o  2 9  2 7 H K o a s  C A L C 7 · 9  H 1 9 H K O B S  3 · a  2 1  ) 5 7 · 7 2 6 2 3  3 • 7 3 3  j Q  
0 . i 2 2  n ·  7 - s  3 0  2 6  • lj  6 s o  5 3  3 • 6  � �  2 5  
0 � 1 8 1 1 '1 2 7 • 4 2 8  2 9  • lj  7 n 2 4 3 · s  6 6 
0 5 0  5 1  � - 3  3 2 3 5 • 4 8 � j  � 2  3 • 3 3 3 3 2 
0 3 5 8  6 0 2 2 2  n • lj  1 1 1 d 6 3 · 2 1 1 1 1 1  2 0 4 3 7  4 9  8 · 9 2 6  2 (,  - 3  - 9 2 d  n ) · t  IJ 8  y 1 
0 5 1 9 1 8 a • 6  5 0  4 11  • 3  · B  2 Y  J l  3 1 2 6  ( 8  
0 6 4 3  4 3  8 · 5  3 2  j 4  - 3  • 6  5 8  o Q  3 2 5 2  ) j  
0 7 6 0  5 3  a • 4  2 3  2 1  - 3  • q  3 7  3 6  3 6 3 0  2 6  0 8 2 2  f 9  8 • 3  3 0  3 2  • 3 • 3  <' 0  1 9  3 7 2 0  1 2 0 1 0  2 1  8 • 2  2 1  2 5  • 3  · 2  1 '5 2  1 J 9 4 • 1 4  2 0  1 11 
1 • t 2  2 1 2 1  8 - 1 1 7 1 4 - 3  - 1 1 0 9  a r 4 • 1 3 2 1 1 8  
1 · t 1 1 '1 l a  8 0 2 9  3 - • 3  0 ? C.  ! 7 4 • 1 1  4 3  '1 5  1 · t o  1 8  2 0  a 2 2 6  n • 3  1 3 2  l 1  4 • I Q 3 2  2 8  
1 • 9 6 9  o 6  9 • ! 3  3 1 3 0 • 3 2 1 c j 1 u 1 4 • 9  9 6  9 6  1 · 8  9 1 9 3  9 • 1 0  3 3 3 2 • 3 3 1 1 5 4 • 7  9 1 d 3 1 · 7  4 '1  t; 6  9 · 9 3 9  :, 7  - 3  4 l <'  l q 4 • 6 1 C> C> b Q  
1 • 6  1 6 r l O Y 9 - 6  2 4  .- 2  - 3 5 7 11 � '  4 - s  1 1  5 1 \) 7 
1 · 5 1 0  7 1 0 0 9 - 4  I 9 <:: 5 - 3  6 ( d  11 - 4  1 1 'I 1 0 2  1 • 4 6 1 5 7  1 0  • 1 0  2 3  2 0  • )  7 2 Y  2 6  4 • ) 1 3 4 1 2 6  1 · 3  y 9 1 (1  · 9  3 2  3 1  - 2  · a  1 4  9 4 · 2 3 6  3 6  1 • 2 1 4 2 1 2 2 1 0  • 5  2 2  1 b • 2  • 7  � 0  2 3  4 · t  4 3  '1 4  l · t  6 2  5 1  1 0  • 4 2 1 1 4 - 2 - 6  � ��  o S  4 0 1 5  1 9 
1 0 7 1 6 6  • 2  · s  3 8  3 4  4 5 H a 1 1 7 1 7 5  • 2  · z  2 8  2 4  4 6 l 2 3 7  4 3  • • • • L = 4 * * .  * · 2 • 1  )I Q  7 2  5 • 1 3  3 3  2 7  3 6 6  7 0  · 2  0 !\ 3 6 9  5 • 1 1  3 7  3 7  
1 4 4 2  4 1 · t u  7 ?. 0  1 a  • 2  1 1 0 5  1 0 5  5 • 1 0  4 4  11 3 
1 6 2 2  2 4  · t o  a 2 7  3 2  • 2 3 3 b  '1 0  5 - 9 5 5  5 3  
1 7 1 7 1 4 • 9  2 1 8  1 6 · 2  4 1 2 7  l J a  5 · a  4 4  4 5  2 • 1 1 2 0  2 • 9  4 1 7 1 9 · c.  5 lt' S  1 J 2 5 • 7  9 1 d 8  
2 · t o  H 1 0 • 9  5 1 a 2 1  • 2  7 7 0  6 7  5 • 6 1 2 0 1 0 9  
2 - 9  6 • 9 9 2 3 1 9  · 2  8 4 \)  3 8  5 · 5 7 ()  6 0 2 · d  1 8  1 7 - a  • 1 2 d  <: ll  • 1  • 9 3 5 3 3 5 - ��  l:l tl  :l 5  '; • 7 1, 6  6 8  · d 0 3 0  2 8  • 1 · 'I  5 3  � 0  5 • ) f-. 7  6 5  2 • 6 s o  'i 9  · B  2 4 0  3 9 - 1  • 7 J 4  3 6  5 4 2 5  2 3 
2 - s  4 1 4 1  - c  3 ? 6  1 y • 1 • 6 2 ::>  2 5  5 5 n 2 0  2 • 4 5 0  <t 8  - a  4 � j  5 3  • 1 · 5 2 J  2 5  6 • 1 3  2 3  2 8 
2 · 3  s o  <t 6  · 8 5 ( 8  2 a · t  • 4 3 5  2 a  6 - 1 o 3 9  3 8  
2 • 2 4 6  3 7 - 8  7 1 2 1 3 • 1  • )  7 '1 0 1  6 • 9 2 �  2 1 
2 - b  3 5  3 6  - a  8 3 3  3 5  • 1  · 2  1 \1 1 8  6 · e  1 0 5  l O O  
2 1 0  1 4  • 8  9 2 6  n • 1  • 1  1 2 5 l u a  6 • 7 l, lj  <t S  
2 1 4 8  1: 9  - a  1 0 1 9  � �  - 1  0 5 1  '1 9  6 · s 2 '1  £ 1  
2 2 3 3  3 6 - 8  1 1 2 1 1 7 • 1 1 A CJ 4 5  6 . ... 2 1  2 0  
2 3 6 0  6 2  • 7  · z  4 3 '1 3  • 1 2 3 .)  3 3 6 - 3  2 5  2 S  
2 4 5 5  5 8  • 7  - 1 � 5  4 1 · t 3 S CJ  5 8  6 . 1  5 '1  ::> 6  
2 6 4 6  4 0  - 7  1 1 0 7  Y 6  • 1  4 9 5  1 i.i 2  6 � 4 6  '1 6  2 7 3 3  2 9  - 7  2 4 9  4 1  · t 5 � J  4 9  6 l tl  1 5 
2 a t a  1 0  - 7  4 2 0  2 4  • 1  6 3 6  4 0  7 · t o  2 9  � a  3 - 1 1 2 0  1 8  • 7 5 1 5  1 7 • 1  7 4 '11 4 6  7 • 9 4 5 4 1  
3 · t o  4 6 4 4  • 7  a 3 5  3 f>  0 • 1 2 2 4  2 4  7 · a  7 1 6 3 3 · 9 a 2  b )  • 7  9 2 '1  "'- l  0 • 1 0 2 1  2 0  7 • 7 2 2 l b  
3 • 8 S d  5 6  • 6  - 7  2 5  2 6  J • 9  5 3  tl 5  7 - 6  '1 6  4 3 � • 7  3 7  } b  • 6  - s 3 4  3 5  0 - �  6 6  6 4  7 • 4  3 2 3 3  • 6  1 4 1 1 3 3 • (.,  - 4  3 2  3 4 0 · 5  7 2 6 6  7 • 3  4 8  :i 2  3 - 5 1 6 1 1 4  7 • 6  · 3  2 3 2 5  0 - .. 2 6  2 9  7 • t  6 5  l 1  
3 • 4  6 8  6 9  - 6  • 2  A lt 4 4  0 

• .! 1 0 <' '11 5 7 0 5 3  5 4  3 • J  1 6 c3 1 4 5 • 6  · t  3 7  3 0  0 · 2  3 1J  3 7  7 2 1 7 1 7 
3 · z  6 0  ::> 5  - c.  0 5 6  S 3  0 · t  1 2 2  1 u s  7 3 i e 1 4  
3 0 7 8  d 2  - 6  1 1 1 7  1 0 7 0 0 5 ()  11 6  a • 1 4  . :l 1 6  . - - - 3 -- . 

1 7 9  d 6  • 6  3 1 6  1 7 0 1 9 tl  � 8  8 • 1 3  2 7  2 7  
3 2 2 6  2 4  • 6 4 2 5 1 9  0 � 3 7  4 1 B - 1 2 3 6  J 6  3 3 2 5  l a  • 6  5 2 0  2 3  0 'I Q  '1 4  a · t o  3 2  3 3 3 4 1 4 1 1  • 6  8 1 7 1 9 0 4 2 7  2 9 a • 7  j t.  2 9  
3 6 2 7  � 4  - 6  9 \ 5  1 5  1 • 1 2  1 6 1 5  B · s  1 0  l 6  4 · 1 s  1 a 1 6  - 6  1 1  2 2  1 7 1 · t o  1 9 1 8 8 • 2 2 6  2 7  4 · t  3 1 6 1 2 - 5  - 7  2 6  2 7  1 • fl  1 6 1 3 8 - 1 3 1 3 3  4 · t o  6 0 6 0  • 5  · 6  1 9  l 3 1 • 7 7 7  7 9  9 • 1 2 2 6  2 6 4 · 9  5 5  5 5  · s  - s  1 7 1 1  1 • 6  1 0  7 l u 3  9 - ��  1 7 1 4 
4 • I)  1 8  2 1 · s  - 3  H ll 1 - s  1 6  1 1 9 · r  2 7  � 3  4 · 6  9 3  d 7  - s  • 2 7 3  1 • q  9 1!  ti ll  9 • J 1 7 � 2  4 · s  3 a 3 Y  • 5  - 1  7 2  g �  1 - 2  9 7  tl 3 1 0  • 7  H 2 6  4 • 4  4 9  4 7 • 5  � 5 '}  1 • 1  1 3 j 1 2 3 1 0  - 6 1 2 4 • 2  7 2  C> 9  - s  3 4  3 6  1 0 6 0  5 6  4 0 2 1  a - s  2 1 0 2 1 0 2 1 1 6 u  6 3 11 1 2 2  2 5  - s  4 a s  '} 0  1 3 6 1  '11 0 • • • •  L : 5 * * * *  � • 1 3  2 7  2 4  • 5  5 2 2  J O  1 4 4 4  11 5 
5 • J O 4 0  3 9  - 5  6 3 5  4 0  1 7 t 9  1 9  · t o  5 1 9 1 5  
5 · 9  1 5  1 5  - s  7 2 1 2 0  2 - 1 2  4 4  • 9 • ) 1 7 4 5 • 7  4 8  4 5  · 5  � 1 5 1 4 ? • 1 1 2 1  1 Y  • 9  • t a 2 9  5 - 6  2 3  2 4 · 5  1 1  3 0 2 4  2 · t o 2 tl 2 3 - 9  0 1 5 5 • q  3 l  J 5  • 4  - a  1 7 2 0 2 • 9  4 3  '1 5  - 9  a '2 Y  2 9  
5 • )  l 1 9 1 1  9 • 4  · 7 3 0  3 1  2 - e  '1 6  4 4  · 8  · s 2 1  2 4  
5 • 2  8 3  b r  • 4  • 5  1 13  5 2 - 7  o B  6 3  - 6  - 4  2 �  <! 5 
5 • 1  2 9  .3 4  • 4 • 4  2 5  2 5  2 - 6  1 6 6 1 b 1 · a  · 2  4 .3  4 0  
5 0 4 0  4 1 • 4  - 3  5 7  � 4  2 · s  2 '1  2 5  - 8  · t  5 9  5 5  6 - ! s  3 6  3 5  - 4  · 2 1 4 1 1 '1 2 2 - 4  7 U  6 4  · a  0 2 Y  2 5  6 3 1 2 9  • 4  - 1  1 3 9 1 2 5 2 - 3  9 3  7 tl  - e  3 n 2 0  
6 - 7  6 3 6 1  • 4 1 1 1 6 � 1 1  2 - 2 1 7 Y 1 6 7  · a 6 2 3  � 3  6 - 6  5 0  4 2  • 4  2 1 5 � H 9  2 - 1  1 ? � 1 1  11 • ti  0 1 4 1 5 6 - 4  a 6  & 2  - 4  j 1 tl 1 8  2 0 2 1  2 d  - a  9 1 5 1 1 
6 • )  1 2 5  1 2 7  • 4 4 1 0 1  1 1 2  2 1 1 5  1 5  - 7  • ) 2 o  � 5 6 - 2  4 6  .:; y  2 2 3 8  � �  • 7  = ¥  � (,  <� 2  6 - 1 4 7  s o 2 3 3 Y  • 7  _ tJ  2 9  6 0 3 5  3 9  2 6 1 7 1 3 = �  1 2 1  1 9 6 2 1 5  1 2  3 · 1 3  2 :>  2 3 2 2 1  2 0  7 .  · t 2  2 8  £ /j . 3 - 1 2 ) j  J O  • 7 3 2 4  � 6  



2 2 8  

• 7  6 � �  2 6 7 · s  3 6  3 5 
C A L C  • 7  9 � 4  H K O tl S  C A L C  7 • 4 3 5  3 7  H K 0 8  s 

" 6  - s 3 ll  :n --
6 - - - 4 6 

7 0 1 8  1 4 
- 6 .. 4 4 5 H () 3 8 .  7 1 2 2  2 1 . 3  6 A 1 4 0  • 6 - 2 2 o  2 9  0 7 f 7  2 3  8 • 1 4  2 o  2 6  - 3  8 3 5  3 3 • 6  " 1  3 £  3 0  1 - 1 3 1 2  8 • 1 2  2 3  2 5  • z - 13 2 7  2 3  
" 6  0 r 4 9 1 " 1 0  2 9  2 Y  8 - 1 0  2 2  1 3 • z  • 7 6 7  6 7 
• 6  1 9 4  8 2  1 - 9 9 4  9 4 8 - 9  3 2  3 0  - 2 • 6 1 s 1 3 
• 6  j S J  � ��  t · e  S i  5 6  d - e  ) �  4 7 - 2  - s 7 8  7 4  • 6 � 0  ) 0  t • 7  7 7 . 7 4  8 • 7  3 :)  3 6  - 2 - 4 1 7 0 1 5 6 
• 6 4 3 9  J 7  1 - 6  1 I 1 1 0 5  !l - 6  s o  10 8  - 2  - 3  9 7  3 5  
• 6  5 2 9  £ 8  1 - s  1 3 5 1 2 3 9 · t o 2 1  2 0 . 2  - 2  1 A d  1 2 6 
- 6 6 � :>  '1 8 l • 4 1 \1 5  l o 6 9 - 7  '2.7 2 6  = �  - 6 6 7 ') 7 
- 6  1 0  2 6  2 1  1 - 3  6 0  4 3  9 - s  2 4  2 2  9 7  9 t 
• 6  l t  2 2  1 6  1 � 2 5 9  ') )  1 0  • ) 0 3 5  2 7  - 2  1 4 8  4 7 
· 5  - 6 2 5  u 1 • 1  7 1j  7 4  1 0  • 9  3 6  3 1  - 2  2 3 4  3 3  
· s  - s  6 '7  o 7  1 0 6 6  6 5  1 0  - e  2 4  2 2  - 2 3 7 3 7 6  · 5  - 4  5 5  5 3  1 1 1 7 2 0  1 0 - 6  3 4  3 1  - z  4 9 1  9 1  • ')  • 3  2 d  2 7  1 2 5 5  6 0  1 0 - s  2 5  2 5  - 2  6 3 Q  2 6  · 5  · 2  6 2  ) 8  1 4 4 3  3 9  - 2 9 1 9 1 2  · 5  • ) ' "  4 1  1 5 2 1  2 0 : l - 1 2 3 4  3 2  = �  1 3 5 a o  2 · 1 2  1 () 1 1 . . ... . L = 6 * * * '* - 1 1 2 6  2 <3  2 2 d  .: 8  2 - 1 t 2 0  1 5  • t  · t o 2 2  2 1 · 5  3 4 6  4 8  2 • j Q  1 9 1 5  - 1 0  1 2 0 1 2 - 1 - 9 6 8  6 7  " 5  4 1 d  1 6  2 • 9  2 7  2 6  • ) 0 7 2 8  2 8 - t - 7 2 4  2 5 · 5  5 J Y  4 5  2 - e  1 8  1 7 • 9  . ..  2 !l  3 0  - 1  - 6  1 7 2 1  = �  6 5 6  5 7  2 • 7  6 6  6 6  - r.;  2 2 1 1 3  = l  - 5  2 7  2 5  8 B 1 9  � • 6  t 6 H - 9  7 3 3  3 0  - 4  9 5  5 6  · s  9 1 4 - 5  a r  - 6  - �� 2.7 3 0 - 1 - 2 t 4 t 1 2 3  · 5  1 0  \ 9  1 2 2 • q 1 5 6 1 3 5  - d - 3  \ (:j 1 6  - 1 - 1 3 9  3 6  • 4  • 1 1  1 \1 l o!  2 • 3 1 3 1 9 - 8  0 1 3 1 2  - 1  0 t 1  9 1 1 5 • 4  • lj  1 7 t 6  2 · 2  4 2  4 1 · a  3 2 1 t \1  • t  t 1 2  1 t • 4  • 7  2 6  2 4  2 - 1  7 6  7 1 - !3  4 2 7  2 9  - 1 2 7 2 7 3  • -i  • 6  3 5  J 4  2 0 6 3 6 6  - 8  8 2 7  2 8 - 1  3 6 -t  6 5  
• 4 · 5  4 9  4 Y  2 1 1 3  1 5 - a  9 1 7 1 'I • t 4 5 9  5 6  • 4 - q  1 j 1 0  2 2 2 tl  2 8  · 7  • 7  1 9  1 4  • 1 8 2 9  2 2 • 4 - :, 0 'I ]  2 3 � 0  .3 8  - 7  · 2  " ' 4 4  . 1  9 2 e.  2 3  • 4  • J  I j 1 4 2 4 4 2 3 t:J  • 7  - t 4 4  u 0 - 1 3 1 7 1 4 
• lj  0 4 2  4 2  2 6 1 8  1 3  - 7 0 2 2  0 - 1 2  3 3 3 t  
• 4  2 5 4  5 6  2 7 2 6  2 2 - 7 1 5 9  ) 4  0 :" 1 t 3 0  2 6 
• q  .3 3 d  j )  3 - 1 4 1 d 1 5  - 7 2 5 5  5 5  0 - 1 0 4 0 3 6  
• 4  4 2 Y  3 1  3 • 1 2  4 ()  G 6  - 7  3 � 8  4 7  0 • 9 7 9  7 8 
• 4 6 3 6  j )  3 • 1 0 4 e  4 4  - 7 4 2 7  :; t 0 - 8 5 1 4 6  
• q 7 1 Cl 1 7 3 - 9  6 0 5 6  • 7 5 3 1  3 1  0 - 7 6 2  S 2  
- .3 - o  . ., 1 6  3 · e  6 3  6 2 • 7  8 2 4  2 3 8 - 5  1 3 1 1 2 4 • j  • 7  2 S  n 3 - 7  2 3  2 3  - 6  - 6 2 0  1 4 · 4 6 f,  s 3  3 • 6  t 2 2  1 1  3 - 6  • 4  2 0  a a - z 6 o  - 6 0  -• 3  - 6  1 /:l  1 5  

3 - 5  2 4  2 0 • 6  • )  1 6 1 0 0 - 1  1 4 7 1 4 2 · 3  - s  2 0 2 0  3 • 4  1 3 b 1 2 9  - 6 � 2  3 0  2 8 0 t 1 5 3  1 5 8  - 3  • 4 2 6  2 <i  3 • 3  5 )  5 2 • 6  � 1  2 3  2 2  0 2 9 4  9 5  • 3 - J  3 4 2 8  3 • 1  3 '1  3 7  - 6 0 1 7  1 4  0 4 2 5  2 2 - 3  · 2 1 5 G 1 4 0 3 · a  7 3  7 8  • 6  t 6 6  6 1  0 5 2 t  2 0 • ]  - 1  3 6  2 6  3 1 4 ')  4 9  · &  2 6 6  6 4 0 8 2 0  9 - 3  0 1 7 6 1 :, 6  3 2 1 9 1 9  - 6  3 6 3  ti 5  0 9 2 2  1 3 - 3 t 1 8 0  1 7 4 3 3 2 9  3 0  • 6  5 7 1 7 4 1 - 1 4  2 1  1 9 - 3  2 9 4 9 3  3 5 2 .3  2 0 • 6  6 2 7 2 8  1 · 1 o  5 2  5 6  - 3  3 3 3 3 3 3 6 1 9 1 7 - ::;  • 1 0  2 0  1 7 1 - 9 2 8  2 7 - 3  4 t 1 3 1 2 1  4 • 1 3  1 e 1 11  · 5  • 9  1 7 1 5 1 - 7 9 1  8 8  - 3 5 2 6 2 3  4 • 1 2  2 '1  3 0  - 5  • 7  1 6  1 6  I • 6 1 '  5 0 - 3 7 1 4  2 'I - 1 1  3 &  3 8 · 5 · 5  4 3  4 2  - 5 7 3  - 2  • 1 2  1 <i 1 6  4 • 1 0  6 '1  6 3  · s  • 4 3 2  3 3  • 4 8 <!  7 7  • 2  - 1 1 2 4  <: 8  4 - 9  4 5  4 4  - 5 - 3  4 4  4 2  1 - 3  8 2  7 5 • 2 - 9  1 8  1 6  4 - e 3 5  3 0  • 5  - z 7 0 6 3  1 • 2  2 3  2 t  • 2  • 6  1 6 1 6  4 • 7 1 5  1 5  - ') - t 1 4  1 6  1 - 1  8 6 o 4  - 2  - 5  5 2  ) (I  I! • 6  1 U 3  '1 3  • 5  0 1 3 7 l 0 � &  1 6 - 2  • 4 3 1 2 6 4 · 5 2 8  2 4  - 5  3 6 3  6 3  1 1 ·J G  - 2  • J  6 J 5 4  4 - 4  1 7 2 2  - 5 5 4 2  Il l  1 2 2 9  3 0 • 2  - z  5 3  4 7 4 · 2  5 4  5 4  • 5  8 2 0  1 5  1 ) 2 0 2 2  • 2 - 1  1 \J I  Y 6  4 0 6 5  6 5  · 5  9 1 9 1 6  1 4 3 5  3 2 - z 0 1 6 1  1 4 7 4 t 5 8 5 9  - 5  t 0 2 0  1 6  2 - 1 4  2 0  1 7  - 2  1 7 2 7 1  4 2 2 8  2 4  • 4  - 1 0  1 6 1 9  2 • t 2  3 t  2 8 • 2  2 5 1 5 3  4 4 2 5 2 3  - 4  • 6 2 1 2 2 2 • t 1 3 1  3 1  · 2 3 1 4 t 6  4 5 1 7 1 � • 4 · s 4 8 4 9  2 • t o  2 7  2 4  • 2  4 6 0 6 0 4 6 1 7 - 4  • 3  1 3 3 1 2 &  2 • 9  5 5  5 3 • 2  5 1 5  1 6  5 · 1 s  2 0  2 1 • 4  ' z  1 2 0  1 (j y  2 - 8  4 3  4 2  • 2  6 2.7 2 4  5 • 1 2  2 9  3 0  - 4  0 1 6  1 3  2 - 7 1 0 1 9 5  - 2  7 2 6 2 2 5 • 1 1  7 7  7 1  • 4  1 7 3 6 9 2 - 6 1 0 2 9 7 - 1 - 1 2  2 2  1 9  5 • 1 0  2 7  2 7 • 4  2 11 2  4 0 2 • 5  ! 2  8 • 1 • 1 1 2 t:J  2 3  5 • Q 11 9  4 11  • lj 3 3 0  3 0 2 - 4 2 5  2 0 • 1  • 7  ) tj  3 4 5 · 7 3 0  2 9  • lj 6 3 4  3 2  2 - 3  1 2 6 1 1 8 • 1  · s  4 /l  4 4 5 · 5 2 1  1 5  - q  7 2 2  1 9  2 - 2  t 2 9  1 3 1  - 1  .. 2 d 7  7 5 5 • 4  5 0 4 8 • 4  8 11 6 4 1 2 • 1  2 9  3 0 - 1  ' 1  1 9 7  1 8 1  5 - 3 7 7  7 6  - 4  Q 3 0  2 2  2 0 1 9 2 5  - 1  0 3 6 3 1  5 - 1  1 5  1 5  - 3  · e 2 4  2 t  2 1 1 3  1 1  • 1  1 t 1  0 1 0 9 6 • J 2 2 2  2 3  - 3  • 7 4 3  4 t 2 2 4 9 4 8 - t  2 2 2 2 5  6 • 1 1  S o  S 3  - 3  • 6  3 1 3 0  2 3 4 J  3 9 - 1  3 3 Y  4 1  6 • 9  4 ()  4 3  - 3  - s  J t  2 6 3 - 1 )  2 9  2 6  • 1  4 4 t  4 2 6 :" 8  2 9  2 5  - 3  - 4  1 3 (J 1 2 4 3 - 1 1 l 7 1 1  · t 6 5 7  ') 5  6 - 7 3 2 3 2 - 3  - 3 2 0 1  1 t:J 6 3 • 9  2 6  2 5 - 1  7 5 8  5 3 6 • 6  1 9 1 6  - 3  � 2  1 j 1 1  3 - 7  6 6  6 6  0 • 1 0  1 6 1 0  6 • 4 b /j  o 7  - 3  - 1 5 4  7 4  3 - 6  3 5  3 3  \) - 9 ) 7  5 7  (, • ) 6.2 6 4  - 3  2 2 5  2 7  3 - 4  2 7  d 1  0 - e  3 2  2 8  6 0 2 7  2 7 - 3  3 2 4  2 5  3 - 3 1 1  9 () • 7  7 4  7 2  6 t 2 6  2 8 • 3  4 s o  5 1  3 • 2 1 11 2 1 q 3 0 • 6  6 o  6 6  7 - 1 2  2 5  2 3 3 - 1 5 9 5 9  0 • 4  5 0  4 5  7 • 1  1 2 1 8 3 � 1 8  1 8  0 - 2 ':i !  4 �  7 - 9 2 C  2 6  3 5 5 5 5  (; - 1  1 1  (j '1 4  7 - ��  7 2 6 B  3 2 6 3 6 4 0 t 1 7 7 6  7 • I)  7 7  6 9. 3 4 1 6  1 3 0 3 4 �  4 4  



2 2 9  

4 - � s  2 6  2 4 l - 6 6 :)  6 4  • 9 5 2 3 � 3 . 4 - 4 3 1  2 9 ii K 0 '3 5  C A L C  � �  1 5 • <; 6 A ()  4 5  4 - h 1 9 1 1 1 I 9 '1  '1 5  • (!  - 6  ?. v  <: o  4 · 1 2 4 7 4 1  - 6  5 ? 6  2 4 1 2 1 b t 6 • I\  • j  1 0  1 8  4 - 1 1 ? 7  2 5 - 6  6 2 3  "2. 7  1 3 3 :>  J 3  • (!  · 2  2 1 <: 1 4 . ! 9 3 3  3 3  - 5  • 6 4 1  3 9  1 4 3 0  2 6  · e  - 1 I J 1 <' 4 2 o 2 6 - 5 - 5 5 1 q 9  1 5 : () 1 0  · 8  0 5 )  � 4 4 - 6  t- 4  6 1  - 5 · I 3 0  2 9 � · t 2  3 6  . n  • (!  1 1 7  1 6 4 - s . 4 5  3 7 - 5  0 3 4  3 4 - 1 1 � 0  t 9 • !j  2 3 3  :; 4  4 · 3  2 4  2 2  - 5  1 5 2  -< 9  2 · t o  I tl t 6 - e  3 ?.J :t3 4 0 1 8  2 1  · s  4 2 9  3 2  2 • 13  2 9  c: 9  - 8  5 3 d  j 9 4 � � �  1 8  · s 5 7 6  7 6 2 - 7 b 1 4 • !j  6 3 7  .J 8  4 2 0  - 5 6 6 J  4 <:'  2 : g  4 9  � 0  • 7  • 7  1 "  £ 1  5 - 1 t ? O  1 5  - 5  8 1 9  1 5  2 1 9 '1 1 '1 0 - 7 - 3 t 7 £ 2  5 • t o 3 8  H · s  9 2 9  2 0  2 - q  1 1 6 \ 0 9  • 7 • 2  ) I)  £ 6  5 • 9  4 7  • q • t o  1 7  1 5  � • )  9 '1  '13 • 7 0 .. , '< 4  5 • 5 3 1  2 6  - 4  - 13  3 3 H · 2  9 1)  '7 0  - 7  2 1 4  1 1 5 · 6  � 4  5 8  - ��  • 7  A 6  2 • I  9 7  9 2  - 7 3 1! 5  4 1 5 - 5 h 2  3 9  - 4  - 6  5 3  4 9  2 t 5 >'  0 1 • 7  4 I o <' 1 5 • 3  1 5  1 4  - 4  . .. 5 3  <. 9  2 3 2 0  J O  - 7 7 2 '1  £ 9  5 · 2  4 5  4 t • q • ]  1 9 1 1 2 4 2 1 1 8  • 6 - z  3 �  J 7  5 • 1  3 5  H - �� - 2 3 7  3 5 3 • 1 4  2 d  <' 6  • 6 0 4 £  3 6  5 0 2 7 - ��  1 1 8  1 8 3 - 1 2  r �  � �  • 6  1 ;> :;,  i: 4  5 t 2 7  2 1  - �� 2 3 8  3 b  3 - ! � 1 7 • 6  � 7 b  1 4  � 3 2 4  1 9  - ��  3 1 9 1 ::.  3 3 7  j 5  • 6  6 Y  t- 8  4 2 t 1 3 - ��  5 5 7  5 3  3 · 8 7 9  7 4  • 6 5 3 6  j 7  6 • t s 2 3 2 1  - 4  6 2 t 1 9 3 • 6  1 'i 1 2  - 6 6 3 ::.  j 3  6 • t 3  2 6  2 6 - ��  9 1 9 1 5  3 - s 8 7 tl 3 - 6  7 2 1  d 6 - 1 2 � 9  3 8  - 3  • t o  3 8 3 6  3 • 4  2 U  1 7 • 6  9 2 1  i 3 6 - t 1 5 9  5 7  - 3 - 8  f-. 2  6 2  3 • ]  2 9  <. 8  - s  • 7 l C>  t 4 6 • 9 t � g 1 2 0  - 3 · 7 1.1 4  b 1 3 · 2  2 o  i 6  = �  - s  I "  � �  6 • 8  5 3  - 3 · 6  f d  5 9 3 • 1  I '>I 1 0 .. 4 2 '<  
6 - 7 1 5 1 4  : j  - s  5 4  4 9 3 0 3 1 J 3 - ::. - 2  2 )  £ 0  6 · 3 1 5 t 3 • 4  6 5  6 3  3 1 5 c!  <; 8  - s  - 1  4 .. G O  6 · 2 3 7  4 1  - 3 • 3  2 7  2 4  3 2 4 J  4 0  · s  0 5 1  4 6  6 - 1 1 9  t 7 - 3 · 2 5 3  4 9  3 4 2 4  i: 1 - s  1 1 '1  t 2 � · 1 5 3 1  3 1 - 3  · 1  � 0  � 9  3 5 1 7 1 5  � s  2 5 ::.  ::. s  . 1 3 2 6  2 4  - 3 0 3 9  4 - 1 1 5 0  ll 8  · s  3 4 1 G 3 7 - 1 2 3 6  3 6 - 3 1 f- j  g 1  4 · t o  2 1 1 6 · s  4 1 6  l 7 7 • 1 1 4 6  4 3 - 3  2 7 ()  q - 8  H 5 !  � 5  5 2 J  � 0  7 · 1 0 3 1 3 3  - 3  3 1 6 1 8 4 - 6  1 7 - �  6 2 '+  � ::.  t - 9 9 5 9 0  - 3  4 2 4  2 '1  4 • 4  5 4  5 1  - s  7 1 '}  � 0  � 8  ? 8  2 9 - 3  8 2 2  1 9  4 � 3 2 v  £ 3  . ..  • 1 0  2 1 ' 1  7 - 4 2 1  1 6 - 2 - 9 :> o  2 0 4 - 2  6 0  0 9  - 4  • 7 2 U  � 6  7 - 3 2 0  1 b - 2  · 6  3 9 3 9 4 0 1�  5 6  • 4  • 6  1 � 1 3 8 • t o 2 1 1 6  - 2 - s  ll o  4 5  4 I 7 6  • q  - s li U 3 6  8 - 8  4 5  4 1 - 2 - 4 � 2  4 1  4 2 3 5 ) 5  • 4  • 3  1 4  8 8 � 6  5 4  5 2  - 2 · 3 3 5  3 5  4 3 1 7 1 1 - .. • 2  2 9  <. 8  8 - 4 7 3  2 7  . 2  - 2  7 5  6 9  4 4 3 7  3 3  • 11 - t 9 5  9 0  8 - 3  2 6  2 7  . 2  · 1  1 5 5 1 4 7  4 5 2 3  1 8  

• lj 0 4 6  4 6  8 · 2  1 7 1 6  • 2  0 3 5  3 2 5 · t s  2 5  <. 3  • 4 1 3 2 J 6  9 - 1 2 4 9  4 5  · ?  1 ll d  � 2  5 • 1 4 2 1  1 6 • 4 1 � �  1 8 9 � t 1 2 9  2 4  - 2  2 A J  4 2  5 - � r 6 7  0 5  • 4 3 1 n 9 · 9  � ()  4 3 · 2  3 1 9  1 0 5 · t 8 9  0 9  • lj 8 2 1  1 ' 9 - fl  4 5  4 2  • 2 4 3 l  4 2  5 · t o  3 0  £ 5  - 3  • o  6 U  5 8  9 - 7 2 2 2 1 • 2  5 3 u  3 7  5 - 9  f �  .J 4  - 3  � -.  1 6  1 8  9 · 6  4 7 4 8  � 2  6 3 L  J 2  5 - 8 1 6  - 3 · 5 6 6  o s  9 - 4 ? 2  2 5  • £ b 2 6  £ 3  5 - 7  1 '1  1 8  • 3  • 4 1 0 1  '7 5  t o  - 9  2 4 2 1  • t  • 1 2  2 1  £ 2  � - 6  3 7  .; 9 • 3 • 3  2 .:  £ 5  1 0 - 8  2 4  2 0  - 1  • 1 6 I 9 l o  • lj  4 ()  .J 9 - 3  - 1 5 )  ::. s  
- 1 - 1 2 �  d 5 0 2 4  £ 5  - 3  1 6 9  o s  
· t  - 9  1 5  1 6  5 1 2 1 I 7 • 3 2 2 b  £ 8  t • • · L 1: 7 * * * *  • 1  - a  6 1  6 1  6 - 1 2  6 7  C.. 3 • ]  4 t o  1 d  
- 1 · 7 6 6  6 1  6 • 1 1  S v  I., c) • 3 5 3 1  £ 5  · t o  2 2 2  t 9  - 1  - 6  5 1 4 7  6 · t o  2 2  <: 3  • 3 7 3 b  3 4  • 1 0 3 3 3 2 8  - t - s  l ? U 1 1 2 6 · 8  1 7 1 4  - 2  • 1 3  1 d 1 2  · t o 4 3 0 2 9  • 1  • 4  !3 4  ( 9  6 • 7 3 7 j 3  - �  - 1 1 2 5  2 6  - 9 - 2  1 8 1 0  · t • 3  1 :J 1 2 6 · 5  1 4  7 - ;>  · t o 2 9  £ 8  - 9  2 2 2  2 6  - 1 • 2  2 :> o  l 'd 6 • 4 1 :.  1 3 • £ - 9 S o  ':> 7  - 9  3 I 'I 1 6  • 1 • 1 1 5 7  1 :, 4 6 - 3 2 2  £ 1  · 2 - a  1 0 u  '> a  - 9 1 1 8  1 8 - t (\ I 7 1 9 6 - 2  ? u  1 6  • £  - 7  2 4 £ 4  - 9 ? 1 2 2 • 1 t 2 3  n 6 • 1  2 1  1 9  - 2  - 6  5 �  5 2 - 8  - s 7 6  2 1 - 1  3 2 6  n 7 · t S  1 Y  1 t! · 2 - 5 1 3 4 1 :0: 6  - 8  - 2 4 4  4 1  • 1  4 1 4 l 3 7 - 9 5 1  ::. 7 - 2  - 4  1 3 9 t J 3 - 8  - 1 3 5  3 2  • 1  5 l d 1 5 7 - a  1 9  1 9 • 2 - 3 2 J  � 4 

- 8  � 2 1  1 6  • 1  6 1 9  1 6 7 • 7 4 J  4 0  · 2  0 4 14  4 5  · e  2 3  2 2  0 · 1 o  3 u  2 8  7 - 6  II J  'l 3  • 2 1 S b  5 8  - 8  3 3 0  2 8  0 • 'f  2 )  £ 5  7 - s  H � 8  · 2 4 2 \i  2 0  - 8  7 2 4  2 5  0 · B  4 7  4 8  7 - 4  2 5 - 1  • 9 4 8  4 7  - 8 9 2 7  2 2  0 • 7 3 b  J 7  8 · t  3 3 v  ) 1  • 1 • 7  7 J  6 7  • 7  • 6  2 2  2 0  u • 6  S J  G 7  a · 1 2  ? 2  2 /l  · t  • 6 4 4  4 2  - 7  • 3 1 � 1 7 0 - 4  3 1  2 8  8 • t O  2 :�  ' 1  • 1  - 4 2 4  2 8  - 7  :¥  " �  4 3  0 • 3  6 4  1 9  ti - 9 6 4  t. O  • 1 - 3 3 5 J O  .. 7 3 - 3 6 -
0 • 2  7 '1  8 · a  2 1  1 9 • 1  - 2 6 4  6 3 - 7  0 s o 4 11  0 • t 4 7  4 1 8 - 7  ]6 J S  - 1  · t 5 3  4 9  

• 7  t 3 4 3 4 0 0 ':> 4  � 4  8 • 6  4 0  J 8  • 1  0 8 £  b 4  
• 7  2 ll S  4 5  0 1 1 7 2 3  8 · s  3 (,  3 �  - 1  1 8 :;.  /::, 7 - 7  3 5 5  5 4  I) 3 2 9  <' 8  8 • lj  2 6  i: 5  · t 4 3 2  3 1 • 7 8 3 3 2 9  0 7 2 2  1 6 1 0  • 1 0  3 4 J 1  • 1  5 2 6  £ 4  
.. 6 • 8 1 8  1 5  0 8 2 U  1 5  1 0  - y  2 4  £ 4  · t  7 2 7 <:: t - 6  - 7  � 0  2 1  1 - : (I  j �  3 1  · t  6 2 '1  ;: c  - 6  - s  ) \)  1 '>  

t . a  5 1  ::. s  0 · t o  2 5  � 2  � c.  
.. 6 - 4  2 1  I ll  t • 5  l Y  d • * • *  L = d fl * • •  0 - 8  9 :.  'i 3  
- 6  · 3  I S  1 0  1 . . .. 7 • t y 1 4 - 0 • 7 1 3 ( I J 4  - 6 - 2  1 7 � �  1 • 6  6 4  o o  · t o  0 2 £  'I 
- 6  0 5 4  4 8  t � s  t 5 2 1 4 8  · t o  2 2 1  1 
- 6  t C 2  4 0  1 • 4 1 2 1 1 0 8  • Cj  0 2 2  2 
.. 6 2 3 8  ) 9  1 • )  7 :;,  6 9 - 9 2 2 1  1 
- 6 3 3 2  2 8 1 - 2 8 2 b O  • 9 3 2 4  e 



2 3 0  

7 - 4  ? 2  1 7  7 • I S  2 9 2 9 H I( 0 9 5  C A L C  e - 1 4 2 7  2 8  H I( 0 9 S  O L C  7 • l u  3 6  3 a  a - 1 3 2 0  C l  7 • 9  3 7 3 5  0 - 6  3 1 3 2  8 - 8  2 7  � ��  · 1  - 11 9 3  � 2  7 · e  113 4 0  0 - s  1 3 f) 1 i:: 4 8 - 7  r. s  '1 6  - 1 · 3  5 2 5 4  7 • 7 5 2 4 9 0 • 4 2 4  2 9  tl · 5  2 5  H - 1  - 2  1 5 7 1 :> 3 7 • 6 l tl  1 3 0 - 3  3 6  j 8  0 - q  2 5 - 1  · t  7 0  7 1 8 · t o  t a  2 11  0 • 2  1 0 3  t () � y • 1 3  4 2  .. 1 - t  ? r �  ' �  a • 9 2 1  2 5  0 • 1 5 6  'J 7  9 - 9  1 a  1 � · 1  2 1  8 • 6  2 2  2 1  0 0 9 0  0 8  · 1  2 3 a  3 6  8 - s  2 6  2 a  0 1 6 9 o b  - 1  3 4 3  •11 0 2 1 11 1 � * * * *  L = 9 * * * *  - 1  4 1 8  2 0  0 3 2 6  � a  0 · t t 2 3  0 '* * • •  L = 1 0  * * * * 0 4 2 6  � 6  · t O  2 2 6  2 4  0 • 1 0  2 b  2 2  0 6 t 7 1 5 • t O  - ?  3 4 3 3  0 · a  � 6  '< 3  • 9 • 3  2 5  2 6 0 7 2 4  1 9 · 9  2 6  n 0 • 7 3 6  3 6  • 9 t B f g  1 - 1 5 2 5  � ��  · 9  1 2 b  .: 3  0 • 6  2 0  1 9 · 9 2 1 · t ll  2 t  :n - 9  2 3 t  t 6  0 - s  1 5  1 3 • 9 4 1 8 1 2 1 • t  2 t a  1 6 · 9  3 2 7  2 �  () - 4  6 9  t> O  • a  · 5 2 0 � 4  t • 9 1 8 1 9  - ii  - 1  1 11  1 5 0 - 3  3 6  J 6  • a • 4  3 7  3 6  1 · 8  f 1 2 1 J 7 • 8 0 4 0  J a  0 • 2  6 4  (l 5  - a  - 3 2 3 2 2  1 - 7 I) I) '1 1  - 8 t 2 1  :.!2 0 · t 6 6  6 7  · 8  • 2 2 1 2 0  1 • 6  1 0 5  I U S - a  2 2 2  2 1 0 0 6 t o l  · 8  - 1 4 7 4 6  1 · 5 1 1 $  1 1 7 · o  6 1 6  1 4 0 2 5 2  5 1  · e  1 i �  4 1  1 - 3  1 8  • 7 - 8  1 8 1 0 0 3 4 6  '1 4  · b  3 8 1 • 2 6 7  0 9 · 7 • 2  3 5  3 7  1 · t  3 o s  '1 4  - a  4 1 4  t J  1 0 6 3  6 0  - 7  - 1  f> a  6 5  1 • 1 2 2 0  1 5 • a  5 2 11  2 t  1 1 3 0  3 2  - 7  0 6 a  6 5 t • 1 1  2 9  2 9 - a  6 1 7 1 5  1 3 2 9  2 �  .. , 1 2 2 2 1  1 • t O  2 11  � �  • 7  • 6 2 3  2 3  1 6 1 9 1 � ;. 7  2 7 2  7 4  1 - 9 3 0  • 7  - s  li t  11 6  2 · t s  3 2 <:9 - 7 � 3 2 r 9  1 - a  3 9  J 9  • 7 - z  3 1 3 4  2 • 1 4 2 2  l 7 • 7 2 1  1 · 7 9 9  9 a  • 7  - 1 2 3  1 9  2 • 1 1  3 3 j j  · 7 6 t 9  1 7 1 • 6  5 3  ) 3  • 7  0 2 6 2 1:\  2 · t O  � 3 3 9  • 6 - 8  2 0 2 3  1 - s  t 2 8  t n  - 7  2 3 a j 9  2 - 9  2 2  1 o  - 6  - 7 2 7  t 6  1 - 11 3 6  2 9  • 7  3 2 9  2 8  2 • B  5 4 :> I  - 6 • 4  2 2  1 !I 1 - 3  1 3 1 0  - 6  • 6  4 0  4 1 2 · 6  9 I tl S  • 6  - 3  5 3  ' I  l - 2  3 7  3 3  • 6  - 5  4 1 11 2  2 - s  3 8  3 t- - 6 - 2  4 o  H 1 0 t a 1 8  • 6 • 4 1 7 1 1 2 
• 4 4 2  4 2  - 6  - 1  3 7  1 1 3 2  2 7  · 6 - 3  2 6  2 7  2 - 3  6 6  <l 3  • 6  0 1 6 1 6  1 3 1 6  1 2 • 6 0 2 3  2 2 2 • 2  9 8  9 6  - 6  1 3 7  j 6  1 5 1 8  1 6 • 6  1 4 3 4 3  2 - 1  6 0  6 1  • 6  2 3 9  3 9  1 6 1 9 9 - 6  2 9 3  9 5  2 1 6 2  5 9  • 6  5 2 9  "t- 6  2 • 1 3 4 0 4 0  • 6 3 2 6 2 )  2 2 2 7  2 8  - �  • 4  3 9 3 5  2 • 6  1 2 9  1 2 4  - 6  4 3 6  3 5  2 3 2 8 2 9  - �  - 3  6 4  6 4  2 - 5 1 0 11 1 0 2 • 6 5 2 5 2 5  2 4 1 7 1 6 · 5 - 2  1 7 1 6 2 • 3  3 11  3 1 · 5 • 1 0  2 2  2 4  - J - 1 4  2 1  2 1  . - 5  - 1  t 6  1 7 2 - 2  4 1 4 0  • 5  • i)  2 2  2 1 3 " 1 2  j ]  .$2 • 5  2 2 1  1 9  2 - 1  4 6  '17 · 5  · 7  2 2  2 1  3 - 1 1  1 e 1 6 ; 5  3 3 5  3 6  2 1 1 6 1 7 · s  - 6  3 0  z a  3 " 1 0  5 3  4 9 - s  4 4 7 H 2 3 1 8  1 0  · s  · s  4 0  3 9  3 - 9  3 3  3 1  - s  r:: 7 0  6 8  2 5 2 9  2 3  - s  • q  1 4  1 1  J 

3 - a  3 6  j 4  - 5  6 2 1 H 3 • 1 5 2 J  "t- 2  · 5  • 3 1 5 1 2  3 - 7  5 2  � 9  • 5  a 2 7  3 • 1 1 4 5 4 5  • 5  - 1  2 6 2 5  3 - 6  4 6  l! 4 • 4 • 1 1 2 3  1 8  3 · t O 7 3  7 0 • 5 0 1 �  1 �  3 - s  7 2 6 7 - 4 • t O  2 6  2 2  3 • 8 8 3 8 4  · 5  1 
3 • 4  2 3  2 3  - 11  - 8  3 2  3 2  3 • 7  1 1  4 1 0 7  - � � 6 6  6 6  3 · 3  1 1 5  1 1 1 - 4  • 7  6 6  6 2  3 • 6 9 7 9 1  • 'i 2 2  1 9  3 • 2 1 1  3 1 1 1 - 4  - 6  3 7  J 8  3 - 5  2 5  2 6 - �  4 4 5  4 3 3 • 1 3 6  3 2  - 4  - s  3 3  J O  3 • 4  � 5  1:1 '1  • 4  - 1 1  2 11  � g  3 0 3 5  J 5  • 4  - 4  2 6  2 2  3 - 2 l a  1 7  • 4  · t o  2 11  3 1 6 6  0 2  - 4  - 3  2 8  2 1:1  3 - 1  3 2  3 0  • 4  • 8 2 5  2 6  J 2 2 6  2 3  - q  0 2 0  1 11 3 0 3 0  2 9  - 4  · 7 1 7  1 5  4 • 1 5 2 3  2 1  - 4  4 6 6  6 7 4 • 1 2 1 cl 2 1  • 4  - 6 1 7 2 1  4 • 1 4  4 7  q 7  • I\ 5 fl 7  '< 7  4 • 1 1  4 '1  .. 1 - q  - 3  3 9 3 6  11 " 1 2 5 2  � 1  - 11  7 1 7 1 2 4 · 1 0  5 2  5 3  • 4 · 1 7 2 6 a 4 - 9  2 1  � �  - ll 8 2 2  1 6 4 • 9  3 8  3 7  • 4  0 6 5 6 1 4 - a  5 7  5 4  - 3 · t 2  <' 3  "i. O  11 - a  8 1  7 8  • 4  1 11 6  4 7  ., • 6 3 1  J 2 - 3 • ]  1 3 6  j lj  � - 7  5 6  � 3  • 11  3 6 0  5 3  4 • 4  3 2  .! 1  - 3  - <; J a  'I ()  11 • 6  3 2  3 3  - 11  5 2 5  2 5  4 • 3 8 2  0 3  · 3  - e  7 '2.  7 1 4 - s  4 2  .<j ()  - 3 - 9 2 3  1 1:1  4 - z  3 4  3 3  • 3  - 7  6 ?.  6 0  11 - 11  3 tl  3 �  · 3  · a  2 3 2 2 ., 1 2 3  £ 9  · 3  • 6  1 7 1 9  11 • J 3 7  J S  • 3  - 5  6 5 6 4  11 2 1 a l 7 • 3  · 5 4 3  '17 4 - 1  � ��  11 1 • 3  • 4 4 5  4 1  5 " 1 5  1 9  2 1  • 3  • 4  3 7  3 4  4 0 3 7  3 4  • 3  : {  4 11  4 3  5 .. 1 4  3 9  '1 1  • 3 - 2  4 9  '1 5  4 1 1 8  1 5  · 3  ll tl  4 9  5 • 1 2  2 9  2 9  .. 3 - 1  1 8  2 1  5 · 1 s  2 1 1 y - 3  0 1 9 2 3  5 " 1 0 1 7 1 7 ' 3  0 5 5  5 3  5 • 1 4  2 5  2 1\  · 3  1 1 7 1 5  5 - a  3 2  ) A  - 3  2 3 7  3 8  5 • 1 3  2 0  1 8  • 3  � H 4 0 5 - 6  4 8  s o  - 3  3 3 8  3 9  5 • 1 2  6 6  6 6  • 3 6 5 - 5 1 11 1 3 · 3  4 4 a 'i 8  5 - 1 1  1 9  1 4  • 3  7 2 11  1 4  5 • 4  4 0  3 9  - 3 6 2 7  2 �  5 - 9  2 2  2 2  - 2 • 9  3 1 2 9  5 • 2 3 11  3 6  · 2  · t o  3 0  2 9  5 • 8 1 5  1 0  · 2  - a  3 7  3 6 5 • 1  2 C  1 3 :. 2  - 9  2 '1  2 9  5 - 7  3 3  3 0  • 2  • 7  3 6  3 3  5 0 17' 1 5  - '2.  - 7  - 1 6 . 1 4 . 5 - 4  3 0  2 9  • 2 • 5  1 3 6 1 3 4  6 " 1 2  2 8  £ 8  - 2  - 6  6 1 � b  5 • 3  3 2  3 2  · 2  • 4 1 3 3 1 2 9 6 · t 1 3 1 3 2 · 2  - 4  3 2  3 0  5 - 2 3 3  2 7  · 2  · 3 2 9 2 9  6 · t O  3 9 .! 5  · 2  • ]  3 0  J 2  5 - 1  4 5  '1 5  - 2  • 2 1 5  2 0  6 · 9  6 6  6 9  - 2 - 2  1 2 0 1 1 5 5 0 2 1  1 9  " 2  · 1  5 9 6 0  6 · u  1 1:1  l o  - 2  • 1  2 tl  2 7  6 • 1 3  1 8 2 1  • 2  0 8 �  tl3 6 • 7 3 2  2 5  · ?.  1 3 4  3 4  6 • 1 2 4 o  4 6  - ?  2 2 9  2 '>1  6 - s  3 3  J 3 - 2  5 2 9  2 t,  6 " 1 1  1 6  1 4  • 2 3 1 6  1 6  7 " 1 2 1 9  1 9 - 2  6 1 8 1 1 6 • 1 0  2 7 2 3  - 2 5 2 0  1 fl  7 - 1 2 6  z e  - ·  · t 3 1 'i  1 (1  6 • Y 3 1 n · 2  6 2 Y  2 6  7 • 1 0 A Q  J 7  - 1  - 1 1  3 6  J Y  . - .  6 • 8  6 )  (I Q  • 2  7 2 u  1 1 7 - 9  5 6  :> 2  .:. 1  - ! O  D (,  4 (1 6 - 7  6 6  6 1  - 1  • ! O  2 7  2 6  7 - a  3 8  J 6  - 1  · ts  tl 5  o j  6 - s  3 2  3 2  • 1  - 9  3 0  3 1 7 • 7 4 2  0 - 1  - 7 1 4  1 6  6 • 4  3 4  3 3  • 1  - a  2 1  2 1  7 - 6  1 9  1 6  • 1  - 6  7 7  7 4  6 • 2  4 4  '1 2  • 1  · 5 9 9 9 5 7 · 5  5 0  :> O · 1  - s  7 3  " 6 9 6 · 1  2 4  2 3  - 1 - 11  1 0 7  1 u 1  



2 3 1  

. • 1  • 3  3 4  2 9  0 5 H 1 2 
• 1 • 1 7 ') 7 0  H K G B S  C A L C  1 • ! 4  4 l  4 4 H K o a s  C A L C  • 1  0 8 2  7 8  1 - 1  3 4 Y  4 8  • 1 2 1 6  1 4 8 - ! � 2 )  2 3 1 - 1 1 3 )  3 8  • 4 - 3  8 4 6 7  0 - 1 3  2 0  1 5  d 2 :)  � 4  1 • 1 0  4 o  ) 2  • q  • 2  4 7 .. tl 0 • ! 2  2 0  1 tl d . ., 2 :;,  £ 3  1 - 9  u d - q  - 1 1 0 ) 1 t, 9 0 - 1 1  3 0  2 <,1  9 - t t 2 :J  c 6  1 - & 13 :;,  b 4  • 4  0 6 7  t 9  

0 - t o  3 7 3 9  9 - t o  t 0 1 6  t • 7 S e;  :.. 9 - q  1 2 )  <' 5  0 • 9 2 5  4: 1  1 • 6  q 1 4 0  • 4  2 2 2 2 6  0 • 8  9 0  't O  1 · 5  3 9  j ]  · q  3 � 2  1 8 
0 • 7 3 8  3 6  • • • •  L = t 1  • • • •  1 - 4  2 J  2 3 • J - 5  2 4  1 6 
0 - 6  t Y  1 9  l = t  B <. 8  • J - q  5 0  5 2  (J - s  1 9  1 8  • 9 -�  2 1  2 0  1 7 - J • 2 9 6  '7 8  0 - 2  5 2  ) 1  • y 2 7  c 6  1 0 2 o  2 7  • 3  - 1 4 11  4 3 0 • 1  1 6  1 1 • 9  3 3 1  j 1  1 2 ! y 1 3 • J  2 t o  1 0 
0 0 3 4  3 3  · e - 5 2 1  1 3 t 3 2 0  1 5 • 3  ., 2 t  2 0  
0 1 3 2  3 1  • j - 3 2 2  2 1  2 · t q 3 4 j )  � z  • 1 3 2 4  £ 6  0 2 5 2  ) 1  • 5 • t 1 8  1 6 2 - 1  3 3 U  � 5  - z  - 5  3 3  .l 4  
0 ' 3 3 5  3 2  • 8 0 2 d J 1  2 - 1 0  1 ';/ £ 0  • 2  . .. t o  1 3 
0 5 t l\  1 4 • 9  3 1 y 2 1  2 • 9 2 o  £ 9  • 2  • 3 6 3 0 4  
t · t 2  3 2  1 4 - 7 - z  2 4 2 3  2 - 8  2 :;,  i. ';)  • 2  • 2  5 2  ';) 2  
1 • 1 1  t 8 1 6  • 7  • 1  3 J  3 9  2 · o  S e  ) 1 - z  • t  5 )  ) 5  
1 · t O  2 7  3 0  - 7 0 2 2  /: 4  2 - 4 2 2  2 1  • 2 0 4 7  4 5 
I · 9 ' 6  4 3  • 7 1 2 2  1 9  2 • 3 3 1  3 2  • 2  2 2 7 2 3 1 - 8 5 0  4 6  • 7 4 l { 1 3 2 

- i �  u 1 9  • 2 4 t d 9 
1 • 7  3 2  3 2  • 6 • 6  2 1  1 8  3 t 6  • 2  5 2 b  2 2  
1 • 6 2 7 £ 4  • 6  • 4  3 7 :. 7  3 - p  6 1  0 1 · t - 1 1  H £ 2  
1 · 5  3 6 3 7  • 6  - 3 7 0 7 0  3 - 0 2 C  2 4  • 1  • 1 0  5 4  
1 • 4 1 9  £ 0  • 6  - z 'l 2  4 1 3 • 9  6 9  6 7  · t  • 9 1 d 1 9 
I • 3 4 2  3 8  • 6  - 1 l 7 1 6  3 - e 6 7  c 7  • 1 - e  3 8  4 0 l - 2  4 0  3 7  • a  0 2 4 1 2 3 • 7  7 � { 6  · t  • 6  3 6  3 4  

• I  3 0  £ 8  - 6  I 3 6  j ]  3 - 6 1 0 t 8  • 1  - s 6 o  C; 9  
1 0 1 5  5 • 6  4 2 3  � 0  3 • r:; 4 9  '+ 8  · t  • 4 3 7  3 7  
1 I 3 2  3 0 - s  • 7  2 1 2 t  3 - �  t b  1 7 · t • 3  6 3  6 7  
1 2 6 9  6 6  · 5 • 6  3 0  3 2  4 - 1 3  2 J  2 5 • I  · t  9 2  Y t  
1 3 2 7  2 6 - 5  • I;  8 1  d 2  4 • 1 1  s u  0 3 • 1 0 4 9  li B  1 4 20  1 3 · s - 3  � 1 9 2  4 � t o  t o  1 5  · t t t o  1 2 
1 5 ? tl  2 0  · 5  • 2  1 7 1 4 4 • y �: o  ) 4  • 1 2 2 2  2 1 
2 · t 4  2 6  d - s  0 3 9  3 6  lj • f,  6 3 6 5  0 · 1 4  2 2  2 2  
2 • 1 3  � 0  4 9  � 5  1 2 il  2 5  11 • 7 9 � 9 1  0 • 1 3  2 J  n 2 • I 1 1 0 2  1 (; 3  - s  � 2 0  1 4 4 - 6 2 d  2 7  0 - t t  4 2 4 4  
2 • t O 1 0 3  '1 <)  - s  3 1 7 1 7 4 · 5  4 5  "1 3  0 • 1 0  <3 1  b 4  
2 · 9 ? 6 2 5  · 5  4 2 8  2 5 4 • q  4 4  '1 3  0 · e  6 1  6 6  
2 • 8  5 2  4 b  • 4  · t t l tl  1 8  4 • 3 2 7 2 <1  J • 7 4 2 .. 1 
2 - 7  1 1  0 ! U b  - 4 - 4  6 3  7 5 5 • 1 0  4 3  lj t 0 • 6 7 9 8 1  
2 · 5 9 2  6 6  • q - 3 2 4  2 0  5 - a  3 1  J t 0 · 5  3 11  3 8  
7. • .q 1 )  1 1  . .. - 2  J J  j O  5 - 6  3 '1  4 3  0 - ��  t 6  l l\  2 · 3 5 5  ) 6  • lj  3 3 7  'h) 5 · 5 2 4  � 0  0 · z  2 0  2 0  2 - 1  1 5  1 0  - ��  4 3 5 3 2  5 • ) 3 t .l 4  0 - 1 4 0 4 0  
2 2 2 8 2 3 • 3 • 1 1 1 7 1 9  5 · 2 3 4 3 2  I • 1 2  t 7 1 7  ) • 1 4 2 0  t 7 • 3 • f)  2 3  2 6  6 • 1 4  1 d 2 0  1 • t o  3 t 3 0  � · 1 3 3 7  4 3 • )  • 7 6 7  0 6  6 • 1 1  4 u  4 1  1 - 9  2 1  2 5 - ? 2 0  1 9  - 3  • 6  2 4  2 6  6 • 1 0  5 6  5 6  

1 - 7 ? 1  t 8  3 • 1 I 1 0 2  1 0 4 • 3  - � 2 6  2 7  6 - 9  H 2 8  
1 - 6 6 4  e 2  3 · t o  4 6  11 )  • 3 - 3 7 13  7 7  6 · 8  7 7  

3 - 8  2 9  3 2  • 3  · t  & 7 tl 7  6 · 6  3 2  3 3  l - 4  E 3 6 
3 · 7  4 7 4 6  • 3  0 ,, I 4 1  6 · 5  3 0  3 2  1 n 
3 - 6  4 1 3 9  - 3  1 3 6  3 2 6 • 3  2 3 2 3  1 2 Il l  ) /;  

2 - 1 4 3 2  3 5  3 · 5  3 1 3 3 • J  2 6 1 5 8  6 - 2  2 :J  <- 2  
2 - 1 3 3 1 3 1 ) - 4  � �  7 1  • ) 3 s u  <1 5  7 · 1  3 2 3  <: 4  

3 • 3  4 7  - 3 5 2 11  t 8 7 • 1 2  I 7 1 4  2 - 1 2  11 6  s o  
3 2 1 9  1 5  - 2  • 1 2 2 2  d 7 • 1 1 1 7 1 2 2 - 1 1 � 0  5 3 

2 · 1 o  3 9  4 1 ) 3 2 2  1 5 • 2  - t o  Q 2  '1 3  7 • 9  3 9  3 5  
2 · 9  2 7  2 9  4 • 1 5 2 7  2 6  - z  - a  :3 o  3 3 � · 8 3 0 2 9  4 • 1 4  2 0  1 7 - 2  · r  6 0  6 0  • 7 2 t  1 5  2 - 8  3 4  H 2 - 7 4 0 4 • 1 3  2 4 2 0  • 2  • 6  2 3  2 1  8 • 1 3 3 7  3 9  � - 6 t 6 1 7 4 · t o  4 2  4 1 · z  • 4  6 1 o O  8 · 1 0  2 ()  1 4 

• 3 1 7 1 9  4 · 9  3 9  3 3  - 2  • 3 9 5  Y 3 8 - 6  ( 5 £ 2  2 0 t 8 1 5 4 · a  8 5  b 5  • £ • 1  7 Y  7 7  
2 2 ?. 3  1 7 4 - 7  2 9  � 8  • 2 0 2 0  1 8 
3 

• t 4 3 0  2 8  4 - s 9 4  9 1  - z  1 !l <!  11 3 ... . .. . L = 1 2 * "' * *  
3 • t 3 2 2 4 4 - 4  t 0 2 1 0 2 - z  2 11 1 3 9  
3 • t 2 5 1  5 4  4 • 2 3 11  3 2  • 2 3 2 3  2 t  • 6  - z  I 5 1 2 3 - 1 1  3 2  2 9 4 2 2 4 1 6 • 2 5 2 2 1 9 - e  3 t 6  1 8 ) · t o  3 tl  3 4 � : B  H 1 0  • 1 - t �  2 0  1 6  · 7 • 7 2 6  J 1  3 - 9 5 5  5 1 3 2  • 1  - 1 3 t b 2 1 • 7 • 6  4 1 11 5 3 - 6  1 9 1 7 5 

- p 2 2  2 2  - 1  - l l  '1 0  J b  • 7  • 4 1 \i 1 y 
3 · 7 H 6 9 5 - 0 9 9  9 4  · t  • 1 0  4 9  5 4  • 7 • ) 1 7  1 2  3 . • 6 4 0  5 · e 7 1  7 7 • 1 · r 1 <;  2 t  • 7 1 t 6  1 2  3 - s  2 3 1 7 5 • 7  6 1)  5 6  · t  • 5  2 0  1 9  • 6 - 9  2 0  1 4  3 - 4 3 0 2 b  5 - s  8 d  0 8  • 1  • )  4 7  11 6  • 6 • 7 5 0  � 4  3 - 3  4 4  4 t  5 • 4  7 3 7 4  - 1  • 2  5 0  4 9  • 6  • 6 5 0  5 3  3 • 2  2 4  1 8  5 - 2  3 0  2 8 - 1  - 1 3 U  j t  - • 6 • 4  l b  r 9  3 - t  " 5  4 3 6 - F 4 0  4 4  - t  0 6 1  b t  • 6  . 1 - l '1 3 0 ;>) 1 4  6 - 1 t 9  1 4 · t  1 1 8 1 1 • 6  4 2 6  � 5  4 • t 3 4 3  4 5  6 • t O  5 3  5 3  · t  2 4 li  4 3  · 5  · 8  2 J  £ 3  4 • t 2 3 8  3 8  7 · t 2  2 8 2 9  • 1 3 2 5  2 2  - s  • 7 3 � :n 4 - 1 1 ? <!  3 2 7 • t O  2 0  2 4  0 • 1 3 2 0  1 9  • 5  - 6 I 7 l U  4 • 9 A J  5 1  7 - 8  4 0  <! 0  c - l t  l b  1 7  - s  · 5  2 7  £ 2  4 • Cl 2 1  2 1  7 • 7 4 0  .3 5  0 • 9  2 7 2 9  - s  • 4 t' 6  1 8  4 - 7  l 9  2 4  7 · 5  4 0  3 6 0 - �  3 ()  J 5  • 5  • 3  3 S.  .. 1 4 • 6  2 2  2 9  7 • 4  3 t  2 t!  0 • 7 4 7  'I d  · 5  • 2 t' U  1 4 4 - 5  4 5  4 5  7 • 2  2 0 1 6 0 - 3  4 ::>  4 J · 5  · t  4 7  '< 4  4 · 4 1 6  1 3  6 • 1 1  2 .3  2 11  0 - 2  5 2  !1 1  · s  0 4 3  4 4 5 - 1 4 2 1 2 4 

0 • t 5 2  ) 4  - �  1 3 �  3 2  
0 0 7 )  7 0  - I;  • 9  3 1 3 3  
0 I � �  � t  • 4  • 7 t 7  � 0  
0 2 5 4  • 4  - 6 H 5 5  0 3 3 o  3 2 • 4 - 4  Y 8  



2 3 2  

ll K L B S  C A L C  H I( 0 8 5  O L C  H I( C t3 S  C A L C  rl K 0 9 5  C A L C  H K 0 6 5  C � L C  

5 � I 3 2 �  <' 8  0 • 6  5 6  6 1  • 3 I 3 6  3 4 � 4  " 2  2 3  � 5  - 1  " 2  2 6 2 3 ) " 1 2  1 ') I 6 0 · 5  1 9 1 7 • 3  2 2 0  1 5  • ol  • 1 � �  £ )  0 • !  1 t tl  1 0  s � 1 1 6 u  C CJ  0 " 4  1 5  1 0  • )  3 3 5  3 1 " 'I 0 J 3  u · t o  3 1  J 4  5 � 9  7 1 1 4  u • 2 4 7 4 4  - 2  - ) 3 1 9  2 3  " '\  I I o � 2  0 · 9 J 4  3 b  � � I\  3 £  J 4  0 " l  H 6 5  = �  � 1 � � $  3 4  • ) · t o  3 V  J o  0 - 8  � 5  ,! 4  J � 7  I o 1 1  0 .33 " 1 J O  - 3 • 9  2 6  J 2  0 · 7 o :;; Y IJ  
5 • 6  2 .:  � 7  0 2 2 4  2 2  · 2  · t o  e o  2 2 • 3 • 7 2 3  . n  0 - 6  3 3  j 9  
5 - s  ) 1 :. o  1 " 1 4  H � u  • 2  • 9  7 1 7 6  • 3 • 6  5 �  :i 5  0 · 5 ? 3  £ 4  :, • 4 3 0  � 0  1 � I 3 1 9  2 2  • 2  · r  S d  6 2  � 3 · 5 3 1  l '  1 " I 3 2 0  <: 9 
5 • 1 2 u  l tJ  1 • I 1 2 0  2 1  • 2  " 6  3 7 J 9  • )  • 1  1 -;  1 " 1 1  3 5  3 7  6 · t s  2 :.. <' 5  1 · t o  3 �  .HI � 2  � �  6 1  b I • 3  2 f �  1 7 1 " 1 0  f �  3 5  
6 .. 1 2  2 J  2 1  1 · 8  s o  ':l I • £  • 3 5 3 ) 3  • 2  • 9 <' 0  I · 9  H i. G · t o  � �  J 5  1 � 6  2 4  � 4  • 2  � 1 c l  £ 0  . ., • 8  2 d  j l 1 · 8  4 6  ) 4  6 • <;  £ 9  1 · s 2 9 a - 2  0 2 5 2 6 " 2  • 6  2 1  £ 2  1 · 7  3 5  9 5  6 · 8  3 0 J 2  1 • 4  5 0  ':l 5  • I  • ! 2  :, 2  J 5  " 2  - q  2 1  1 tl I - 6  2 �  2 4  6 • 7  I Y  1 9  I - 3  7 2  7 3  - I • 1 I 3 \1  3 9  - 1 " l 3 2 1  <' l:i  1 • 3  2 2 5  6 • 3  2 1>  d I " 2  5 0  5 U  • I · t O  2 3 1 8  - 1 · t o  4 6  ::> 2  1 • 2 2 5  2 t  7 " 1 4  ? 7  J O  I 0 3 1 2 8  • 1 • 9  ':l d  6 2  " 1  � 9  s :.  '>' 3  2 • ! 2  3 2  3 8  
7 " I 3 3 1  J O  1 1 3 6  ] )  - 1  � r  2 2  2 6  " 1  · e 2 4  � 5  2 " 1 1 3 3 J 3  
7 " 1 0  3 "  J 5  2 • ! 5 2 4  � 5 � 1 � s  5 0  5 U  - 1 � 7  :; 9  6 2  2 · 9  2 6  3 4  7 - o  5 :.. ':l 8  � " 1 4  2 6  2 b  - 1  � 4  j 7 4 2  " I  � ..,  3 :.  4 0  2 · e  3 9  4 2  7 • 6  2 7  � 8  ;> • ! O  3 6  J 8  • I  • 3 1 7 1 6  - 1 • 3  3 0  d l  2 • 7  2 3  d 8 • 9 2 3  £ 4  2 • 9  2 1  1 6 " 1 " 2  3 3  3 5  0 • 1  3 2 5  £ 7  2 • 6  2 2  (' 5  6 · e  2 4  <' 6  2 · 6  S i!  1 :  " 1  • 1 2 7 2 4 0 • 1 1  2 '1  J O  2 • 4 1 9  2 0  

2 - 4  7 6  0 " 1 1 2 9  3 2  0 • 1 () S o  ) 8  3 " 1 4  1 9 2 3 2 · 3 6 9 6 6  0 · 8  1 7 2 1  0 - 9  6 J  { () 3 � 1 2  3 7 4 3  * • • •  l = 1 3 ' '* * *  2 • 1  2 � 4! 3  0 • 7  5 5  6 1  0 • {  5 ::>  :. 7  3 · t o  � tl  5 4  2 0 3 4  <: 9  0 " 6  1 1  7 1 2 2  1 • t 2  3 1 3 6  3 • 9  2 6  3 3  · a  0 1 4 7 3 • 1 5  2 1  2 1 0 · s  4 6  � 7  1 • 7 3 J 3 2  3 - 7  3 'l  j �  · e  1 1 1  l 4 3 " 1 3  3 \1  3 9  0 � 4  3 3 3 4  1 • 6 3 7 4 0  3 · 6  3 6  J 7  • 7  • 1  2 U  d 3 " 1 2  2 4  2 3  0 • )  Q cj  4 7  1 " 5 3 6  3 '1 3 • 4  H 3 6  - 7  1 2 )  <: 2  3 • ! 1  4 4  ) 0  0 � 2  ) l:l  3 6  1 . ., 7 3  7 4 4 " 1  3 3 4  3 6  • 7 2 2 u  1 1:l  3 · 8 s u  � 3  0 0 2 2  1 9 1 • )  3 1.)  2 1l  4 · 8 2 0  1 7 • 6 • 6  2 2  <' 1  3 • 7 5 7  :> )  1 • 9  2 4 2 7  2 • l j  2 0  1 4 5 · 9 4 2 4 4  • (,  - 4 3 \1  .i 9  3 · S  2 3 2 0  1 · 8  2 1 2 2  2 " 1 2  3 7  '1 5  5 • 8  2 0  1 9 • (,  " 3  2 6  a � • I ) 2 1 1 9  1 • 7  7 7  b 5  2 · t o  4 <1  4 9  · c.  · 2  2 �  £ 3  q " 1 2 3 8  <. 0  1 � 6  1 U 9  1 1 6 � · 9  2 4  £ 4  · :.  - 7  3c> J 9  4 • 1 1 3 0 2 9  1 " 4  4 5  4 6  - e  2 1  1 4 .. .. . .  l = 1 7  * * " *  
· 5 • 6 3 1  J 2  4 · t u  1 7 1 4 1 • 3 3 8  4 0  2 • 7  5 7  6 5  - s  - :; 3 o  J 9  4 • 9  2 :;  2 1  1 1 2 1l  2 2  � • 6  4 2 4 7  · 5 · 5 � 9  2 1  · :.  • 4  8 ()  b 6  4 - 8  5 tl  ':l 9  2 " 1 4  3 1  3 4 - 5  4 11  ) 1  • 4 • 3 4 4  
" 5  • 3  5 .:.  :> e  4 • 7  6 0  6 3 2 · t 3 1 a 1 9 2 - 4 6 9  7 3  • 3  · t O  2 9  J 3  · s  - z  2 4  £ 4  4 - s 2 J  2 3  2 " I  1 2 4  2 5 2 " 3  2 J  � �  • 3  • 9  2 0  2 1  · s  • 1 1 y 1 7 4 - �  2 3  <: 5  2 · t O  3 7  4 1 3 -- 1 4 - 2 0 - 1 9 . 

• 3  • 7 2 1 2 3  
- s  0 4 6  4 7  4 " 3 3 0  2 8  2 - e  3 5  3 8  3 " 1 1  2 0  2 4  • )  - 6  ) :;, .; a  
- 5 1 2 5  £ 5  5 ., 1 � 2 1  1 e 2 · 6 1 8 1 9 3 " 1 0  � �  � 0  • 3  · 5  3 0  j 3 - 4  • 9 t il  1 6 5 • 1 3  2 :.  <' 8  2 · 4 1 9  1 6  ..i - 5  J 1  - 3  - z 2 '1  n • 4  - 6  2 0  1 8  5 • 1 2  3 0  3 3  2 - 3 1 '.1 2 0  4 · t 1  3 0  3 5  • J  • 1  3 3  3 2  
· 4  • 5  H H � • 1 6 n � 8  2 � 1 2 11  2 1  4 - 9  2 3  i 6  · z  " 6  3 7 ; IJ  - 4 " 4  • 1 ) 0  2 0 3 0  2 tl  4 • 7  3 1 J )  • 2  · 5 l' o  2 6  
• 4  • 3  1 5 1 5 • 7  <' 6  2 6  3 . 1 4 2 0  2 t  4 • 6  3 U ) 0  • 2  " 4 t 0 £ 2  
- 4 • 2  3 3 2 9 5 • 3 2 b  2 6  3 " t 2 1' 2  2 4 4 • 4 3 2  3 4  - 2 · z  3 2  3 2  • 4  • 1  2 6  -' 4  6 • 1 1  3 '>'  4 0  3 " t O  :; 2  5 6  5 • 1 4  2 6  2 4  · t  • 1 2  2 £  l 9 - 4  0 2 9  j O  6 • I Q � �  J O  3 • 9 1 9 1 9 5 " 1  3 3 4  -< 0  " 1 • 1 (• 3 'i  '4 5  · 4  1 3 4  2 9  6 " 9  1 7 1 6 � - a  4 0  4 1 ) " 1 1  4 5  ::. u  • 1  • 9  4 .J  :> 2  . ., 2 2 t  1 9  7 · t 3  ( 4 2 8  · !  2 1  2 6  5 · 8 2 0  2 3 · t  • 7  2 .J  � 2  
• j - y  3 5 3 5  3 - �  1' 1  2 4  5 • 7 2 u  2 3  0 · t o  q ) I)  · 3  - 7  5 9  6 3 3 · 4  3 3 3 4 6 · n  2 4  2 9  0 " 9  3 J  .J 9  · J  - 6  5 1 5 1  .. . . .  L = 1 4  * * * *  3 · 3 2 6 2 2  6 • 9  1 9 1 9  0 " 6  :i' j  n 
• 3  � ��  H � 0  3 · 1  2 9 2 2  (, - a  2 6  2 2 0 · s 3 0  J )  
- 3 · J  5 0  � iS  • 7 • 6  2 0  1 8  4 " 1 3  11 3 4 9  0 • J 2 1l  n · 3 • 2 4 0 'l 1  • 7  • 1  t 7 1 3 4 " 1 1 1 7 1 4  1 • 1 3  2 2  H 
:. 3  • 1 4 1  '1 0  • 6 • 7  3 4  3 6  4 � 1 o ? o 2 1 . ._. . .  l = 1 6  ' .. * * 1 • 1 2  4 U  4 9  
" J  2 2 7 � 5  - 6  • 6  3 4  3 5  q � 6  ? o  2 8 1 · s 2 -;  J 1 ;. 3  3 3 2  J o  • 6  • 3 3 3  J 5  4 • 5 2 £  2 3 · 6  - 5  1 5  1 6  2 · 1  3 ;> 7 3 8  - ;;  • 1 1  3 0  � 5  • 6  " 2  ) j J 2  5 • t )  ) (') 4 U  _ ,  � 8 3 4  J 9  2 - l �  2 0  � ':l  · 2  · t o  1 7 1 q " 6  · t  t 6 1 6 5 · 5  1 5 3 3 • )  - 3  2 1 £ 6  2 - �  2 4  £ 3  
" 2  · 6 3 7 4 6  • 6  0 2 ::.  £ 3  5 - 4 2 9  2 4  - 4 - 9  3 4  J 9  3 • 1 2  2 li  j 3  • 2 • 7 3 0  J 7  - s " 9  2 4 2 6  6 - 1 4  3 3  3 4 · 4  · 8 3 7 4 2  3 · 1 0  : 1 j 7  · 2  • 4  3 7  q 1 - s  · e  2 2  2 2  6 " 1 1 2 :.  2 4  � �� • 6  2 0  2 0  q • 1 2  S 4  � 4 · 2  - 2  4 3 4 4  - s  • 7  � 2  £ 4 6 " 1 0  2 1 2 3 · 4 0 2 1 C/ 4  4 • 1 0  a u  4 9  · 2 2 2 2 1 7  · 5  " 3  2 9  · 3 · 6  2 4  2 8  4 - e  2 u  £ 1  - 2  3 2 6  2 6  - s  " 2  4 0  '1 0  · 3  - 3 1 9  1 4  - 2  4 2 0 1 5  � ��  • 1 0  3 7  4 0  • • • • l :: t s  • • • •  • J · 1  3 3  3 6  · 1  • t 4 1 9  2 1  • 4  " 9  1 9  � 5  · 3  0 3 2 3 1  " * * *  l = 1 6  • • • •  
· 1  " 1 3 2 9  2 7  • 4  · s  3 3  3 4  " 6 0 2 3  2 3  · 2 · 1 2  ;> 8  3 2 • 1 • 1 1 2 6  J 1 • 4 " 4 3 o  J 8  " 6 1 2 7  3 (1  - �  · t O  3 2  3 7  • 4  · ?  2 (,  1 9 
- 1 · t o  3 il  J oy  • 4  - 3 2 b  � 8  · s  · 7 7 2  2 4  � 2  � 9 2 5  2 9  • 4  - s 2 9  � 3  • t • 9 5 4  ':l 5  • 4  • ;> •. J o  J S  · s - 5 3 2  3 5  - 2  • 5  2 9  3 0 • 3  • 9  2 1  � 5  :. 1  • 7  2 4  2 5  • 4  • 1  2 U  t 8  · s • 4  2 1  2 9  - 2  • 4 1 9 2 11  • 3 - e  2 'l  J l  - 1 • 6  7 1  7 3  - q  \' 4 £  J 9  · s  · 3 � }  � �  · 2 · 3 4 1  'I 1 • 3  · 5  n £ 9  • 1 - 3 2 1  1 7 • 4 2 1.  � 6  · s  - 2  - z  - 2  3 3 3 2  • j  • 4  2 J  £ 9  · 1  - 1  � 4  :... 4 - 3  • 1 1  2 :J  i 8  " 4  · 9 � 0  3 2  - 2  • 1  2 7 2 9  • 2  " 6  1 9  � 5 
• 1 0 3 1  j 1 • .l  · 1 o  '?.7 2 9  . 4  - 8  � �  2 2  - 1  = l a  2 2  2 3  • 1  • 6 n J 7  
• 1 2 1 7 1 1 • J  � 9  ;> )  £ 0  - ��  • 6  3 4  - 1  2 4  £ 4  u - e  1 5 

0 - 9  6 0  6 3 - 3  " 5  l \1  u � 4  • 5 s o  5 4  - 1 · 7 2 4  � 5  1 • 6 2 1  a 
0 - 6 6 5  o B  • )  • J 2 '1  J t " 4  - ll 2 5 2 6  - 1  • 5  2 7 -' 6  2 - 1 2 4 1  ::> 0  
0 - 7 3 6  'l O • ) 0 � j  ) 3  - 4 · 3 2 9  3 1 • 1 . - - 3  2 9  2 7 - 2 · 1 o 2 6  J 4  



H L 0 8 5  C A L C  ' . 2  1 0 
'" 2  1 4 
'" 2  1 6 

* * * *  K - 2 1 8 
= 0 . . .. .. - 2 2 0 

" 1  1 
• 1 8  4 2 4  2 8 .. 1 3 
· 1 8  8 2 0  1 6 = i  5 
• 1 7  � ? 3  2 3  7 
• 1 7 2 6  2 5  • t  9 
• 1 7 7 3 0  2 9 - 1  1 1 
• 1 6 2 3 0 ;: 9 • t 1 )  
" 1 6 4 ? 2  2 4  0 2 
· 1 s 1 3 4  3 6 0 4 
· 1 5 3 ? 5  H 0 6 .. 1 5 7 2 0  0 8 · 1 5 1 3 2 3  1 5 0 1 0  
• 1 4 8 1 7  2 3  0 1 r • 1 4 1 4 I H  4 3  1 
.. 1 4 1 6 ? 2  2 0  1 3 
· 1 3 1 4 9  5 0  i � • 1 3 3 6 5 6 6  
- 1 � 5 3 3  3 7  1 9 
• 1 7 2 5  2 8  i 1 � 
• 1 3 1 5 1 8  1 8 
• 1 2 2 1 3 1 1 7 
• 1 2 4 9 1  8 4  1 1 9 
"' 1 2 6 8 5  9 7 2 0 
· 1 2 a 5 5  5 8  2 2 
• 1 2 1 0  � g  4 0  2 4 
• 1 1 1 7 8  2 6 
• 1 1 3 9 o  8 6  2 8 • 1 1 5 4 4  4 1  2 1 0 
• 1 1 7 1 8  2 4 3 1 
· l o  2 5 2  5 1  3 5 
· t o 4 � ��  '1 5  3 7 
" 1 0 6 6 5 5 6  3 9 
• 1 0  a 6 1 8 5  3 1 1 
· 1 o 1 0 2 7  6 9  3 1 3 - 1 o  1 6 2 1  2 3  3 1 5 

- 9  1 1 1  7 1 1  7 4 2 
. 9  3 1 2 2 1 2 9 4 4 
. 9  5 8 6 8 5  4 6 
" 9  7 1 1 6 1 1 1  4 8 
" 9  9 8 5  8 9  4 1 0 • 9 � �  3 2  3 0  4 1 6 
. 9  1 I 4 5  lO O  5 1 
.. 8 4 2 2  1 9  5 3 
" 8  6 4 8  4 9 5 � · a 8 5 2  5 6  5 
.. 8 1 0  3 0  2 8  5 9 
" 8  1 4  4 6  4 7 5 1 3 
• a  1 6  3 7 3 6  5 i 1 . 8  1 8 2 7  2 3 5 
- 7  1 0 )  9 7  6 2 = �  � 7 8  

1 � �  6 4 
1 8 9  6 6 

" 7 7 1 7 0 1 7 1 6 8 : t  9 1 3 8 1 3 8 6 1 0 
1 3 2 6  2 1  6 1 6 

• ]  1 5 2 9  2 2  6 1 8 = �  1 7 H 2 7  7 1 
1 9 1 5 7 5 

" 6  0 
1 H 2 8  � 7 

- 6  2 1 � 9 9 " 6  4 7 6 7 0  8 0 
'" 6  6 5 1  4 9  8 2 
- 6  1 0 5 4 5 6 8 4 
- 6  1 4 6 5  6 3  8 6 
" 6  1 6 4 1 3 6 8 8 - 6  1 8 r 6  3 1  8 1 0 · s  1 6 8 1 4 
. 5  3 s o  4 3  9 1 
· s 1 � �  3 3  9 3 '" 5  6 5 9 � - 5  9 9 4  9 6 9 - 5 1 1 5 2 5 4  9 9 - 5  1 3 3 2 3 5  1 0 0 
'" 4  0 7 5 7 3 I Q  2 
- 4 2 11 6  d 6  1 0 4 
- 4  4 3 0  2 5  1 0 6 " 4  6 2 8  3 0  1 0 8 
- ��  a 2 8  2 1  1 1 1 
- ��  1 0  3 7 3 4  1 ! 3 - ��  1 2 5 1 4 9 H 1 - ��  1 4 8 4 6 0  
- 4  1 6  H 7 2  1 2 � - ��  ! 6  5 2  1 2 - 4  2 0  3 4  3 0  1 2 6 - 3  1 1 1 5 1 1 7 1 2  8 - 3  3 1 9 2 1 7 3 1 2 1 0 
"' 3  5 1 3 7 .  1 3 1 

= �  7 2 1  2 2  1 3 3 
9 3 9  l! U  1 3 5 - 3 1 5  2 5 2 3 1 4 8 

'" 2  2 1 8 7 1 9 0 1 5 1 • z 4 1 0 9 9 7  1 5 3 • z 8 1 0 5  l u 4 1 5 5 

C u  ( 1 '_ : .  r ) ,  __ ::r . L -

5 5  5 4 H 
'1 1 '1 1  
? o  H 1 5  

H : a  

L 
7 

1 9 1 5  * * * *  
1 1 7 1 1  3 

4 5  4 7  " 1 8  2 
2 3  2 0 '" 1 8  4 
3 9  4 2  

'" 1 7 3 
3 7  3 7  " 1 7  4 
4 6  4 8  • t 6 4 

2 5 5  2 7 0 - 1 6  6 
1 3 0 1 3 8 • 1  6 8 

6 2  5 6  · 1 5 0 
4 3  4 8  · t s  1 
1 5 1 4 · 1 5  2 
2 2 2 5  · t s  3 
13 :>  9 8  · 1 s  4 
7 0 6 2  • 1 5  6 

1 5 C> 1 '-1 5  • ! 5 7 
1 6 1  1 6 , · 1 s  9 
1 0 9 1 0 • 1 4  0 

� 1  6 2  - 1 4  1 
3 4  

• 1 4 2 
2 6  2 2  • 1 4 3 
2 6 2 5 • 1 4  � 1 8 7  1 8 6 • 1 4  

1 9 1  2 0 2  • 1 4  8 
1 1! 0  1 11 4 • 1 4  9 

9 9  9 7 • ! 4 1 3 
8 2  � �  • ! 3 1 
7 3 • 1 3 2 

g 5 1  " 1 3 3 
l:l 3  • l )  5 

7 3 e o  - 1  3 7 
1 5 9  1 6 4 .. 1 3 9 
1 1  8 1 2 2 • 1 2  2 

6 U  6 1  • t 2 3 

��  � �  • 1 2  4 
'" 1 2  5 

4 9  s s  '" 1 2  6 
5 4  1 �  - 1 2  7 
8 2  • 1 2  8 
2 8  3 0  '" 1 2  9 
2 o  1 9 - 1 2  1 3 
6 5 6 4  - 1 2  l 4 
8 9  5 3  • 1 2  1 5 
2 4  2 6 - 1 1 0 
8 1  8 2  • 1 1 2 
8 4  t1 S  - 1 1 3 
5 7  5 6 - 1 1  4 
2 4  2 6  - 1 1  5 
3 0  2 6  '" 1 1 6 
1 2  4 • 1  1 7 
2 Y  H • 1 1 8 
s s  5 4  - 1 1 9 
6 5  6 6  · 1 1 1 3  
3 5  .3 6  '" 1 1 1 4  
2 5  2 5  · 1 o  0 
2 6 2 4  • 1 0  1 
1 7 1 3 · 1 o  2 
1 7 1 7 · t o  3 
2 9  3 3  • t o  4 
2 1 1 9  · 1 o  5 

1 5 5 1 5 0 '" 1 0  6 
6 d  7 2  · 1 o 7 
2 9  2 4 · t o 9 
1 8  H · t o  1 0  
3 4 • t o 1 3 
5 8  H · t o  1 4  
1 9 - 9  0 
6 3  6 6  - 9  1 
5 d 5 8  • 9  2 

3 6 3 7  
'" 9 3 

2 0 2 1 • 9 4 
3 1 3 3  '" 9  5 

1 0 4  1 0 3 - 9  6 

1 0 7  1 0 8  • 9 7 
9 2 9 3  '" 9  8 

2 9  3 1  " 9  9 

1 8  1 9  - 9  1 3  
6 3 5 8 • 9  1 4  
5 7  6 1  - 9  1 5  
3 4  � s  · a  0 
3 9  · a  1 

4 3  4 8 · a  2 
2 2  2 6  · a  3 

4 4  4 1  · a  4 
4 6 4 8  - a  5 
3 1 3 3  - a  6 
6 5 6 6  · a 7 
5 Y  5 6 • B 8 
3 7 4 1  · a  9 
1 8  1 1 · a 1 3 
4 3 4 3  · a  1 4  
4 0 4 4  · e  1 7 

4 8  5 0  · a  2 0  

o s s  
2 7  

K " 1 

2 11  

r �  
n 2 5  
2 6  
2 5  
2 v  
J j  
2 (  
3 2  3 :.?  
1 a 
2 1  
3 2  
4 ,  
2 2  
4 2  
2 '1  
3 2  
2 6  
1 6 
2 7  2 6  6 4  
2 1  
5 1  
1 9  
3 5  
2 0  3C> 
1 6  
5 1 2 2 
2 1 
3 0  
2 2  
3 1 

? �  
2 5  
2 3  2 2 2 .l  
1 7 
5 1  2 6  
2 4 
2 :.1  
3 9  
3 3  

� �  
2 9  
2 Y  
Jll 
5 6  
2 \J  
4 3 2 7  
1 7 
l e  
2 2  i '  
3 !l  

� �  
1 6  
3 7  3 4 
1 6  
1 7 2 4  
5 6 
1 9  
2 4  
4 0 
7 3 

1 2 0 
6 7 

1 4 4 
3 2 
7 2  
S J  
4 (>  5 3  
1 6  
2 7  
1 9  
2 0  

2 3 3  

C A L C  • 7  0 3 8  3 6 
• 7 1 6 '1  ) lj  

2 6 • 7  2 S q  l:l 2  = �  � 1 1  0 1 u 9  
7 5  7 3 

.. :1: * * • 7  5 7 4  6 9  
• 7  6 5 �  5 6  

:0: 4  : f 8 4 U  4 0  
<: 5  9 7 0  (> 8  
1 5  1 3 5 1  ) 1  
2 3  

• 7 1 4  2 2  1 9 
:t. 7  .. 6 ? 5 1  � s  c 5  • 6 3 1 
2 3 • 6  2 H , 1 
<: 4  • 6  3 6 5  
3 4  • 6  4 6 )  o 2  
<: 8  '" 6  5 5 7  5 6  
J 6  • 6  6 5 6  't 4  
3 0  • 6  7 3 o  3 9  
1 5 • 6  8 S 'J  5 7  
2 3  '" 6  9 3 9  4 6  
.l 4  - 6  1 0  6 Y  Cl 6  
4 6 • 6  1 1 2 i:i  2 8  
:.: 2  • 6  1 4 3 1 ' d  
3 6  · s  0 ) () 3 0  
:.! 6  · 5 1 1 6 u 1 '1 1  
3 3  · s 2 1 5 2 1 4 2  
2 5 • 5  3 l O O  9 1  

9 · 5  4 1 2 U  1 1 7  
2 7  · 5  5 1 �  1 �  2 5  · 5 6 
C> 5  · s 7 H 3 9  

� �  · s 8 7 8  
'" 5  9 2 5  2 3  

2 0  · s 1 0  5 2  , 4 
4 1 · s  1 1  4 ::) 4 3 
£ 1  " 5  1 3 4 4 4 3  
� o  · 5  1 4 4 0  4 1 
1 3 · s  1 5  2 7  1 8 
5 2  · 5  1 6 2 2  2 1  
2 5  · s 1 7 2 1  2 3  
2 3  '" 5  1 8 2 3  2 4  
3 3  '" 4  � 2� �  2 0 8  
2 8  • 4 5 3  
.> e . • 4 2 1 3 d 1 4 0  
3 7  • 4  3 1 6 1 1 
2 1 '" 4  4 1 3 2 1 1  0 
2 3 '" 4  5 ? 1  3 0  
2 4  '" 4  6 1 1 
2 4  '" 4  9 1 4 1 0 
01 0  '" 4  1 0  2 7  2 3 
1 6 '" 4  1 3 3 7 4 1  
5 8  • 4  1 4  � 9  6 3  
.3 1 • 4 1 5  2 4  
2 3  '" 4  1 6  � 1  .. 4 
£ 2  '" 3  0 � 0 
5 4  '" 3  1 1 7 1  1 6 9 
3 2  • 3 2 7 J  7 6 
1 9 - 3  � 6 3  6 6  
6 6  '" 3  9 2 Y O  
3 0  • 3  5 1 2 3  1 1 2  
2 9  '" 3  6 S j  ) ) 
3 5  '" 3  7 4 7 4 6  
::. s  '" 3  8 3 3  3 6  
1 9 • 3  9 5 9  5 7  
4 7  '" 3  1 0 4 7  4 5  
2 8  • 3  1 1  l !l  1 9 
n '" 3  1 2  4 o  4 7  
4 5  • )  1 4 3 e  3 3  � �  • 3 1 5  2 1:l  2 5  

• 3  l 6 3 u  2 7  l 0 '" 3 1 8  2 1:l  2 4 
4 0  • 3  1 9  2 5  2 1  
1 1  '" 2  0 2 7  1 1 
9 1  · z  1 3 7  3 9  
1 5 · z 2 8 2  7 7  
J a  · z  3 1 1:l  1 9  
3 8  · z  4 1 4 4  1 4 2 

8 • 2  5 5 2  4 7 
1 8  • 2  6 1 0 4 Y 7 3 9 '" 2  8 7 3  6 9 
::. 3  '" 2  9 1 \1  1 8  
1 9  '" 2  1 1 2 d  2 8  
2 7 '" 2  1 2  3 2  3 2  
J S  '" 2  1 3 4 9  � 0  6 8  '" 2  . 1 5  2 7  :0: 5  

1 1 5  • 2  1 9 2 7  1 4 
7 0  '" 2  £ 0  

1 H 1 8 
1 3 5 • 1  0 1 6 6 

3 2  '" 1  1 7 u 7 3  
7 5 '" 1  � 1 3 7 1 4 g 
4 9  '" 1  2 0  
s o  • 1  4 9 u  '.1 2  
5 4  '" 1  5 5 6  JO B  
1 1  • 1 6 2 7  3 1  
2 3 '" 1  7 3 1  2 4  

6 '" 1  9 4 u 4 1  
2 1  '" 1  1 0  3 4  3 6  



2 3 4  

H L O B S  C A L C  8 3 6 9  6 8  t:i L 0 8 5  C A L C  • 4 1 3 2 4  � �  8 4 2 1  2 2 " 4  1 5  2 4 • I l 1  4 0  4 1 tl 5 6 0  'J 7 .. 1 1 2 1 6  2 1 " 3  0 8 0  6 0  " l 1 2  3 1  3 0  8 6 3 6 J 9 .. 1 1  3 1 5  8 d 3 1 1 8 8  1 6 6 
- 1  I 3 5 5  5 8  8 7 6 2  6 2  .. 1 1 7 2 Y  3 3  • ) 3 9 0 9 5  
- 1  1 5  3 1 J 2  8 8 5 4 ) 6  - 1 1 9 3 2  4 3  • 3  5 3 8  4 1 • 1 1 6 1 8  1 6  tl 9 4 2  4 2  .. 1 1 1 3 4 4  4 4  � 3  6 3 9  3 1  

0 2 5 3  6 0  8 1 � 1 8  1 9 .. 1 1 1 5  3 0  2 8  " 3  8 7 0 7 0 
0 3 3 1 J S  9 2 8 2 9  .. 1 1  1 6  2 8  2 9  " 3  9 3 8  3 8  
0 4 1 5 6  1 ) 8  9 2 1 9 2 2  M 1 1  1 7 2 6  1 9 • 3 1 0  3 9  4 0  
0 5 1 3 1 9  9 3 3 7  j ]  .. 1 1  1 8  1 8  1 8 • 3 1 1  3 6  3 9  
0 6 1 0  3 1 0 7 9 4 2 3  :C O  " 1 0  0 5 3 5 3 " 3  1 2  1 6  1 8  0 8 5 6  ) 5  9 5 4 5  '1 6  " 1 0  1 1 4  1 1 • 3  I 3 6 9  6 9  
0 9 I ll  1 9  9 1 5  1 9 2 1 " 1 0 2 2 7  3 0  " 3 1 5 2 2  2 0  
0 l ?  1 4 1 3 1 0 1 3 I J 3  · t o  3 I 9 2 4  " 3  1 6 2 5  ;! 5 0 3 0  2 8  1 0 2 2 1  1 7 " 1 0  4 I 7 1 9 " 3  1 7 2 2  1 5  
0 1 3 ?. 5  L. 9  1 0  3 5 0  5 3  " 1 0  5 2 8  .l 3 " 3  t a  1 9  1 7 
0 1 4 3 8  J 6  1 0  5 5 3  ) 3  " 1 0  6 3 3 .l O  " 2  � 4 7 1; 6  
0 1 5 1 6 1'1 1 0  6 4 5 IJ 6 '" 1 0  a 3 6  '1 3  " 2  n 1 4 
1 1 7 4  7 0  1 0  7 � 4  4 4 · t o  I 0 1 9  1 7 " 2  4 6 a  
1 2 9 8 1 1 1 1 0  9 2 9  3 2  " 1 0  1 3 3 0  2 9  • 2  5 5 0  4 4  
1 3 1 8 1  2 0 0  1 1  I 3 4 3 3  " 1 0 I 4 I a 1 4 " 2 6 1 2 2  1 1 a  
1 4 o s  9 1  1 1 2 2 9  3 0  " 1 0  � 1  2 1 :2 1  " 2  7 3 7  4 0 
1 5 1 0 5  1:.:' 0 1 1 3 3 9  11 1 " 1 0  2 4  B " 2  8 1 4 9 1 4 9  
1 � a J  a o  1 1 4 2 6 2 5  " 1 0  1 8 � �  " 2  9 4 a  4 7  
1 8 5  '1 2  1 1 5 5 1  'l 9  .. 9 0 6 3  " 2  1 0  1 0 5 l o a  
1 8 4 7  4 6  1 1  6 1 7 1 3  • 9 2 5 4 5 9  " 2  1 1 1 7 1 0 
1 1 0  5 5  5 7 1 1 7 6 0  6 1  .. 9 4 2 6 2 9  " 2  1 2 5 3  5 1 
1 1 1  4 1 11 3 1 1 a 1 9 1 a " 9 5 2 4  2 6  " 1  0 8 7 d 5  
1 1 3 4 9 4 8  1 1 9 4 0  '1 0  • 9 7 3 0 2 8 " 1  1 1 6  1 9  
1 1 5  2 4  2 3 1 2 1 2 5  2 1  " 9  1 3 3 4  z a  " 1  2 3 a 4 4 
1 1 6 H 1 8 1 2 2 2 7  :.:' 9 • 9 1 1  2 7 ;! 6  • 1 3 t p  1 2 6 
1 1 7 1 2 1 2  3 t a  1 7 • 9 3 0  :e a  " I  4 

1 1 1 2 a 2 1 4 0  11 6  1 2 5 1 6  1 2 • 9 1 9 2 1  :2 1 .. 1 5 1 1  5 
2 2 2 6 2 9 1 2  6 t a  1 9  • a  0 1 0 7 I 0 3 • 1 6 3 2 2 5  2 3 s o  ) 4 1 2 a 3 0 2 9  • a  1 4 9 1\ 9 " I  1 1  1 9 1 a  
2 4 5 3 5 9  1 3 � l �  :.:' 0  • a 2 6 4 6 4  " 1  1 2 2 4 2 5  
2 5 6 1  6 0  1 3 1 8  • 8  3 1 6  9 • I  1 3 1 5 1 2  2 6 I 5 1  1 G 8 1 3 5 3 6 3 6  • a  4 6 0  5 6  .. 1 1 5 4 2  4 1 
2 7 4 8 ll 8  1 3 7 2 0  2 3  • 8  5 2 0  2 0 '" 1  H 3 0 2 6 
2 8 7 5  7 8  1 3 9 2 8 :2 4  · a  6 H 1 a  " 1  3 6 J 1  
2 9 4 9 5 5 1 4  1 2 9  :.:' 8  • 7  0 3 7 • t 1 9 2 6  2 2  2 1 0  3 6  3 8  1 4 2 H 2 8  • 7  1 3 4  3 11  • 1 2 � 2 8 2 0  
2 1 1 6 9  6 9 1 4 3 1 6  • 7  2 8 6  8 0  0 1 2 1 6  2 1 3 3 4  J 2  1 4 4 2 5 ..1 5  • 7 3 1 9 2 4  0 2 2 3  2 6  3 � 1 3 4 D 2  1 5 1 2 5  2 5  • 7 4 6 2  6 2 0 3 5 3 5 7  
3 2 1 ;e o  1 5  2 1 9 1 9  • 7 5 6 U  5 8  0 5 1 0 8  1 1  0 
3 3 1 1  4 1 :.:'7  t 6 1 2 1 1 8  • 7  6 2 6 2 6  0 9 7 1 7 7  3 1 1 0 9  1 1 1 1 6 6 2 5  ..1 4 • 7  7 3 0  .32 0 a 6 8 7  
3 3 7 4 1  1 7  0 2 3  2 3  • 7  8 2 1 2 1 0 8 4 9  5 4  
3 8 1 7 1 7  • 7  9 4 4  '1 3  0 9 5 7 6 4  
3 9 4 5  4 3 • 7  1 0  1 5 1 4  0 1 0 9 9  1 0 0 3 1 0 2 7  3 3  * * " *  K ::s 2 * * * * • 7 1 4  2 9  3 3  0 1 1  2 6 n 3 1 3 2 2 2 2  • 7  1 5 2 3  2 2  0 1 2  6 9 
3 1 4  1 7 1 8  · t 9  3 2 0 1 7 • 7 1 6  � t  2 3  0 1 4 3 3 2 9  
3 1 5  2 2  d • 1 8 0 2 3 .2 0  • 7 1 7 2 0  0 1 6 2 0  1 5  4 1 4 6 4 8  " 1 tl  2 1 9 1 0  • 7 1 9 2 0  1 3 1 1 1 4 1 1  
4 2 8 6  8 1  - 1 7  1 1 9  1 7  " 6  0 4 8  4 5 1 2 5 3  0 0  
4 � 2 9 ) 3  - 1 7  3 2 6 2 5  • 6  1 7 6 6 6  1 3 6 0  � �  4 2 1  2 1  • 1 7 5 3 2  J 3 " 6  2 9 0 ll 3  1 4 7 3 
4 5 6 8  0 5  · t 7 7 3 3  3 3  • 6  3 2 4  2 4 1 5 2 9  3 3  
4 7 7 0  6 9  " 1 7  9 2 5  2 2  • 6 4 1 0 0 9 9 1 6 1 3 n 4 8 4 2 . � 1 • t 6 2 1 9  1 8 " 6  5 1 6 1 6  1 7 7 1 
4 9 6 0  5 9  • 1 6 7 1 9 2 0  • 6  6 6 5 � 9  1 9 3 3  3 5 
4 1 0 5 9  ) 8  • t 5 2 2 8  01 9  • 6  7 8 0 1 1 0  1 8 1 5 4 1 3 2 2  1 9  • t 5 3 2 1  .2 1  • 6 8 � 1  9 5  1 1 2 4 4  4 8 
4 1 4 5 6  ) 2  " 1 5 4 2 6  2 9 • 6 9 8 2  1 1 5 2 1  2 0  
4 1 6 ' 3 8  3 3  • t 5 5 f\ 6  ll d  " 6  1 0  1 9  n 1 1 7 3 a  3 3  
4 1 7 2 0 1 8  · t 5  � 2 4  .:! 4  " 6  1 3  1 9 1 1 9 2 7  2 9 4 1 8 � 3  2 1  • t S  4 3  4 6  • 6  1 5 1 6  1 8  2 0 5 7  5 0  5 1 '1 0 " 1 5 9 2 9  ) 1 • s � 1 5  1 2 2 1 7 4 6 6  
5 2 1 8 2 2  • t 4 0 2 7  2 8  • 5 1 2 0 1 1 9  2 2 9 2 d 9  
5 3 5 1  '1 9 " 1 4  2 4 0  4 1 · 5  2 H ¥ g  2 3 4 4 4 8 
5 4 � �  1 4 " 1 4  3 1 6  1 0 • 5  3 2 4 3 0  2 9  
5 5 9 6  • t 4 4 11 4  11 5 · 5  4 2 3  2 3  2 5 1 0 9  1 1 1  
5 6 1 9  1 3 " 1 4 6 2 4  2 3 " 5  5 3 5 3 6  2 � 3 6 3 7 
5 7 4 9 5 2  " 1 4 7 3 3  3 3  • 5 9 H 1 8  2 8 7 6 3 
6 1 1 6 2 1  · t  11 8 2 1  .2 6  · 5  2 5  2 8 1 5 1 2  
6 2 B � 9  • t 4 1 4 H 2 8  · 5  8 2 0  2 2  2 9 3 5 3 6  
6 3 '1 5  • 1 4  1 6 � 0  " 5  9 5 9  5 8  2 1 3 2 4  2 3  
6 4 8 4 tl 7 • t 3  2 3 0  2 8  • s  1 1  2 9  3 1  2 1 4  2 1 2 2 6 5 5 5 � 1  • 1 )  4 3 4  2 9 • 5  1 2 H 2 3  3 1 1 3 6  1 2 4  
6 6 4 8  � 1  · t 3  6 4 6 '17 • 5  1 3  3 0 3 2 1 3 4 1 3 1 
6 7 3 1  H - 1 3 7 3 11  3 2  " 5  1 4  3 0  3 0  3 3 5 8 5 9  
6 8 4 4  4 5 · t 3 8 3 5  3 4  • 5 1 5 2 2 2 0  3 4 9 6  8 9  
6 9 3 2  2 9  - 1 3  9 4 9  6 1  - 5  1 6 2 3  1 4  3 5 2 6  3 0  
6 1 11  1 7  2 0 - 1 3 1 3 3 3  2 7  • 4  0 4 3 4 4  3 9 7 1 7 5  6 1 6 2 1  1 9 · t .3  1 4 1 9 � �  " 4 2 9 5 9 2  3 2 9  2 8  
7 1 3 6 J S  " 1 3 1 5 1 8 " 4  3 2 8  3 0  3 8 2 9 2 8  
7 2 2 9  3 2 - 1 2  2 3 8 J 8  " 4  4 1 3 7 1 3 3 3 9 3 6 J 6  
7 3 3 7 3 9  " 1 2 3 �{) � �  • 4  5 3 7  3 8 � � �  2 9 2 7 
7 4 1 6  1 6 • t 2  4 " 4 6 1 5 9  1 5 5 2 2  2 1 
7 � 3 1  j )  • t 2  6 5 � H • 4  7 a o 7 8  3 1 4 3 3 3 5 7 2 4  1 6  • 1 2  a 3 6 - 4 8 1 1  a 1 1 6 3 H 2 8  2 6 
7 e 2 1  .2 0  • t 2  1 3 2 6 2 3  " 4  9 a o  9 3  3 2 2 1 6  
7 9 2 4  2 6  - 1 2 1 4 2 3 2 3  • 4 1 0  6 8  6 6  3 1 8 1 8  1 2  
8 1 5 6  � 2  • t 2  1 6 2 4  2 7 " 4 1 1  6 4  C. 5  4 1 1 2  1 2  
8 2 1 8 1 5  - 1 1 1 2 6  2 5  • 4  1 2  3 4  3 4  4 2 2 3 2 3  



2 3 5  

H l O R S  C A L C " 1 6 8 3 4  3 4 H L O B S  C A L C  ) 1 5  2 4  2 2  
· t s  � 4 2  '1 2  4 0 1 3 � 1 3 0 4 3 3 �  t 1  • t s t u  1 0 · s  1 0  2 0 n 11 1 � 9  � 7  

4 4 1 6 
� 1 5  3 3 6  3 5  " 5  1 2  d 4 2 1 2 7  1 2 6  4 5 2 3  2 3  · 1 s  5 3 1 :n - s  1 3 1 9 2 3 4 3 1 2 :.!2 4 6 4 5  4 7  - 1 4 4 3 o  j 8  • 4  1 " 8  4 4  4 4 9 1  9 1  4 8 4 2  3 9  .. 1 4 6 s o  :; 7  • 4  2 1 0 1 9 9  4 5 1 8 2 3  

4 9 � 2  4 0 
- 1 4  8 4 6  4 6  " 4 3 2 5  2 5  4 6 6 6 6 6  4 1 2  1 7 d !  " 1  4 1 0 3 �  4 4  " 4  4 8 3 7 6 4 1 0  2 2 1 8  

5 1 P O  " 1 4 1 2 3 1  3 1 • 4  6 2 8  2 3  4 1 3 ::> 3  2 2  
5 2 4 1 4 1  

• 1 3 1 2 3  � 2  � 4  8 4 6  4 6  4 1 { 1 7 1 7 
5 3 1 0 6  1 0 4 

- 1 3 3 2 (1  £ 7  • 4  9 3 3 3 8  5 6 1  6 2 
5 5 9 8  1 0 6 

.. 1 3 5 3 1  £ 6  - 4  1 0  4 !)  " �  5 2 '1 9  5 1 
5 6 H 1 0 

- 1 3 7 H 4 2  " 4  1 2  3 d  3 6  5 3 n 3 0  � 7 4 3 - 1 3 1 3 2 0 1 6 " 4  1 3 3 5 4 0  5 4 7 3  
8 1 5  1 2 " 1 3 1 4  2 J  1 6  � 4  1 4 4 0  3 6  5 5 5 1  4 7  5 1 2 1 0  n • t 3 1 5  l 'i  1 6  • 3  0 3 9  'i S  5 6 3 9  4 6  

5 1 3 2 0  " 1 2 1 s v 4 9  - 3  1 3 7  � 1 5 7 5 4  5 6  
5 1 4  3 0  3 0  · 1 2  3 5 3  :> 8  • J  2 6 4  6 3  5 8 � 3  5 4  
5 1 6  2 2 1 8  " 1 2  5 4 1 '1 1  • 3  3 7 9  7 7  5 9 3 7  H 5 1 6  2 4 1 6 " 1 2  6 2 tl  3 0  - 3 4 3 7  3 6  6 1 7 5  
6 1 6 1 6 1 " 1 2  7 1 7 2 3 • J 5 1 3 5 1 3 0  6 2 1 3 3  1 3 3  
6 2 4 1  4 1 " 1 2  8 5 2  5 2  - 3  6 B 7 1  6 3 5 0  ll 8  
6 3 s o 4 8  - 1 2 1 0  3 3 " 5  • 3 7 e 9  6 4 !1 5  8 3  
6 5 2 5 2 5  " 1 2  1 2 5 1  ll 7  " 3 8 7 0  6 9  6 5 4 3  4 0  
6 6 3 )  3 6  " 1 2  1 4 3 3  3 4  • 3 9 1 1 2 1 1 5  6 6 4 4  4 4 
6 8 3 0  3 7  " 1 2  1 6  2 )  2 7  • 3  1 0  2 8  3 0  6 7 4 3  4 4  
6 1 0  4 4  4 2  " 1 1 1 l t:l  1 6 • 3  1 3 3 3  3 3  6 8 3 0 2 8  
6 1 2 H 2 0 " 1 1 3 2 2 2 7  " 2  0 1 1 4  1 0 4  6 9 3 0  2 9  9 1 3 1 3 - 1 1 5 4 6  4 8 • 2  1 1 6 d� 6 1 3 3 3  3 0 

1 1 0 7 1 1 1 " 1 1 6 2 4  2 5 • 2 2 1 4 0 6 1 5 2 1 £ 2  � 2 5 7  s e  " 1 1 8 ? O � g  - 2  3 s e 6 �  7 1 1 2 1  1 2 2  
3 1 1  6 1 1 3 • t 1  1 5 j 1 £ • 2  4 b 4  7 3 5 2  S ll 
4 4 6  4 6  " 1 1  1 7  2 c  £ 7  • 2  5 1 9  2 4  7 4 1 7 1 9  

7 5 1 0 3  1 0 1 · t o 1 6 5 � �  - 2  6 3 8  3 7  7 6 1 7 1 9  
7 7 5 3  � 2  � 1 0 3 7 2  - 2  7 2 6  2 6  7 7 2 0  2 0 
7 9 4 4  4 3  * 1 0  5 5 3  5 6  • 2  1 0  2 0  1 4  7 6 2 2 2 2 7 1 0 2 6  2 4  " 1 0  7 3 o  j )  • 2  1 2 3 7  3 7  7 9 2 1 1 9  
8 1 5 .1  5 3  " 1 0  9 2 3  3 0  " 2  1 3 1 8  2 4  7 1 3 2 9  2 6 8 2 7 1  7 4  " 1 0  1 0  1 'i <: 4  • 2 1 4 3 4 3 2  8 1 4 4  4 4 
8 3 � 9  4 8  " 1 0 1 2  3 d  J 8  · 2 1 6  g 4 5  8 2 1 0 1 l O O 
8 4 H " 1 0  1 1!  3 1  2 6  • £  1 8  2 9  8 3 1 6 . 2 0 
8 5 3 6  3 8  * 1 0  1 5  H 1 8 "' 1  0 6 4  � f  li 4 8 4  8 1  
e 8 2 'i  3 5  · t o 1 6 2 6 "' 1  1 6 5  8 � 6 0  6 3 
8 9 1 6 4 * 1 0  1 8 2 2 £ 0  • 1 2 3 5  2 9 8 3 2  3 1  
8 1 0  5 '1  H • 9  0 l ,  1 4 • 1  3 5 1 5 8 8 8 6 3 6 6  
8 1 2  3 o  • 9 1 � £  o 3 • 1 !I 5 3  , 4  8 1 0  3 0  3 5  8 1 4 2 1 1 6 " 9  2 2 6  £ 3  - 1  5 0 4  d 4  8 1 2  2 0 2 0  
8 1 6  � �  1 4  • 9 � 3 6  J 5  - 1 � t g � 1 0 1 8 1 3  2 2 2 5  
9 1 2 5  " 9 � l  £ 6 • 1 9 2  8 1 5 2 4 1 9 
9 2 6 1  6 2 • 9 8 3 2  • 1  8 7 2 7 2 9 1 3 2 2 9  
9 3 5 1  � '  • 9  9 3 U  .i S  · 1  9 8 1 8 5  9 2 3 6  3 5  
9 4 4 5  " 9  1 0  2 7  J 9  

" 1 1 0  5 8  6 3  9 3 3 2 3 2 
9 5 5 '  ::> 3  • 9 1 2 3 3 3 4 - 1  1 2  3 1  3 5 9 5 3 2  3 6  
9 � 3 6 3 5  • 9  1 4 2 J  1 8 • 1  1 3 H 3'.1 9 8 3 1  2 9  
9 6 �  6 4  " 9  1 7  2 J  £ 1 "' 1  1 4 2 8  9 9 2 2  1 5 
9 8 2 11  2 9  · e  0 6 b  C> 4  • 1  1 5  n H 9 1 0 2 3 2 6  
9 9 3 5  J 6  · 8  1 ll ()  4+ 3  0 2 1 0  1 2 1 2 0  
9 1 0  2 b  2 5  · e  3 2 9  3 0  0 3 7 1 7 5  1 0 2 2 9  H 9 1 2 J q  J 5  " 8  5 3 6 .i 8  0 4 3 ) 3 3  1 0 4 " 5  1 0  2 5 6  ::> 4  - e  9 1 7 1 4 0 5 7 7  7 7  1 0 6 4 8  4 9  

1 0  4 4 4  4+ 5  · 8  l li  2 5  0 � 5 9  6 5  1 0 8 2 9  3 2  
1 0  5 2 6 2 8  " 8 8 2 5 2 6  0 Y O 9 2  1 0 1 0  4 1 5 0  1 8  7 3 6  ;, 6  · 8  1 3 2 1  1 9  0 8 6 2 6 3  1 0 1 2 3 1 3 2  

9 2 7  n • !j  1 4  3 .i  3 1  0 9 2 d  2 8  1 1 1 2 0 2 2  
1 0 1 4 2 3 · " 8  1 5  2 4  2 5  0 1 2  1 9 9 1 1 1 3 2 2 � 0  
1 1  1 2 1  1 8 " 8  1 6  2 0 1 9  0 1 4 4 3  3 8 1 2  1 3 2  3 1  
1 1  2 1 7 1 8  • 7  0 4 ::>  4 3  0 1 6  3 3 3 2  1 2  � 2 6  3 1  
1 1 4 1 6 1 3 = �  1 1 0 b  1 1 0 0 1 7 2 1 1 8 1 2 3 3  3 0  
1 1  5 2 7  £ 7  2 3 0  3 0  0 1 8  2 1  2 0  1 2  4 1 9 1 ,  
1 1  9 3 2  2 8  " 7  � 8 7  b 7  0 1 9  1 9 1 5 1 2 7 1 9  2 2 
1 1 1 0  2 6  2 5  • 7  6 7  !1 2 1 1 5 3 4 1 1 2  8 2 9  2 4  
1 1 1 2  2 2  2 4  " 7  7 3 9 3 9 1 2 1 2 6 1 2  1 0 2 5 2 3  
1 2  5 2 1 1 9  • 7 8 3 0  2 8  1 3 2 0  1 9  1 3  2 2 9 £ 6  
1 2 6 1 d  1 9 • 7 1 0  2 6  e o  1 4 2 0 2 4  1 3 4 H 3 3  
1 2 7 2 2 2 2  • 7  1 2  6 b 6 5  1 5 3 8  3 8 1 3 6 3 0  u 3 2 0  1 9  • 7  1 1l 4 j  q lj  1 6 5 1  ' 0  1 3 8 2 3  2 5  

6 1 d  9 • 7  1 6  2 1l  2 2  1 7 2 d 3 4 1 5 1 4 0  3 8  
1 5 0 1 7 1 8  " 6 0 9 4 '> 5  1 8 2 7  3 4  i �  3 2 0  2 2  
1 5  5 2 li  2 0  " 6  1 8 2  7 9 1 9 6 0  6 0  6 2 4  1 8  
1 6  0 2 '1  2 9  " 6  � 7 7  7 4  1 1 2  2 7  2 7  1 7 1 3 6 3 6 
1 6 2 3 ,  t �  • 6 1 5  1 7 1 1 ! 5 7 5 9 1 7 3 2 6  2 7  
1 6  4 1 9 • 6  4 2 0  2 1  2 b 7  6 3  1 7 5 3 0  1 9 
1 6 5 2 2  2 3 " 6  6 2 2 n 2 2 � 9  6 0  
1 7 5 1 9  1 4 " 6  8 2 5  £ 4  2 3 1 7 2 3  
1 8  1 1 9  1 5 • 6  . 1 2 2 4  £ 0  2 4 6 3 6 3  * * * *  K • 4 * * * *  
1 8 2 2 4  2 3  • 6  1 3 1 b 9 2 5 4 8 4 2  

� 6  1 4  1 6  1 3 2 8 1 7 1 6  - 1 8 6 2 0  1 9  
• 6  1 5 l b  £ 1  2 1 5  3 6 3 5  " 1 6  0 1 9  £ 2  * * * *  K c 3 * * * *  " 5  0 6 1  ::> 6  2 1 6  2 3  1 6  · 1 6  2 3 0  2 �  
· s  � 7 J � �  2 1 9  2 4  1 4 " 1 6 4 2 0  2 2  

"' 1 8  4 2 2  2 3  · s 3 :S  3 2 1 2 5 1 1 5 " 1 6 1 0  � 4  2 4  
" 1 7 1 3 4  3 2  - s  3 1 3 J  1 J O 3 3 4 9  4 6  

" 1 4  2 3 3 3 5  " 1 7  1 0 2 5  2 6  · s  4 4 '1  4 9  3 4 1 1  8 1 1 9  " 1 4  4 2 �  2 5  
• t 6  2 2 2 2 1  " 5 5 1 4 2 1 4 6 3 5 5 7  � 9  " 1 3  0 2 9 3 2  
" 1 6  q 2 d  2 9  - s  7 1 3 ::> l i t 3 6 7 9 d )  

• 1 ) 1 3 2  2 9  
" 1 6  5 1 9 1 6 · s  8 2 ()  3 8 3 2 3 3  " 1 3 2 1 9  £ 1  
• t 6  6 3 4 3 4  · s  9 7 1!  

. 
7 0 3 1 3 3 0  2 6  

" 1 3 3 2 4 2 1 



} 3 6 

H L O B S  C A L C  - ��  1 S  3 3  3 1 H L 0 3 5  C A L C  · a  1 0  4 4  ';. 7  
- 4  1 7 2 6 1 a - 7  0 3 3  3 0  • 1 3 7 2 1 1 5  - 3 0 3 t;l  3 6  6 2 ??. 1 a • 7 1 3 2  2 9  • 1 3 9 3 8  3 9  - 3  1 7 9  a 1 6 3 2 4  :a � 7  ? 1 � 1 1 • 1 3 1 2 1 9  1 3 - 3  2 3 1 ) )  6 6 3 Y  " 3  • 7  3 ::. J q  • 1 3 1 3 2 3  1 a - 3  3 t q  3 9 6 a 3 ::> J 8  • 7  9 4 0  4 2  • 1 2 0 1 6  I 1 - 3  4 2 9  3 3  6 1 0  2 7  2 a  = �  1 2  ? J  � 1  - 1 2 6 2 0  2 0  - 3  5 3 1  3 2  7 1 t 4 1 4 1 3 3 9  · t 2  9 2 0  2 0  - 3  6 I S  1 2  7 2 2 o  .; 2  • 7 H 4 1  4 4  • l t 0 S t+  5 0  . 3  a 2 0  � 1  7 3 2 d  j 2  • 7  4 2 J 7  

· l l I 7 8 e O  � 3  9 3 2  7 5 2 8  J O  • 6  4 5 6  ;, a  • 1  2 3 6  3 5 . 3  1 3 6 i;l  o B  7 6 4 J  'l 7  • 6  s I �  6 • 1 1 3 7 1  7 0  - 3  I S  3 0  2 8  7 7 I ll  'i- 7  
"' 6 6 � r  6 1  • 1 1 4 3 0  H - 2  0 1 9 1 9 } a 3 2  J 4  • 6  a 6 3 • 1 1 5 6 2  " 2  1 1 0 5 9 5  1 0 3 1 3 3  • 6  9 ! d :£ 2  � 1 6 3 3  3 5  - 2  � H 6 2  7 1 3 3 :i  J 6  4 6  1 6  2 4  1 9  � 1 1 7 2 6  2 4  - 2  7 7 7 1 5 3 3 2 8  · 5  0 1 0  1 7  

• l t  a ! 9 2 !  · z  4 3 6  ·1 0 8 1 2 7  :n · s  1 2 6  £ 6  · 1 t 1 0  2 3 3 2  - z  5 5 5  5 2  8 2 3 1  3 2  · 5  3 1 5  1 0  
• 1 t 1 3 2 4 2 1  - 2  6 2 2  1 9 8 3 4 1)  J 5  · s  4 1 ::> 1 4 · 1 g 5 3 2  3 4 - 2  7 3 7  3 4  8 4 4 0  4 1 · 5  6 1 4 1 0 � t  6 2 3  2 5  - z  8 1 7 1 6  8 5 2 3  :.:! 4  · 5 7 2 6  :0:: 4 
· 1 o 7 3 2  3 0  · z  9 B 3 7 8 6 2 '1 3 1  · 5  1 3  � �  1 4  
· 1 o 8 2 9  3 2  - ') ! ? 1 6  8 7 1 9  l a  - �  I �  j l  
· t o 9 2 4  2 7  - 2  1 .) 1 r,. 1 5  9 � H 2 5  W J  1 ' 3 u  � 4  
· t o  1 0 2 5 2 6 - ,  l �  :.:: ; f 'i  9 ..1 0  : z  1.1 u � �  · 1 o 1 2 2 5  2 3  (J � t., • 9 9 4 2 4  2 6  1 <, Q  - 9  1 4 6  4 4  • i I 'i l  o; n  9 5 4 5  'l 4  • q  ,\ " "  � �  • g 2 1 7 1 8 " 1  3 t 3 7 ! J 9 9 7 5 4  ':J 4  • 4  4 3 7  4 4  • g  3 7 3  7 4 • t  4 4 8  4 9  9 9 1 9 :.:: o " 4  5 2 7  2 9  • g  4 4 2  4 1 - 1  5 1 4 1  1 q )  1 0  1 2 :i  2 1  • 4  6 6 1  t> 2  "' 9  5 6 8  6 8 - 1 6 2 1 2 2 t o  2 1 6  1 6 - 4  7 t ll  1 8 • g  � 6 0  6 3  - 1  7 7 2 7 7  1 0  3 3 1)  3 0 - 4  a 5 6  6 3  • g 5 2  5 3  - 1  a 3 5  3 9 1 0 4 3 5 J 4  " 4  9 t \1 2 4  " 9  a 5 3 6 0  " 1  9 2 0  1 a 1 0 6 1 6  1 4  • 4  1 0  2 0  3 0  • g 9 2 2 2 4 = i  1 0  3 0  B I 1 1 6 4  6 4 = �  � 1 H 1 0 3  '" 9 l g  2 9  3 6  1 2 2 13  1 1  2 4 6  'j 4  1 9  

- 9  2 9  2 4 - 1 1 4 3 0 2 8  1 1 3 1 7 :i:: 1 " 3  3 o O  " a  0 3 1  3 0 � 1 1 5 B t �  1 1  4 3 6  .J a  - 3  4 H H · a  2 5 4  5 1 0 0 1 1 6 1 9  £ 2  • 3 5 · a  3 1 tl 1 5  0 1 1 0 1  1 0 3  1 2  1 2 0  4: 1  • 3  6 3 7 3 9 
· a  4 3 4  3 5  0 2 4 3 ll 4  1 2  2 2 4  £ 0  • 3  a t tl  1 6  
"' 8  1 2 9  H 0 3 9 4  t 0 2  1 2 3 2 1)  :.:! 1  '" 3  H 3 4 2 a  
· a  4 7 0 4 3 9  4 2  1 2  4 2 6  £ 5  " 3  2 2  d " 6  8 5 2  5 3 0 5 5 9  6 3 1 2  6 3 � ..1 1  " 2  2 a 1 7 9 · a  9 3 1  3 2 0 6 1 7 2 1  1 2 8 2 1  1 8 • 2  3 2 :,  2 a · a  1 0 3 4  5 6  0 7 2 1  2 0  1 3  1 3 9  3 6  " 2 4 3 4  J 8  "' 8  1 2 5 6  5 3  0 9 1 4  1 3 1 3 2 2 .!  1 9 " 2  6 3 3  3 2  · a  1 3 2 13  2 5  0 1 0 1 9  2 0  1 3  3 3 \1 £ 6  • 2  1 6 2 1  1 5  
· a  1 4 5 1 5 0  0 1 2 2 2 2 2  1 3 4 2 6  £ 5  - 1  0 5 4  :i l  · a  1 6 2 5  2 2  0 1 3 1 8  1 4 1 4  1 2 '1  2 4  "' 1  1 1 4 9  1 4 8  · a  1 7 2 4  2 1 � 1 5 1 7 1 2 1 4  2 1 \) 1 6  . 1  2 I d  1 6 "' 7  1 H f 9  3 2 a  3 2 1 4  4 2 7  2 a  " 1  3 a 7 b 9  "' 7  2 1 5 5 9  6 3  1 4  5 2 J  L 3 - 1  5 s u  � 3 .. 7 3 3 8  3 6  l � 3 3  3 6  1 4  6 2 o  :.: 5  "' 1  a 1 7 1 9  .. 7 4 5 3  5 3  8 4  9 0 1 4  a 2 6  £ 4  " 1  t 3 1 /  1 9  .. 7 5 3 9  4 1 1 8 5 5  6 1  1 5  4 l tl  9 "' 1  I S  2 6  � 4  .. 7 6 4 2  3 9 1 9 3 13  3 6  "' 1  1 6  l !l  1 4  .. 7 7 l a  1 7 l 1 0  6 3  6 6  • t 1 7 2 7  2 6  "' 7  8 3 4 3 5 1 2 s o  5 2  • • • •  K :: 5 * * * *  0 1 1 3 1 = �  9 1 7 1 8 2 1 6 9  1 H 0 2 3 8  3 a  1 6 2 1 1 4 � 2 1 4 0  "' 1 4 0 2 5  2 6  0 3 4 2  4 0  - 6  0 4 0  4 2  3 6 0  • 1 4  1 1 tl  1 7 0 4 4 6  � 2  .. 6 1 1 6 1 5  2 4 1 1 1  1 1  7 " 1 4  6 2 2  1 8  0 5 2 \1  1 9 "' 6  2 1 0 4  1 0 7 2 6 4 0  4 t  • t 3 6 2 £  2 3  0 6 6 u  6 3 "' 6  3 2 4  2 8  2 7 2 4  2 2  " 1 3 7 2 2  d 0 a a 7  '1' 0  .. 6 4 9 0  9 1 2 1 2 3 2  3 3 • t 3 a 2 0  I S  0 1 0 7 4  b 9 - 6  5 s o  4 9 2 1 3 1 9  1 5  " 1 2  0 5 4  ) 4  0 1 2 4 a  4 6 '" 6  � 4 8  � s  2 1 4 3 4  3 5  " 1 2  � H I  � 1  1 1 1 1  3 1 1  6 "' 6  1 6  2 1 6  2 9 2 a · 1 2  3 1  ..i 2  1 2 1 4 1 6  "' 6  a 1 9  1 7 � 1 6 6  6 5  • 1 2  6 2 b  � 4  1 3 8 7 '1 7  . 6  1 2 4 2 4 4 2 s o  4 6  • 1 1 1 2 1  2 2  l 4 2 2  2 2 .. 6 1 3 2 2  2 1 3 3 2 2  2 2  • 1 1 5 3 �  3 5  5 4 4 4 5  .. 6 1 4 3 4  3 4 3 4 ·  3 1  5 9  · u  6 2 4 2 4  1 6 2 4  £ 1  .. 6 1 5 B 1 9 3 6 4 1 " 1 1 7 3 0  3 7 1 7 l Y  1 9  '" 6  1 6 3 0 3 a 4 7 5 0  - 1 1  9 2 :>  2 8  t 1 4  2 2 l 3 - 6  1 7 3 1  2 9  3 1 0 2 4  2 4  - 1 1  t 3 1 7  2 2 0 6 11  6 4  - 6  1 9 2 4 1 9 3 t 2 2 3 2 4 "' 1 1 1 6  2 \J  4 2 1 4 1  3 6 '" 5  0 2 8  2 9 3 1 3 2 2  1 7 · t o  0 � y  7 1  2 2 6 Y 6 4  · s  t 1 6  1 4  4 1 e e  8 9  · t o 2 t> 8  2 5 2 Y  2 9 "' 5 3 3 2  3 3  4 2 7 5 7 5  · t o 4 5 5  5 6  2 6 4 Y  4 7  · s  4 3 4  3 4 4 3 3 2  2 9  · t o  6 7 2  7 4 2 a 7 7  8 4 "' 5  � 3 3 3 5  4 4 1 1 1  1 1 0  · 1 o  8 6 8  7 2  2 1 0 7 0  7 5  '" 5  3 3  3 6 4 5 3 0 2 9  "' 1 0 1 0 3 2  4 1  2 1 2  3 Y  3 7  · s  a 4 0  3 a 4 6 9 8 9 9  " 9  0 1 7 1 9 2 1 4  3 0  2 a  · s  9 3 1 4 1 4 7 4 3 4 6  "' 9  1 2 ::>  2 3  3 1 1 1 j 1 1 2 .. 5 1 2 2 4  2 7  4 8 6 3 6 5  "' 9  4 1 7  � �  3 2 3 1 d "" 5  1 3 2 9  2 6  4 9 3 1 2 6 • 9  5 4 7 3 3 1 1 1  1 1 0 
- 4  0 4 3 ll 4  4 1 0 2 5 3 0 • 9  7 a 1 o s  3 4 H 1 8  "" 4  1 � 9  2 8  5 2 4 4 4 5  " 9  9 S Y  b O  3 5 tl O  .. 4 � 2 5  � 3 1 7 1 5  " 9  1 3 2 '1  £ 4 3 � � �  2 4 "' 4  5 5  5 3  4 3 3  3 4  · a 1 2 3  1 9  3 :i 6  
'" 4  4 4 3  4 3  5 6 4 1  117 " 8  2 3 2  j 2  3 a t 6 1 6  "' 4  5 4 9  s o  5 8 6 0  5 9 " 8  3 2 7  J 2  3 9 2 0  1 9  
"' 11  6 6 2  6 0 5 t O  3 2 3 3  · e  4 4 7 4 5  3- 1 5  2 2  1 7  
.. 4 8 2 9 2 6  5 1 2 3 1  3 1 - a  5 2 3  £ 3  4 1 3 1 3 2  
"' 4  9 ? 3  � �  5 1 3 3 o  3 3  · a 6 7 ::.  7 6  4 3 2 \1  £ 4 "' 4  t 3 2 6 6 1 3 2 . 3 0  • e  a 6 7  6 7  4 4 1 �  1 7 



2 3 7  

H L a s s  C A L C  - !l  i 4  4 2  3 7  H L O B S  C A L C  • 3 9 11 4  4 9  
· 7 0 3 6  J 9  .. 3 1 3 2 3 1 6  4 6 2 6 � 6  • 7 1 2 1 1 8  4 8 4 11  4 6 • 2  0 4 5  4 5  4 8 5 9  0 2 · 7 2 2 1 � 1 5 2 6 8  7 2  • 2  2 5 2  5 5  4 1 0  4 9  ) 0  • 7 a 3 1 � �  5 3 1 7  � g  • 2  4 2 3 2 0  4 1 2  3 1 3 2  • 6  4 5  5 4 6 4 · z  6 2 5  n 4 1 5 1 7 4 • 6  1 1 6  1 6  5 9 4 7  4 6  • 2  1 2  H .! 0  5 3 3 8  .l 6  - 6  2 5 2  ) 5  5 1 6 1 3 • 2  1 6 2 0 5 � 5 2  � }  - 6  3 3 2  3 1 5 8 2 '1 3 0  • 1  0 1 7 1 5  5 6 3  - 6  4 4 9  :J O  6 � 2 0  2 0  • 1 5 2 3  2 3  ' 8 3 6  J l  - 6  5 4 3  '1 4  6 H 1 9 • 1 9 3 7  J 8  5 9 3 1  J 2  - 6  6 4 5 '1 6  6 6 .3 6  • 1  6 2  6 5  5 1 3 2 0  2 5 - 6  7 3 4  3 6  6 8 3 3  3 6  • 1 8 Il l  4 7  6 2 2 0 1 9  · 6 9 1 9 1 9  7 2 4 6  4 3 G 1 9 5 2  � 5  6 3 2 0 .1 4  - b  1 2 4 1  11 2 � 3 2 7  2 8 • 1  1 2 2 1  2 2  6 5 1 7 2 3 · 6 1 4 3 0  2 9  4 5 8  5 3 • 1  1 3 2 4  .' 5  6 6 � 9  '1 7 - 6  1 5  2 1  1 8  7 5 2 6  ;: 9  0 � 1 7 l 3 6 a H 0 4  - 5  0 5 5  ) 2  7 6 q 3  '1 5  0 1 8  1 5  6 1 0 J l!  - 5  2 6 2  0 1 7 7 2 4  :0: 4  0 1 5 2 5  2 2  6 1 2 3 7  3 6 • 5 4 s o  '1 7 7 8 5 3  5 0  1 2 2 7 :d a  7 1 6 0  ) 6  - 5  6 2 7 3 0  7 1 2 1 9 1 6  1 4 � �  2 3  7 3 5 3 4 9  • 5  7 1 6 2 0  a 1 2 1 1 9 1 9 & B  7 4 2 3 2 6  • 5 8 2 2  1 7 8 2 1 6  1 9  2 2 5 9  ., 9  a 1 1 9 1 2 - 5 

1 � n n 9 2 2 4  2 7 £ 8 1 a 1 9  8 2 1 6 1 5 - -:;  · '  1 4  9 4 2 6  2 4 .) 3 � 7 2 �  8 6 2 0  2 1 _ ,  t "  <: J  .o; ;,  9 5 3 2  3 1  .J 1 � 4 2 2  8 7 2 11 1.3 ... � j 6 2 1  : 6  9 6 3 5  3 0  � · 5  7 5  9 1 3 2 3 4  - 4 n ? 4  :i A  9 7 2 5  3 0  4 � 5 6  5 8  9 3 4 5 4 5  • 4 1 7 9  7 4 9 8 2 1 1 9  4 3 2 2  2 4  9 5 n .l l  • 4 3 9 1 'i )  1 0 3 2 2  2 1  4 4 3 3  3 2  1 0 2 4 5  • 4  4 n 2 6  1 0  4 1 8  1 5 5 1 i $  2 4  
1 0 4 1 9 1 7 - 4  5 7 9 1 1 1 2 /:l  2 8  5 2 2 2  1 1 1 2 9  3 1 - 4  6 4 a 5 0  1 1  2 2 9 2 8  5 4 2 5  2 9  1 1 3 2 5  2 5  - 4 7 3 9  3 6  1 1 4 2 2  2 6  6 . 1 4 1 � 1 1 1 1 2 5 1 8 - 4  9 2 3  1 8  1 1  6 2 3  2 0  6 2 7 1 

4 } 1 1 2 5 2 1 • 3  0 11 2  j �  1 3 1 2 1 H 6 � 4 7  
1 2 2 � 1  o 3  · 3  1 3 6 1 3 4 2 2 6 4 9 4 6  
1 2 4 ' "  - 3  2 4 2  '1 2 6 5 4 1 '1 0  1 2 6 3 6  .J 6  • 3 3 6 3  6 4  9 ? 3 6  H 1 3 1 2 7  2 6  - 3 4 3 8  j 9 * * * *  K = 7 * * * * 2 9 1 3 3 3 3  3 0  - 3  5 3 7  3 7  8 2 3 0 3 2  1 3 5 2 7  2 9 - 3  6 3 6  3 4  • 1 5  1 2 0  1 9 6 4 2 4  2 7 t :  � H 1 6 • 3 7 1 7 2 3 · t 5 3 � �  2 0 6 6 2 7  2 9  

J 2  • 3 a 1 8 4: 2  • 1 4 6 2 4  8 a 2 8  2 4 
1 4 4 3 2  3 3 • 3  1 2 2 4  2 0  • t 3 1 2 6 2 3 9 1 2 0  1 9  1 6 2 2 1  1 5  • 3 1 3 2 5  £ 7  • 1 ) 3 2 7  2 4  9 2 3 4  3 4  - 3 1 5 2 3 1 6 '" 1 3  5 2 0  2 1  9 3 2 7  2 8  

- 2  0 3 6  3 6  • 1 3 6 2 4  2 0  9 4 2 5  2 2  * * * *  K :: 6 * * * *  • 2  1 5 1 5 3 · 1 2  8 2 0  1 8  9 5 2 1  2 0  
- 2  2 3 2  J 4  • 1 1  6 3 1  2 7  9 a 2 2  1 9  '" 1 6 � 2 0  1 9 - 2  3 6 9 0 7 • 1 1 8 2 3  2 2 1 0  6 1 8  1 7 

• t S 1 9 1 0 • 2  5 7 0  7 1  '" 1 0  3 2 3 1 8  1 1  2 2 4  2 1 • t 4  1 2 4  2 0 - 2  7 5 6  g �  • t o  1 2 2 0  2 5  1 1  3 2 0  1 9  '" 1 4 2 3 0 2 6  · 2  9 5 3  • 9 0 3 1  3 1  1 1  4 2 1 1 5  • 1 4  3 2 6 2 4  · 2 1 3 3 8  J 7  • 9 1 2 6  2 5  1 1  5 1 8 1 1  '" 1 4 4 2 3 2 0  - 2  1 5  2 2 2 0  • 9 2 2 6  2 4  • 1 4  6 1 9  1 4 - 1  1 3 3  J 2  • 9 3 1 9 1 7 • 1 3  1 2 3  2 4  - 1  3 9 9  1 0 2 "' 9 q 2 7  2 0  . . . ..  K = a * * * *  · q  3 H 1 9  · 1  1 8 2 8 3  • 9  7 2 4  2 2  
· t  5 1 4  - 1  4 3 4 6  · a  0 4 1 H • 1 2  5 1 8  7 .. 1 3  7 1 8  1 7 · 1  1 2 2 7  3 0  • 8 5 2 9 • 1 2  6 2 6  2 2  • 1 )  9 ·  2 3 2 8  - 1  1 4 2 5  1 8 • a  6 2 2  2 6 - u  2 2 5  2 4 • 1 2 1 2 4  2 6  - 1  1 5 2 1 l 3 • a  7 2 3 1 5  .. 1 1 4 2 5 2 4 
• 1 2  3 2 5  2 6  0 0 4 4  '1 4 • 8  8 2 0  1 3 • 1 1 7 2 1  H • t 2 4 l !l 1 6 0 2 z a 2 a  • a  1 2 2 2  1 6  '" 1 0  0 2 9  '" 1 2 5 2 5  2 4  0 3 2 1  � 1 · a  1 4 2 1  1 3 • 1 0  1 2 1 1 6 • 1 2 6 2 11 2 5  0 4 1 5  6 • 7 1 4 1  3 9  · 9 0 2 9 2 a • 1 1 0 2 3 c: S  0 6 1 8  n • 7 2 1 0 2 0 · 9 2 3 6 3 4  • 1 1 1 5 4  ) 5  0 7 2 8 3 1  = �  3 3 9 H • 9 4 2 5  2 6  '" 1 1 2 2 0  � 0  0 9 lj )  4 5 5 3 5  · a  0 2 6 2 6  • 1 1  3 5 6  ) 2  0 1 3 H 3 4 • 7 7 H 1 7 • a 2 3 0  2 8  
.. 1 1 4 3 0 2 3 0 1 q 2 0 • 7 a 2 1  • a  4 2 3 2 0 '" 1 1 5 n ll 1 0 1 5 3 0 3 1  .. 6 ? 6 4  6 4  • 7 0 2 2 2 2  
'" 1 1 6 2 8  1 0 1 4 1 0 • 6  3 2 3 3 • 7 2 3 4  2 9 '" 1 1 8 3 1 3 2  1 1 1 4 l 3 • 6 2 4 '1  3 9  • 7  4 2 8  2 8  
'" 1 1 1 2  3 0  3 3  1 2 1 7  1 5 "' 6  3 2 0 2 2  • 7 6 3 0 2 5  • 1 0 4 2 0 1 9 1 3 4 11  4 4 • 6 6 2 8 2 2  • 7 7 2 1 1 0  
"' 1 0 6 1 9  2 5  1 5 4 0 '1 0  • 6  7 2 5 2 5  • 7  9 2 2  1 9  • 1 0 a 2 1 1 9 1 7 4 1 11 6  • 6 a H 2 3  • 7  1 2  1 9 1 7  
"' 1 0 1 2 2 2 2 0  1 1 2  2 4 2 5  • 6  9 J 8  • 6  0 3 4  3 3  • 9  0 2 2 2 0  1 1 4 3 5  3 0  · 5  1 3 1  3 2 • 6  2 3 6  3 5 • 9  1 4 5  ll 4  1 1 5 1 9 1 0  · 5  � 2 0 2 0 • 6  4 2 6  2 7  • 9 3 6 1  6 3  2 1 7 7  7 7  · 5  5 8  6 0 '" 6  6 3 3  3 1 • 9 4 2 5  2 4  2 2 7 7  7 11  • 5 5 5 3 � 2  - s  1 5 6  5 3  • 9  5 3 6  2 9  2 3 2 4 2 2  · 5 7 4 2  '1 0  · 5  3 3 5  3 6  - 9  6 1 8  1 8 2 4 6 2  6 3 · s  9 2 4  2 3  · 5  4 2 0  1 5  • 9  7 2 3  2 3  2 6 4 9 :. o  • 4  0 6 4 b 2  · 5  1 2 3  2 0 • 9  1 2  3 2  n 2 1 2  2 7 2 9  • q 1 6 6 6 6  · 5  2 0  1 7 • 9  1 4  2 1  1 7 2 1 4  2 9  3 0  • 4 2 5 4 5 0 · 5  9 2 5  2 3  

• 8 0 � �  2 1  2 1 6  2 7  2 2  • 4  3 1 6 1 5  • q 0 2 0 1 9 • 8  1 2 7 3 1 2 0 1 9  • 3 ? 2 7  2 6  • 4  2 3 9  3 7  · 8  2 3 2  2 9  3 2 3-9 J 4  • 3  3 9 J 7  • 4 3 2 2 2 0  • l:l  3 3 5 J 9 3 1 3 1 8 1 3 '" 3  3 s o  4 9  • 4  � 3 8 3 8  - a  4 1 7 1 6 4 1 2 9  3 0  • 3 4 3 2 3 4  '" 4  1 8 1 3 - a  5 5 3  � 3 4 2 3 7 J 8  • 3  5 4 2 4 0 .. 4 6 5 0 5 1  - l:l  7 2 0  2 4  4 3 z a 3 1  • 3 6 6 6 6 6  '" 4 8 4 0  3 7 - a  8 2 4  J 2  4 4 5 9  0 0  .. 3 7 5 3  5 2  • 4  1 3 1 9 1 3  • l:l  1 2  4 3 'l O  4 6 5 9  6 1 • 3  8 4 5  4 8  '" 3  1 3 3  3 5  



2 3 8  

H l O B S  C A L C  (t � · ·  K .. y * * * * � k * * K = 1 0  * * * * 

• 3 3 4 2  4 2 " 1 0  4 2 0  2 1  • 7  5 2 6 2 7  '" 3 4 3 U  2 5  M
1 0  5 2 J  � 0  • 6  1 2 1 2 0 

"' 3 5 3 U  3 1  b
9 1 2 0 1 9  '" 6  3 11 5  � 1 

'" 3  6 3 0  3 0  " 9  8 2 4  2 1 '" 5  7 ?. 0  2 0  .. 2 1 2 1 l 9 - a  2 3 U  u • . 11 2 1 'i 1 6 

"' 2 2 2 2  1 7  · a  4 3 1  J 3  . ..  � 0  1 :! . .  V 
'" 2  4 5 1  4 8  " 8  5 3 2  2 9  a f � 2 6  ;: 5  
.. 2 6 6 2 6 0  · · a 6 H 3 3  .. ... � 7  I D  .. 2 8 5 �  � �  " 8  7 3 5  J 1  0 0 � 9  4 9  .. 2 1 2 2 7  .. 6 4 ?. ()  1 5  0 � 4 5  11 3  • 1 2 2 0  2 1  - 6 5 1 9 2 0  1 2 0  2 2 
= i 3 H � 6  � 6  6 2 5  2 4 2 0 3 3 3 3  

5 2 1 • 6  7 3 1 2 9  2 2 3 3  3 0  
0 1 J 6  • 6 8 2 4  2 6  2 4 2 6  .: a  0 3 2 9  3 3  "' 6  9 2 5  2 0  2 6 n 1 9 

0 5 i f  3 3  M S 0 2 4  2 2 3 7 3 0  2 8  
0 6 2 0  - s 3 H l 9 8 2 1 9  1 0 0 7 2 1  ?. 1  · 5  4 6 

0 8 2 1  1 9 " 5  6 1 9 1 1  

0 1 2  2 1  2 2 "' 4  4 1 9  1 6 * * � * K r: 1 1 ,., * * * 
1 2 4 1  3 8  A

3 0 3 0  2 8 
1 4 2 6  2 7  • 3  2 3 1 H · 2  1 1 9  2 0 1 6 � �  2 5  • 3  3 2 0  '" 2  3 2 3  2 3  
1 1 3 1 5 '" 3  4 1 9 1 6 0 4 2 1 1 6  

2 3 3 4  J 2  · 2  4 1 a 1 5  
1 3 2 2  1 6  2 5 4 8  4 5  · 2  6 2 1  2 2 0 0 0 0 

2 7 3 2  3 3  • 1 1 2 Y  2 6  

2 9 2 4  1 9 • 1 2 5 0  11 3 

3 1 3 6  3 4  • 1  4 3 0  2 7  
3 2 1 b 1 8 0 7 2 2 2 2  
3 4 2 8  :, 2  1 0 s o 4 8  
3 6 2 3  2 2  1 1 3 3  3 5  
4 2 2 6  2 4  1 2 ll 1 .3 9  

4 4 1 7 1 5 1 3 4 4  H 4 5 2 J  2 3  1 4 3 6  
5 ! 4 4  � 1  1 5 4 1  4 1 
5 5 9  1 6 2 2  2 1 
5 5 4 8  4 7  1 7 3 1  2 8  
5 7 2 '1  2 6  2 4 2 4  4: 4  

6 2 2 5  n 2 6 3 3 3 1  
6 3 2 1 2 7 2 5  2 6 

6 5 2 2  2 3  2 8 2 �  :.: 6  

7 1 2 £  2 3  2 9 2 5  2 6  

t 3 4 4  4 4  3 2 3 4  3 1  5 3 1:1  3 9  3 3 2 8  2 5  7 - 7 2 9 · 2 7 . 
3 4 2 4  � 8  

8 2 2 6  2 6  3 5 2 6  2 5  9 5 2 0 1 6 4 5 1 1:!  1 7 9 7 2 2 1 7 4 7 2 2 r �  1 0  2 3 1 2 9  4 8 2 2  
5 2 1 b 1 2  

5 3 2 3  1 8  

6 2 2 3  2 0  
6 6 2 6  2 2 

6 7 2 3  1 9  

7 5 2 4  1 6 

1 0  2 1 9  1 4  



S :SC ':!:' I C\ I I  

TEI O:S'I P.:::E I IG.t, !•: :u c n rr .::z:ss CF TE:S 

G f, C1JT VIB 1\.:SL'-.L S , Cr ( C ) , T ' o ( O ) , ',\. ( C ) . 



2 3 9  

S EC T I ON I I  

INTR CDG C T I ON 

T�e r e  have only b e en tw o studi e s  on the Cr oup V I E metal 

carbonyl c ompl exes of bi d en ta t e  di t�i oether li [an d s �here the 

sulphur d on or atoms  are at tached direc tly to sub s ti tuted aryl 

rines . The s e  inv olved a s eri e s  of li gand s � f  t he typ e 

R SCH2 C H 2 SR where R=p-XC 6H4 1 94 and th e aryl di th.i o e t�er l i g::md s , 

1 ,  2-bi s ( rr. e thyl thi o ) benzene and 1 , e -bi s ( met�yl  thi o ) naphthal ene .1 95 

The bulk of the r e s earch into  c orr.pl exes  of b o th m on o-

d entat e  and bi d entate  thi o e t�er li gand s tas  c onc en trated  on 

l i gand s  ��ere the  sulphur d on or i s  a ttacted t o  an aliphati c 

carb on chain ( Tabl e 1 )  and l i ttl e ha s been d one  t c  s tudy the 

effect s of  the subs ti tuent s on the d on or properti e s  of  the l i gand s .  

The s tudi e s  on the G roup V I E metal carbonyl c cmpl ex e s  of  

3 , 4-bi s ( m e thyl thi o ) t oluene ( bmtt ) and 3 , 4 -bi s ( e thyl t�i o ) t oluene 

( b e t t ) t:tat are r ep orted i n  tr.i s s e c ti on ,  were u� erefor e i n s ti g-

ated for the foll owinf r ea s on s :  

( i )  t o  study the chemi cal and phy si cal p r op erti e s  of  the 

c ompl exe s  of the s e  l i gands s o  that direc t c ompari s on s  can be mad e  

wi th o ther l igands ;  

( i i )  t o  d e t ermin e  whe ther or not  the aroma t i c  ring that i s  

attached  t o  the thi o e ther d on or a t oms , ha s any influen c e  on the 

d on or prop erti e s  of the l i gand ; and 

( i i i ) t o  carry out s tudi e s  on the reacti ons of the s e  

l i gand s wi tt the sp ec i fi c  in t enti on o f  synthe si zing bridged-

l i gand c ompl exe s . The s e  were  n o t  r ep ort e d  in the s tudy of the 

c ompl exe s  of 1 , 2-bi s ( me thyl thi o ) b en zene and 1 , e -bi s ( mettyl thi o )  
195 napht:tal ene . 
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TARI �_1 
G R C l f V I P  J," ETAT.  CABBCNYJ C CT fl ::XES C' F  TJ l i C�THT-:F T I G i\N:CS 

I. I G A1'7D TYPE 

R
1 sR 2 

o-C 6H4 ( SR ) 2 
1 , 8 - ( C 1 CH6 ) ( SR ) 2 
rr·e trak i s (  thl oalkyl ) -

ol efi n s  

I I G A1'�D Sli� S 1'  I TU :SI\ T S  

n = 2 

R = r e  

R = "St 

R = t-!?u 

R = p-XC6E4 
!}__= _ _} 

R = t -Bu 

n = 4 

E = Et 

n = 6 
R = :r,: e 

R
1

= V .I e , R 2 = PhCE2 

R
1 = E t , T' .L \ 2= f :b C E 2  

R = 1 
Fh , R

2 = Fl:CE 2 

R
1 = Fh ,  R 2 = Ph 

R
1

= PbCE 2 , R 2 = FhCP . 2 

R -
1 -

Et , R 2 = Et 

R -
1 -

J,: e '  R = rv· e 
2 

R = 
1 

( CH2 =CH- ) =  R 2 

R = 
1 

CH
3 , R 2 = ( CH2 C l ) 

R
1

= ( Ph ) ( CP. 3 ) CH- , R 2 =CH
3 

R = �.� e 

R = -r.: e 

1 96 - 1 98 

1 9 8 , 1 99 

1 94 . 1 98 , 200 , 2 01 . 
260 
1 94 

200 . 202 

1 9 8 

1 9  8 

1 98 

2 03 

2 04 

2 0 4 ' 205  

204 

2 0 3 ' 2 04  ' 1 8  6 

1 86 ' 205 

1 8  6 

1 86 

2 0 6  

1 95 

1 95 

2 07  



Me�R 

�SR 

FIG URE 1 

R = Me; 3 ,4 - bis (methy l th io] to luene 

R =  E t ; 3, 4 - bi s [ethyl th io] to luene 

[bmtt] 

[betij 

K o st of the studi es  on the G r oup V I B  � e tal carbonyl 

c ompl ex e s  of tri oe ther ligand s  ( Tabl e  1 ) , hav e b e en rep or t ed 

sinc e thi s work wa s started . 

24 1 

Th ere  have been very few inve sti ga ti ons int o the G roup VIB 

m e tal carb onyl c ompl exes  of mi xed  sulphur-ni trogen d onor l i gand s  

( Tabl e 2 ) and only two o f  the s e  studi e s  have involved l i gand s 

wi th b o th thi oether sulphur and ni tr ogen d onor at om s . Wi th al l 

o f  the s e  l i gand s ,  i t  i s  not  p o s si b l e t o  form ch elat ed -l i gand 

c ompl ex e s  and bri dged-li gand c ompl ex e s  hav e not b e en rep or t ed . 

C ons equently , nothing i s  kn ov.n ab ot:.t tt e chemi cal and spec tra-

s c opi c p r op erti e s  of the chelat ed and bri d ged-li gand carb onyl 

c ompl exe s  of mixed  sulphur-ni trogen d onor l i gand s .  

C ompl exes  of  the foll oViing l i gand s ,  whi ch c ontain b o th 

ni tr ogen and thi o ether sul phur d onor a t om s , are s tudi ed in thi s 

s e c ti on .  

liGAND NAME 

2-ETHYlTHI OETHYlAMINE 

2- (  3 ,  3-Dil\JETHYl-2-'IHIABUTYl ) PYRIDINE 

2-1CETHYlTHI0-2-Th:IDAZCLINE 

2-METHYlKERCAPTOBENZIMIDAZOlE 

2-METHYlTHI OANII INE 

ABPREVIATICN 

e t  ea 

tbmp 

mti  

mmbi 

mta 

The reac ti ons of  the s e  l i gand s  have al so  b e en inv e s ti gated in 

ord er to  c ompl ement the s t ud i e s  on the Cu( II ) c ompl ex e s  of  

sulphur-ni trogen li gand s ( S e c ti on I ) . Informati on on the m e tal  

c o ordinating si tes  in the s e  l i gand s can be  more  c onv eni ently 



obtained fr om metal carb onyl c ompl ex e s  using infrared sp e c tra-

s c opy and nucl ear magneti c r e s onan c e  sp e c tr o s c opy , as  pr ob e s . 

TABL E 2 

CO."PlEXES OF SUIPHUR-N I TRC'G EH DC�� OR S 

l i GAKD TYPE ----
A lkyl thi ocyana t e s  

R S Cr 

'Ihiaz oli dine-2- thi on e 

S=CNHCH2CH2 S 

Thi omorphol in- 3- on e 

S-CH2CH2NEC C'CH2 
B enz othiaz ol e ( R=H ) 

a 

2 -m e thylben z o thi a z ol e 

( R=CH) 
a 

I sothiaz ol e 

b 
Sulphurdiimin e s  

R-1'-:=S=lJ-R 

5 , 6-dime thyl - 2 , 1  , 3-

benzothiadiazal  

c 

Cr-N" ( X-ray ed ) 

f.' -R 

1\: - tr:.i on e ( S )  

1.: -s 

C r-S Cr-Nt 
' 

\'i-S , v;-N 

Cr-N· , v:-N 

r o-n , r.: o-S 

K-N · 

2 08 

209 

2 1 0  

2 1 1  

2 1 2  

2 1 3  

2 1 3  

2 1 4  

2 1 4  

l� OTES : -b onding modes  d educ ed  from sp e c tr o s c ori c stud i e s  

excep t  where indi cated , 

t l inkage  i s omer s  

242  

+ in s oluti on , the m etal "e::li d e s "  al ong J:I�=S=N sy stem . 

�s ,N,,,,/'• 
a b c 



CHAPTER 1 

BRIDGED-LIGAND C CJ\'PLEXES OF 

3, 4-BIS (li:ETEYL TEI C) T C T U E1J E ( bmt t) 

AND 

3,4-BI S ( ETHYLTHI O) TCI UENE ( b ett)  

24 3 

Bri dged-ligand c ompl exe s  of  the Group VIE m etal carbonyl s 

O.�=Cr , l.� o , W ) , c onsi s t  of  two K ( C0 ) 5 group s that are "bri d ge d "  

by a bid enta t e  ligand . Thi s type  of c o�pl ex i s  g enerally 

synthesi z ed in the reac ti on 

2K ( C o ) 5 THF + l � [( c o ) 5K E- l _.  K ( C C ) 5] 
the M ( C 0 ) 5 THF being synthe si zed  by tte ul travi ole t  i rradiati on 

o f  1: ( C O )  6 in  t etrahydrofuran ( THF ) ( App endi c e s ) . The bridged-
. .  

l i gand c ompl exes  are d e signated as  [� ( C0 ) 5 ] 21 and i t  i G  impli ed 

that l i s  a bid enta t e  l i gand . C o�plex e s  of  the typ e K ( C o ) 5L 

( s e e  Chap t er � )  are al s o  r eferred t o  in t:bi s work . 

The bri dged-li gand c ompl exes  [K ( C 0 ) 5 ]2bmt t O'=Cr , W )  

and [1�� ( C 0 ) 5 ] 2bett  ( ll'l=Cr , W )  that are d i scus s ed i n  tti s Chap ter , 

were general ly i s olat ed from speci fi c  a t t empt s  t o  synthesi z e  

the chelat ed-l igand c ompl exe s  M ( C c ) 4bmtt  and M ( C o ) 4b e t t  

r e sp ec tively ( Chapt er 2 ) .  The format i on o f  both type s  of  c ompl ex 

und er the r eac ti on c rndi ti ons meant that c areful and time-

c on suming s eparati ons , using c olumn chroma tography , were r equired . 

Sub t l e  s olubili ty di fference s  and sub t l e  di fferenc e s  in the 

b ehavi our of tLe c ompl exe s  on these  c olumns add ed to the d i ffi-

cul ti e s in  their puri fi cati on . 

Bri dged-ligand c omplexes were n ot f ormed in the r eac ti on s  

i nv olving m olybdenum carbonyls . 



1 . 1  INFRARED SPEC TRA ( CARBCNYl STRETCHING ABS ORPTICNS ) 

A l t� ough the infra r e d  and Raman-ac t�ve  c arb onyl stret ch

i n g  m od e s  can be the ore t i c al ly d erived fr om group the ory , the 

a s si gnment o f  these m od e s  i s  not strai t_htforv:ard . Henc e the 

s p e c t ral a s si gnments are u s ually ba s e d  on the argument s of 

2 1 5  
Or g e l  , C oi t on and K rai hanzel

2 1 6 2 1 7  
and other w ork ers . 

The C O  stretchin� m o d e s  that  are exp e c t ed for c4v 

1� ( C C )
5

I c ompl exes are sho�n in Figure 2 .  The bri dfed -l i gand 

c ompl exe s t hat  are di scus s ed in tti s  Chap t er can be r egard e d  a s  

b ei ng N ( C0 ) 5
I c ompl exe s  when t�e C C  fre quen ci es are  b eing 

c on si d er e d , al though b e cau se  o f  the asymm etry of  the li gand s 

244 

bmt t  and b e t t , the c ompl e x e s  wi l l  a c tuaJ ly have symm e tri e s  l ower 

than C 4v . 

L 

* 
A1 ( J )  

FI GURE 2 

N. (  C 0)
5

L CARB ONYL S TRETCHING K C:U:LS 

l L L 

* * * 
A1 ( 1 1 )  B, E 

2 A1 + E a re I R a c t i ve 

Thr e e  infrared-ac tiv e absorp ti ons a r e  exp e c t e d  f or c ompl ex e s  

o f  c4v symm e try ,  but b ecause t h e  a symm e t ry of the l i gand s l i ft s  

t h e  sel e c ti on rul e s ,  the B 1 m o d e  b e c om e s  w eakly i nfrared-a c tive  

and  f our ab s orpti on s  are  n ormally ob s erv ed2•18 Thi s a symm etry 

c an al s o  l ead t o  a spli tti ng of the E m od e  and thi s i s  obs erv e d  

i n  t h e  sp e c trum of [w ( c o )
5
] 2 bmt t  i n  ni t r omethane ( Fi gure 3a ) .  

The B 1 m o d e  i n  thi s sp e c trum has n o t  b e en res olved , but i n  s ome  

c a s e s  i t  i s  po ssi bl e ,  ( e . g .  for  the  s eri e s  o f  M ( C o )
5

SPR
3 

c ompl exe s ) , 

b f .  b t .  2 19 t o  o s erve lVe a s orp l on s . 



TABLE 3 

"V( CO) ABSOR P T I ON S  FOR [tll.QQl5] n L C f'!I" PI.EXES 

CCl\:PLEX A 1 {I I}Lcm- 1 B2 E 

[cr ( Co ) 5] 2bmtt 2C72 (w )  1 98 9 ( w) 1 948 ( s )  

[cr ( co) 5] 2bett 2076 (w )  1 990(me ) 1 94 8 ( s )  

[w ( co) 5] 2bmtt 2065 (w)  1 987 ( w ) 1 94 2 ( s ) 
[w ( co ) 5] 2bmtt 2C 82 (m )  n . o .  1 94 9 ( v s )  

1 9 34 ( V S )  
(V> ( CO )  5) 2 bett 2074 (w )  1 98 6 ( w )  1 94 7 ( s )  

Cr ( C0) 5c6F5SEt 2C73 (m )  t 1 950 ( v s )  

Vl ( C0 ) 5c6F5SEt 2C79 (m ) t 1 94 8 ( v s ) 
N OTES : - a =  cycl ohexan e ;  b = ni trome than e , 

A
1 
{I) · 

1 9 3 3 (m )  

1 9 3E ( eh )  

1 94  7 ( sh ) 

1 ? 1 4 ( vs )  

1 9 36 ( sh )  

1 9 54 ( s-sh)  

1 94 2 ( sh )  

- w = weak ; m = medium ;  s = strong ; v = very ; 

eh = shoulder ,  

- n . o .  = not observed , 

t intense M ( C0) 6 p eak in thi s regi on . 

I R  Spe ctra 

FIG URE 3 

(t.� (C0) 5] 2bmt t C orr.nl ex e s  

3a 

2 000 

2000 

3b 

w , 

1 948 
E 

in ni t r om ethan e  

Cr , in  cycl oh exane 
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a 

a 

a 

b 

a 

a 

a 



2 4 6  

The carbonyl stretching a b s orp ti on s for tl1 e bri dged-ligand 

c ompl ex e s  [M( co )5 ]}'  ( 1:=Cr , W ; l=bmt t , bett ) are given in Tabl e 3 

and a typi cal spec trum ( re c ord ed  in cycl ohexane soluti on ) 

i s  sh own i n  Fi gur e 3b . The sp e c tra are  normal for thi s typ e of  

1 194 . 1 9 8  c amp ex . 

For the c ompl ex [v: ( C 0 ) 5 ] 2bmt t , and B 1 mod e  i s  ob s erved i n  

cycl ohexane s oluti on but n o t  i n  ni trome thane and thi s app ears 

t o  be due t o  p oorer resoluti on in  the latt er , more  p olar s olv ent . 

I t  i s  al s o  ob serv e d  for thi s c ompl ex t�at the A 1 ( I )  m od e  und er

g o e s  a si gni fi cant ( 3 3 cm - 1 ) shi ft t o  l ower fre quenci e s  in  

ni tromethane and thi s is  c on si s t ent  wi th previ ous ob s ervati on s  

for bri dged-ligand c ompl exe s 1�  
• l e s s  si gni fi cant  shi ft s are 

obs erved  for the A 1 ( I I )  and E m od e s . The effec t s  of  s olvent  

p olari ti e s on  the infrared sp e c tra of carb onyl c ompl exes  hav e 

b e en di s cussed by Bra terman 220  and these  can be  rel a t ed t o  

int erac ti ons between solvent l ocal  mul tipol e s  and perman ent 

dip ol e s  in the carbonyl c omp l ex .  

1 • 2 FORCE CCNSTANT CAI. CULA TI ONS 

The forc e c onstant of  a b ond i s  a measure o f  the at trac tive 

f orc e s  b e tween the atoms parti cipa ting in  the b ond  and by 

d efini ti on i s  related  t o  the  b ond ord er . Thus a s  the b ond ord er 

increa s e s ,  the force c on s tant for that b ond al s o  increa s e s  • 1 29  

The cal cul a ti on of appr oximat e  CO forc e c on s tan t s  from the 

carbonyl s tret ching fre quenci e s  of oc tahedral m e tal carb onyl 

c omp l exe s ,  has b e en the c entre  of c ontroversy ev er sinc e  C ot t on 

and K rai hanzel publi shed their appr oximat e for c e  c ons tant m e thod 

in  1 9 62  
2 1 6  Much of the c ontrov er sy has been related  t o  the 

a s sump ti ons that are mad e i n  devel oping the appr oximate  s e cul ar 

e quati ons up on whi ch th e c al cula ti ons are ba s ed . The a s sumpti ons 

are : 
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i ) intera c ti ons  betwe en C O  stretchi nf and other d e forma ti ons 

of the m o l e cul es  are negl ec t ed ; 

i i ) no  at t emp t s  are made  t o  c orre c t  for anharm oni ci ty ;  and 

i i i ) appr oximati ons relating the stretch- stretch int era c ti on 

c onstant s  must be  made .  

" Exac t "  cal culati ons can be  mad e  where the s e  thr e e  fa c t or s  

a r e  tak en into  ac c ount , but ei ther de tai l ed i so t opi c enri c �ment  

data  is  needed or  cal culati ons emp l oying i t erativ e  proc edur e s  

must  b e  carri e d  out : 2 1 A l th ough there maj b e  di fferenc e s  b etv.- e en 

the ab solut e values of  the for c e  c on s tant s  calculated  by the 

" approxima t e "  method and tho s e  cal culat ed using the " exac t "  

m e thod� , the r e lative trend s i ndi cat ed are simi lar and the 

quali tative use of da ta cal culated  by the "approximat e "  m e thod 

t b . t . f .  d 220 app ear s o e J US 1 l e  . 

Other fac t ors such a s  s olvent and envi ronmental e ffe c t s , 

di fferenc e s  i n  retal el ectronegativi ti e s  an d orbi tal foll owing 

effec t s  mu s t  a l s o  be tak en i n t o  ac c ount }20 The fir s t  two fa c t or s  

can be  elimi nated by ensuring t�at t h e  for c e  con stant s  a r e  n o t  

cal culated  fr om sp ec tra that have b e en m easur ed in  s olvent s o f  

wi d ely di ffering prop erti e s  and tha t force constan t s  a r e  c ompared 

wi thin  a s eri e s  of c ompl exe s  of  the same metal . A l though the 

quanti tative effe c t s  of orbi tal fol l owing in the C O  b ond are  

l argely unknown , it  i s  apparent  tha t the "real " forc e c on s tant s  

wil l  b e  l ower than the cal culated values  and that c ompari s on s  

should n o t  b e  mad e b e tween c ompl exe s  of  wi dely di ffering 

t . h . t . 2 20 s ere oc em1 s r1 es . 

The appr oxima t e  C O  force  c on stan t s  that are  p r e s ented  in 

Tabl e 4 for the [:r-.: ( c o ) 5 ] 2L (M=Cr , W ;  L=bmt t , be t t ) c ompl ex e s  

were  cal c ulated  fr om the appr oximat e  s ecular equati ons pre s ented 



by C otton and Kraihanz el 2 1 6  

a l s o  pre s en t ed . 

The data for other c ompl ex e s  i s  

INTERPRETATI ON OF FCRCE CON S TANT DATA 

a ) M e tal-ligand and M etal-C O B onding S chem e s  

2 4 8  

2 2 2  Using a simpl e ,  qual i tativ e , m ol ec ular orbi tal appr oach , 

the K-l and �-CO bonding in carb onyl c ompl ex es  can b e  d epi c t ed  

a s  sh own i n  Fi gure 4a  and Fi gure 4 b . 

F I G U R E  4a 

6" - Bond 

C M� L 

Empty MEg orbita l ,  
F u l l  L orbita l . 

1r - Bond 

�. 0 · · · · ·  . . . .. . . .. . &· ·
M�· : 

. .  
L� 

. . . . 
. .. . .. . 

.. . .. 

fu l l  Mr29 o rbi ta l ,  

Empty L d - orbi ta J .  

F IG U R E  4 b  

6 - Bond 

CM�e--o 
Empty M Eg orbi ta l ,  
Lone - pa i r  e o  orbi ta l .  

lr - Bond 

� �  0 
. M� �1e--o (jjJ � u 

Fu 1 1  MT or bi to I ,  ' 2g 
Em pty eo 1r *- orbita l .  

b ) G eneral  Effec t s  of M e tal-Ligand B onding 

Wi th r e ferenc e t o  the s e  b anding schemes , i t  can b e  

d educ ed that the b onding i n  the carb onyl gr oup s o f  the s e  

c ompl exe s wi l l  b e  influenc e d  in  several ways by change s in  the 

N etal-Li gand  bonding : 

i ) A n-a c c epting li gand wil l  strengthen the C-0 b ond ( s ) 
t rans t o  i t .  Henc e the trans C O  for c e  c onstant , K 1 , wi l l  

i ncrea s e  wi th increasing n-a c c ep tanc e .  Thi s e ffec t  wi l l  be  

2 1 6  extended t o  the ci s carb onyl s ,  but t o  a l esser  extent . 

i i ) A g o od �-d on or li gand wil l  increase  metal  back-d onati on 

t o  the carb onyl group s  by an induc ti v e  mechani sm . A s  tru s  appli e s  

e qually t o  all  of the carb onyl group s ,  K 1  and K2 wi l l  d ecrea s e  

wi th increasing �-d onati on . 



i ii ) Li gand rr-d ona ti on al s o  ha s two d i r e c ti onal effe c t s . 

A rr-trans effect l owers  K 1 by decrea sinc carb onyl � m e tal  

d t . 2 2 3  cs - ona J. on and the Fen sk e di rec t-d onati on effe c t  whi ch 

d ecrea s e s  K 224  
2 Vari ous a t t emp ts have b e en mad e  to  quan ti fy 

the cs and TI bonding c omp on ent s of the m e tal-ligand b ond  using 
2 2 5  2 26 carb onyl forc e c ons tant data ' The se attemp t s  can n ot 

b e  r eally justifi ed however , because  s o  l i ttle  i s  known ab out 

the relative effe c t s  of the s e  bond c omp onents on the C O  for c e  

c onstant s .  

A s  the trans C O  for c e c ons tant ( K 1 ) i s  affec ted the most  

by  changes  in metal - l i gand b onding � 1 6 the foll owing di s c us si on 

c on c entra t e s  on c ompari s ons  between K 1 for the c ompl exe s  t ha t  

a r e  being c onsi d er e d . 

c )  Di scussi on 

i )  Chr omium C ompl exes  

There  are  n o  obvi ous trend s in  b oth the ci s and trans 

for c e  c on s tant s  for �r ( C 0 ) 5 ] 2 L and C r ( C o ) 5L c ompl ex e s  where  

l is  a thi oether d onor  ligand , exc ep t  for the c ompl ex 

Cr ( C 0 ) 5 c 6F5 SEt . A l though thi s c ompl ex was qui t e  unstabl e and 

c ould not  be i s olat ed  ( App endix n ) ,  i t s infrared sp e c t rum ,  

from whi ch the s e  for c e c on s tant s were cal culated , was suc c e s s-

2 4 9  

fully r e c orded . Whi l e  there d o  n o t  app ear to  b e  any si gni fi c ant  

di fferenc e s  betwe en the  c omplexe s wher e  L is  an  aryl thi oether 

( bmtt ,  b e t t , o-bmtb , pte  and S ( Ph ) 2 ) and where l i s  an 

alkyl thi oether ( d t o ,  bms , S ( Et ) CH2Ph and S ( Et ) 2 ) ,  the e ffec t  

o f  the str ongly ele c tronegative p entafluor ophenyl group o f  

c 6F5 sEt i s  readily apparent . The trans forc e c onstant ( K 1 ) i s  

signi fi cantly higher than previ ously ob s erved for Cr ( C 0 ) 5 thi o e ther 

c ompl exe s  and i t  i s  c omparabl e t o  the value s that  are n ormally 



TA1?T E 4 

C OTTC'·l:-KRA I HA�:7.El. Frr;cE C O:STHTS 

[cr(cr)5] nl c c;.: rEXES 

c_�a�· P�l=E=X------------�D \�N�O�R��K 1 ( N . m-1 ) . K 2�(N�.m�--1�)--�R=E�F�E�RE�N�C=E 
C r ( C c ) 5c 6F5SEt 

C r ( Co ) 5drr.pe 

C r ( C o ) 5P ( Ph ) J 
(cr ( c o ) 5] 2b e t t  

[cr ( co ) 5) 2p t e  

Cr ( C0 ) 5s ( Ph ) 2  

[ Cr ( CC ) 5] 2 o-bmtb 

(cr ( c o ) 5] 2d t o  

C r ( C 0 ) 5bms 

C r ( C 0 ) 5S ( Et ) CE2Ph 

[cr ( C c ) 5 ] 2bmtt 

C r ( C 0 ) 5S ( Et ) 2  

C r ( Co ) 5rnta 

C r ( C 0 ) 5NE2 ( c 6R1 1 ) 

Cr ( C o ) 5NH2 ( C 6H5 ) 

C r ( C o ) 5sP (re e ) 3 

s 1 5 6 3  1 60 1  

p 

p 

s 

s 

s 

s 

s 

s 

s 

s 

s 

s 

N 

N 

s 

1 5 5 6  

1 55 1  

1 5 38 

1 5 3 3  

1 5 3 2 

1 5 32 

1 5 30 

1 5 30 

1 5 29 

1 5 2 9 

1 5 28 

1 5 28 

1 508 

1 50 3  

1 4 94 

1 5 78 

1 58 5  

1 600 

1 600 

1 597 

1 597 

1 59 2 

1 59 2 

1 584 

1 598 

1 58 1  

1 590 

1 577 

1 58 2 

1 590 

Thi s V: ork 

t 234 

235 

Thi s W ork 

t 1 94 

t 204 

236 

t 1 98 

t 1 98 

203  

Thi s 'i'i ork 

203 

Thi s W ork 

235  

237  

t 1 98 

N OTES : - all spectra rec ord ed in sat urated hydrocarb on s olvent s 

t For c e  c on stants calculated from publi shed d a t a  

+ - 1 . K errors are - 3 N . r. 1n 1 and K 2  exc ept for 

Cr ( C 0 ) 5c6F5SEt (± 5 N .m- 1 ) 

TABlE 4 { c o n t i nu ed} 

COTTON-KRA IHM: ZEI. FOR CE CC1l STM:Ts 

('illQl5) nl CCl.TLEXES 

C O:PLEX DONOR K 1 {N . rn-1 } K2{N . m-1 } 

W (  C O )  5 (PPh2 ( OBu )]  p 1 57 1  1 587 

W ( C0 ) 5P ( Ph) 3 p 1 557 1 58 9  

W ( C o ) 5c 6F5SEt s 1 5 5 6  1 590 

[w c co ) 5] 2bmtt s 1 55 6  1 595 
[w ( c o) 5] 2 o-bmtb s 1 5 5 6  1 58 7  

W (  C O )  5PhSH s 1 5 37 1 596 

( W ( C C)  5] 2rn-bmtb s 1 5 3 3  1 57 6  

[w ( c C ) 5] 2bett s 1 5 3 3  1 594 

[Vi ( C0 ) 5] 2d t o  s 1 5 3 1  1 590 

v; ( c o) 5mta s 1 52 6 1 58 9  

VI(  C O )  5 ( PhliH2 ) N 1 5 1 3 1 580 

W ( C 0 ) 5HH2 ( c6H 1 1 ) ' N  1 5 1 3  1 57 2 

N OTES : as for [cr ( Co ) 5] nL c cmpl exes 

REFLRrnCE 

226 

235  

Thi s v.· ork 

Tti s 'l: ork 

236 

226 

236 

Thi s Work 

t 1 98 

Thi s t; ork 

226 

226 

errors for � ( c o ) 5c6F5SEt are !5 N . m-1 in K 1 and K 2  

250 



ob s erved for phosphine d onors ( Tabl e 4 ) . In thi s typ e  of 

c ompl ex , an increase in  K 1 will b e  ob served because the 

el ectronegativi ty effect  will increase , by an induc tiv e 

m echani sm , Cr � S n - d onati on and decrease S � C r  

�- donati on . The opp osi te of  thi s effec t i s  shovm in the 

c ompl ex Cr ( c o ) 5 sP (M e )  3 
2 1 9 for wti cL K 1 ( 1 4 94 ± 3 N .m -1 ) 

25 1 

i s  similar t o  that of amine donors where no  },; � N TI - int er-
. . bl 2 2 6  actl ons are p ossl e .  A crystall ographi c study on thi s 

c ompl ex 227  has shovm that tLere i s  li ttle or no Cr � S 

TI- donati on and thi s i s  thou�ht t o  be  due to the sulphur 

a t om of SP11 e 3 having a sli ght exc e s s  of negative charge !99 None 

of  these  effe c t s  are apparent then , in the compl exes [cr ( C 0 ) 5 ] 2 L 

where L i s  bmtt and bett  and s o  from the s e  r e sult s , th e  net 

basici ti e s  of these  li gand s appear to b e  similar t o  those  of  

other thi oether li gand s when they are bound to  chromium ( 0 ) .  

ii ) Tungst en Compl exes 

It app ears from the resul t s  pre sented in Tabl e 4 ,  that 

there i s  a greater n - c omp onent and/ or a smaller � - c orr.p onent 

i n  the W S bond f or the ligand s bmtt , o-bmtb and c 6F5 SEt ( as 

observed for the Cr c omplex ) c ompared t o  the ligand s m-bmtb , bett , 

PhSH and dt o .  For the former group of  ligand s ,  the trans C O  

f orce constants are c omparabl e to  K 1 for triphenylpho sphine  

whi ch suggests  that the net  basi ci ti e s  of the s e  ligand s are  

similar t o  the phosphine d onor in thes e  c ompl exe s . 

1 . 3 ELECTRONIC SPEC TRA 

The basi s for i d enti fying the d-d and charge transfer 

transi ti ons in M ( Co ) 5L and trans - M ( Co ) 4r2 c ompl exes  was rec ently 

proposed by Braterman , Milne and Walker 2 2 8  in a d etai l ed study 

o f  a seri e s  of thes e  c ompl exes . A s suming that the li gand L i s  



a p o orer TI -a c c ep t or and a b e t ter � -d on or than C O ,  the 

m ol ecul ar orbi tal diagram f or K ( C 0 ) 5
L c omp l ex e s  can be d eriv e d  

( Fi gure 5 ) . The p o ssi bl e mi xing of d ( 6* ) and vacant li gand 

orbi tal s can b e  i gnored where the fi eld  of l i s  smal l . 

d(xz,yzl 

d( xyl 

FIGURE 5 - - J , 
------�- - - - , 

t ',
, , ' "  

' , ' , 
,, 

, ' 
/ ' 

, ' 
------�- ' ' , ' 

- ..... - -',:)., ----

Effect of mix ing a 1 
orbi ta l s .  

2 5 2  

The natur e  of the me tal and the li gand ' s  n e t  d on or abi li ty 

v:i l l  d e t ermi n e  the energy of  the 1: ( d ) ----+ C O( TI * ) CLarge tran sfer 

t ransi ti on s . Braterman et al ob served tha t  the fre quenci e s  of 

the l owest  energy charge transfer band ( 1 e  � 2a 1 ) foll ow t h e  

g eneral se quenc e s :  

and 

i ) phosphi t e ) phosphor ous triami d e ) pho sphine 

i i ) Cr ) M o  ) W 

The s e  ob s ervati on s were u s ed a s  the ba si s for a s si gning the 

l ow e s t  energy charge transfer ab s orp ti on a s  being a tran si ti on 

fr om metal orbi tal s .  Transi ti on s  of pur e  d-d c harac t er were 

i d enti fi e d  by their l o s s  of intensi ty on c o oling . 

I t  i s  n ow rec ogni s ed from thi s and earli er studi e s  that 229 ' 230 

i t  i s  the l owest  energy charge transfer transi ti on ( 1 e  � 2 a1 ) 
whi ch i s  s en si tive t o  the  nature of the li gand s .  S tronger m etal-

l i gand int erac ti ons c an naiv ely be  exp e c t ed t o  s tabi li z e  the 

d - orbi tal s wi th a r e sul ting i ncrease  in the energy of the 1 e  � 2a1 



2 5 3  

transi ti on .  In general then , the energy of thi s transi ti on will 

d ecrease  in  the ord er K-CO ) M -P1 . d ) M-s1 . d ) M-N1.J.. gand · · J. gan J.gan 

SF:SC'IRA AI\D P_ S S IC lJ - :c�;� s FCR [t: ( CC ) 5) 2h 
Typi cal spectra for the [cr ( Co ) 5 ] 2L and [v; ( c o ) 5] 2L 

( L=bmtt , bett ) c omp l exes  are shown in Fi gures  6a and 6b and the 

r e sult s  for these c ompl exe s are given in Tabl es 5a and 5b . 

Vihere p o s sibl e ,  t entative assignment s for the d-d ,  1 e  � 2a 1 and 
.. 

Singl et � Tripl et d-d transi ti ons ( tungs ten c ompl exes only ) 

have been made . F or the chr omium c ompl exe s ,  the d-d and 1 e  � 2a1 
transi ti on s  appear t o  be  under the same l ow-energy envel op e  

whil e  f o r  the tungs t en c ompl exes they oc cur a s  di stinct  ab s orp-

ti ons in ethanol s oluti on . The d-d and 1 e  � 2a1 absorp ti ons 

i n  the latter c omplexe s  have been assi gned on the basi s of  

energy c onsiderati ons .  Fr om Figure 5 lt  i s  apparent that the 

d-d ab s orpti ons wil l  oc cur at l ower energi es  than the 1 e  � 2a1 
C . T .  transi ti on ,  al though both absorpti ons will li e c l o s e  t o  

each other . 2 2 8  

DISCUSS I ON 

i )  Chromium C ompl exes 

The 1 e � 2a1 C . T .  transi ti ons for �r ( C0 ) 5 ] 2bmt t  and 

[c r ( C o ) 5] 2 b ett are c ompared with those  of other Cr ( C 0 ) 5L 

c ompl exes  of phosphoru s ,  sulphur and ni trogen d onors , i n  

Table 6a .  The result s for these  c ompl exes  suggest  that Cr-

li gand interac ti ons are weaker for bmtt ,  bett and 2-methyl

thi oaniline ( whi ch appears to bind via the thi oe ther only -

see Chapter 3 )  than for the c omplexe s  o f  the alkyl thi oethers 

( e . g .  3 , 8-dtd , dt o and S ( Et ) 2 ) where the thi oether d onor i s  

attached t o  an aliphati c carbon chain . For the former c ompl exes  

the Cr--S interacti on appears t o  be  c omparable in  its  strength 

t o  the Or--Ligand interacti ons of amine  ligands and where L i s  



FIG URE 6 
El e c t r oni c Spe c t ra - [I d C 0) 5] 2 b e t t  C orr.n l ex e s  

4 2 3  

6 b  

3 76 

380 nm 4 20 460 500 

6a M = Cr , in Abs . E t OH 

6b M = W ,  in Abs .  EtOH 

6 c  K = W ,  in n-hexane 

2 5.4 



TA:ElE 5a 

ET EC T R Cl� IC SPEC TRA FCR Cr C CVPlEXES 

C O}."PI EX 
. . - 1  - 1  . . 

Af.SCRf T I O� (nrr.l__ e ( l . m ol . cm �_As si£nm en!_ 

2 5 2  

3C C 

4 4 5  

2 68 

2 8 8  

4 2 3  

TA :?.I E 5 b  

1 EA 5 5  

3 2 6� 

1 6 6 4  

1 6 5 C 3 

7 5 5 2  

3 1  6 1  

1 e -i 2a
1

/ d -d 

ET :S C �'R CT I C  SPEC TRA F C' R  Vi C C,TT �XES 

C CKPlEX 

(v; ( c o ) 5] 2bm t t  

N O TES : 

A :!:? S CRFT I C N  ( nm) 

2 65 

2 7 7 ( sh )  

2 9 8 ( sh )  

3 � 5  [ 2 7 4 ] 
4 1 7  [c;g3f 2] 
4 4 2 ( sb )  

2 6 5 

2 8 1 ( sh )  

2 9 3 ( sh )  

3 C 6 ( sh ) 

38 2 [��37 6] 
4 1 1 [ca 37 6] 
4 4 3 ( sh ) 

- 1  - 1  ) e ( l . rr: ol . crr._'---..:..:A..::.S S I G ?J.' Er� T 

1 8  37 2 

7 9 e4 

6 2 7 S  

4 1 2 6  

4 3c c  

S 5 3  

1 E 8 4 6  

7 S 2 3  

6 32 5  

4 8 4 6  

3 2 6S 

2 67 7  

4 3C 

[39 2 1  J 
(3� C  5 ) 

[4 1 4 1 ] 
[4 1  4 1 ]  

1 e -+ 2a 1 
d -d ( s- s )  

d - d  ( s- t )  

1 e ...,. 2a 1 
d - d  ( s- s ) 

d - d  ( s- t ) 

al l sp e c tra r e c ord e d  for Ab s . E t CH s ol u t i on s  ex c ep t  

whe r e  riven i n  paren the s e s  ( [ ] , sp e c tra r e c or d e d  

in n -hexan e ) ,  

255  

s h  = shou l d er ; e x t in c ti on c o e ffi ci en t s  2 r e  app r oxima t e , 

( s - s ) d en o t e s  a sing l e t  -t sine- l e t  t ran si t i on ,  

( s - t ) d e n o t e s  a si ngl e t -+ tri p l e t  t ran s i ti on 



TADJ E 6a 

ll�g_§: 1 �.!.!:__1:RAES£:J:£Q!i�.:._ __ (�r ( C C') 5) 
nl C C�.TlEXES 

C OJ:flEX 1 e -+ 2a 1 ( nm) SCI V :Sl\ T  R EFEREK C E  

I = P d on o r  

Cr ( C o) 5F ( OPh) 3 329 Eex3ne 2 3 0  

C r (  C O )  5P (J'n,' e2 ) 3 34 C Eexane 23 0 

Cr ( C C) �P ( Fh) 3 359 Eex?-ne  2 3 0  

l = S d onor -------
Cr ( C C) 5 S ( Et) 2 39 3 Eex?-ne 2 0 3  

� r ( C c) 5 ) 2 ( 3 , 8-d t d )  3S· 5 Chl or o form 1 98 

Cr ( C C) 5 S ( Et) CH2Fh 39 5  EexCJ.n e 2 0 3  

[cr ( C c ) 5 ] 2 tmd t o  3S 6 E tta:1 ol 1 94 

[cr ( C c ) 5] 2d t o 398 E t tan o l  1 98 

[cr ( Co ) 5]
2bett  4 2 3 E than ol Thi s 1i. ork 

t C r ( C 0 ) 5 sn� e 3 4 24 Ethanol 1 98 

�- 24 Hexan e Tr.i s ·:. ark 

t Cr ( C C )  5s:r ( 1\� e2Ph )  4 2 5 H exan e n�i s ·v: ork 

[cr ( C o) 5 ] 2p t e 4 3C E tLan ol 1 94 

Cr ( C C ) 5rnta 4 37 Et llan ol Tl.i s v. ork 

[ C r ( CC ) 5] 2 brr: t t 44 5 Ettanol r.Ihi s ,,': ark 

[ C r (  C C )  5] 2n t e  4 50 E t han o l  1 94 

l = N d onor 

Cr ( C C ) 5bi 4C5 Ethanol Thi s W ork 

Cr ( C 0 ) 5rnrnbi 406 Ethan ol Tlti s ',': ork 

Cr ( C o ) 5mti 407 Ethanol Thi s V:ork 
[c r ( C o ) 5] 2 en 4 1 C Ethanol 1 98 

[cr ( Co) 5] 2dad 4 1 S  Chl orof orm 1 9 8 

C r ( C 0 )
5

HNc
5

H
1 C 4 2 6  Cy cl ohexan e  2 3 0  

l = S-N d on or 
[cr ( Co ) 5] 2 etea 4 1 2 Ethan ol Tti s W ork 

2 56 

N" OTES : t Sampl e s were gi fts  fr om Dr s . E . t . Ain s c ough & A • r�� . Br odi e 



c cr.: Pl EX 
T = r d onor 

w ( c c )  5P ( c�.: e )  3 
v, ( c o )  5 r ( 1�:11: e 2 ) 3 
V, ( C O )  5PBu� 
l = S d on or 

[w ( c C· )  5] 2 trr.d t o 

[v: ( c o ) 5] 2dto 

['�·; ( c c )  5] 2 ( 2 ,  s -d  t d ) 
v; ( c c  ) 5 s Ptv� e 3 
[ v: ( C C )  5] 2 b e t  t 

v; ( c o ) 5mta 

[w ( c c ) 5] 2trntt 

[v. ( C O )  5] 2m-bmtb 

l = N d onor 

\'; ( C O )  5mrr.bi 

\',' ( c c )  5 bi 

[w ( co ) 5] 2en 

Vi ( C O )  5mti 

[vi ( c o )  5] 2dad 

I = S -N donor 

TA ri E 6b 

1 e -+ 2a 1 ( nrr.L 

34 3 

34 e 

35 1 

368 

37 1 

37 2 

378 

32 2 

ca3S2  

3S 5  

ca4 C 5  

3S 2 

3S 5 

397 

3S8 

4 C 6  

39C 

S CI V:SN T  

r.: e h : ip 

r e h :  ip 

�: e h : ip 

Ctl or o f o rrr. 

C h l o r o f o rm 

.Et:tan ol 

E tl:an o l  

Ettar. ol 
Ettan ol 

Et:tan ol 

E ttan ol 

Ethanol 

Ethanol 

Ethanol 

Benzene 

Ethan ol 

N CTES : - Nch : ip = methylcycl ohexan e : i sop entane , 

2 2 8  

2 28 

2 2 8  

1 9 8  

1 98 

1 9 8  

1 98 

'I t i  s 'i." c rk 

Thi s v: o rk 

Tr..i s \': ork 

'Iti s 1.': ork t 

Tri s \'.' ork 

Thi s V.' ork 

1 98 

Tti s V: ork 

1 9 8 

Thi s V.' ork 

t sampl e  prepared by method of Ainsc ough , Br o d i e and 

11 '  t"tr. 2 3 6  1•-a 1" ev: s , 

c omp l exes  of mta , bi , mmbi , mti and etea are 

di scus s ed  in Chapter 3 .  

2 5 7 
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a substi tuted phosphine sulphide  li gand , SPR3 • These r e sul t s  

appear t o  di sagree wi tb the observati ons based on the cal culati on 

o f  force  c onstants .  I t  i s  apparent though , that direct p erturb-

a ti ons of the metal d-orbi tal s wi ll be m ore  sensi tive to  changes 

in  metal-ligand bonding than the effec t s  of  such changes on the 

m ore di stant C --- 0 b onding . Henc e for these chromium 

c omplexes  more signi fi cant di fferenc e s  between the li gand type s  

are observed i n  the el ectr oni c spec tra . The s ensi tivi ty o f  the 

vi sibl e abs orpti on maximum to change s  in metal-li gand bonding 

has al s o  been demon strated for a seri e s  of brid ged li gand 

c ompl exe s  of  RSCH2CH2 SR , where R i s  p-XC 6H4 }� In tti s study i t  

was shown that where X i s  an elec tron wi thdrawing substi tuent 

such as -N02 , the 1 e  � 2a 1 transi ti on was red-shi fted by up t o  

4 0  nm c ompared to the spec tra where X i s  an el ectron dona ting 

group such as -NMe2 • 

ii ) Tungsten C ompl exe s 

The 1 e -+ 2a1 C . T .  transi ti ons for [w ( co ) 5 ] 2bmtt  and 

�� ( c o ) 5] 2bett are c ompared wi th those  of other W ( C 0 ) 5l 

chromophore s  in Tabl e 6b . 
The resul t s  are in agre ement wi th the ob servati ons that were 

made for the anal ogous chromiurr. c ompl exe s  in ttat the 1 e � 2a 1 
C . T .  transi ti on energi e s  are l ower for bmtt and bett than in 

c ompl exes  of alkyl thi oether li gand s .  The li gands 

2-methyl thi oaniline ( mta ) and 1 , 3-bi s ( methylthi o )benzene ( m-bmtb ) 

whi ch al so  have aromati c rings at tached to  the thi oether d onor , 

exhibi t a simi lar trend . The con si stent  resul t s  for both the 

chromium and tungsten c omplexes enabl e the ligand s t o  b e  plac ed 

in the fol l owing ord er of  decreasing net  N:- L bond strengths ; 

tmdt o � d t o  ) bett  ) mta ,_ bmtt 

�hen the spec tra of the tungst en c ompl exes of  bmtt ,  bett  and 

m-bmtb are rec ord ed in n on-polar hydrocarbon solvents ,  



s i gni fi cant  srLi ft s i n  tl1 e vi sibl e maxima o c c ur and a s  a 

c on s e q uenc e ,  the r e s oluti on i s  p o orer ( Fi r ure 6c ) . 

Al though the  d-d ab sorpti on s  shoul d b e  largely in s en si t i v e  

. 2 3 1  2 3 2  to char. g e s  in  s olvent p olar1. ty , ' the ob s erv ed shi ft s  

2 5 9  

c ombined wi th the relatively  hi gh i n t en si ti e s  o f  the ab s orp ti on s  

i n  bo th th e chromi um and tun g s t en c ompl exe s ,  sugge s t  tha t  they 

have  ac qui r ed s ome  charge tran s fer charac t er . Tti s c oul d o c c ur 

by a li gand -metal orbi tal mi xing rr. echani srr. . 2 2 9  

1 . 4  N 1.:CIEAR r�:AGNETI C Rzs m�At� c :s  s �T:C IES 

1 H nmr Spec tra 

I t  i s  general ly ob served t ha t  the cherri cal shi f t s  of p r o t on s  

i n  c l o s e  p r oximi ty t o  e l e c t r on d onat in£ gr oup s such a s  sul phur 

and ni t rogen , mov e  d o�nfi e l d  ( i . e .  t o  hl £ her  ppm ) on C OQf l exati on 

of  the l i gand . Thi s effec t i s  due  t o  the �i t hd rawal of el e c t r oni c 

charge fr om the hydr ogen nuc l ei . The 1 H  nmr sp e c tral r e sul t s  

for the b ri dged-l i gand c ompl ex e s  �: ( cc ) 5] 2L ( K=Cr , � and L=bmt t ,  

b ett ) t og e ther wi th the data and a s si gnm en t s  for the fre e  li gand s ,  

are giv en in Tab l e  7 .  

TABlE '1. 
1 H nmr DATA, �·(co}5] 2l CO.!PI.EXES OF trr.tt, b e t t  

C CJt.fPlEX -SCH3 -SCH2cti3 

bmtt 2 . 05 

t [c r ( c o ) 5]2bmtt 1 . 57 

[w ( co) 5 ] 2bmtt 2 . 24 

bett 1 . 1 8 t ( 8 )  

[c r ( Co ) 5
]

2l: ett 0 . 9 6t ( 8 )  

[w ( co ) 5] 2bett 0 . 9 2 t ( 8 )  

NOTES : - spectra rec orded in c6D6 , 

-SCE2- Ar-CH3 A r-H 

2 . 02 6 . 9 

1 . 4 6  E!6 . 7  

1 . 90 6 . 5  

2 . 8 1 q ( 7 )  2 . 2 2 6 . 8 

2 . 57t ( 6 ) 1 . 8 3  6 . 5  

2 . 8 1 q ( 7 )  2 . CC 6 . 7 

- t = triplet ; q = quart e t ; coupling c on stan t s  are in 

parentheses ( Hz ) , 

- chemi cal shi fts are ppm d ownfi eld from TMS , 

- chemi cal shi f t s  for aryl protons ( Ar-H ) are the c entres 

of the observed rr.ul tip l e t s  

t corr.piex d e c omp osed 
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The r e sul t s  stov.- that , exc ept  for [1:. ( C C )  5 J 2 bmtt , th e hydrce;en 

nuclei ad jac ent to tbe tr� oether d onors  are effe� tiv ely 

shi elded  on c ompl exati on t o  the bulky r,· ( c o ) 5 groups  as up fi eld 

shi ft s  in  the resonance frequenci e s  are ob served . 

1 3c nmr Spec tra 

The 1 3c nmr sp ectrum was rec ord ed for [',': ( c c ) 5 ] 2bmtt  and 

tti s i s  di scussed in Chapt er 2 al one �i th tte sp ectra of  the 

chelated-li gand c ompl exe s ,  K ( C C ) 4 l  ( K=Cr , �  and l =brr t t ,  b e t t ) .  

1 . 5 REA C T IV I TY S Tl1HES 

The reac tivi ty  studi es  v. er e d e si gned t o  d e termin e the ease  

wit� wti ch the  bri dged-li gand c o�pl exe s  c onvert t o  the  chelated 

ligand c ompl exes and t o  d e t ermine  the stabi li ty of th e thi o e ther 

metal b ondin& t oward s replac ement by triphenylpho sp:b�ne  and 

triphenylpho sphl t e . For the exp erirren t s ,  [v: ( C C )  5 ] 2 b e t t  was 

used and the experimental detail s are given in the Arpendi c e s . 

i )  R e fl ux [\\ (C C )  5] 2 bett  in  n-hexane 

The I R  spectrum of the s oluti on after about one hour o f  

refluxing shows that the c onversi on 

[w c c o ) 5] 2 bett  > w ( cc ) 6 + \� ( c c ) 4 bett  

ha s o c curred . The six carbonyl-stret ching frequenci e s  that are 

as signed to W ( C o ) 4 bett ( Figure 7 a )  almo s t  c orre sp ond to those  

ob served for Cr ( C0 ) 4 bett  ( Chapt er 2 ) for whi ch the  mul tipli ci ty 

( only four V( C O )  mod e s  are exp e c t ed ) i s  p ostulat ed t o  be due t o  

c onformati onal i s omeri sm . Only four p eak s were observed i n  tte 

spec trum ( cycl ohexane so l uti on )  of the phctocherr:i cally  synthes-

i zed  W ( C c ) 4 b e t t  ( Chapt er 2 ) .  

The conversi on of  the bridged-li gand c ompl ex t o  a chelated

li gand c ompl ex was similarly observed for [w ( c c ) 5 ] 2 dt o , where 

d t o  i s  3 , 6-di thlaoc tane .1 98 

i i ) R e flux [v; ( C O) 5] 2bett  wi th e x c e s s  TriphenylphosprLine  

A ft er 2 . 5  hours of refl uxinr in  cyc l ohexane, a n  I R  s� ectrum 
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KEY T O  FIG GRE 7c 

Speci e s  Id en ti tv 

i 

i i  

i ii 

i v  

[r. ( c o ) 5] 2bett  

\',· ( C O )  5F ( OFh ) 3 
v.· ( c o ) 4 b et  t 

\'.' ( C 0 ) 6 
v ci s-•.·: ( c c ) 4 [P ( OPh ) 3] 2 

On r e fl uxing ['.'i ( C C ) 5] 2bett  v. i th P ( OFh) 3 , two di s t i n c t  

p r o c e s s e s  a r e  o c c urri n g :  

a )  � i thin the fi r s t  2 C  minut e s , the c ompl e t e  

b r eakd ovm o f  [\'; ( c o ) 5] 2b ett o c c urs , via  two c omp e ti n g  

pathway s ( b e l ow ) . 

b )  Cv er a p eri od of 2 h our s , the  c omp l e t e  

v; ( c o ) 4b ett + VJ ( C 0 ) 5P ( OPh ) 3 + CO  

y 
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TABlE 8 

1 H_n@�-�PEC�Rt�L-REFJ UK_ (�iQQl5] 2be11_�IT�_Ith3 
;EgOTON§_ _____ bet t  AFTER REFJ UX W ( Cc}4bet t  b e tt 

Ar-CH3 
-SCH2CJi3 

-SC!:f2-

NOTES : 

t 

2 . 4- 6  

1 . 32 ,  1 . 4- 5 , 1 . 57 
1 . 28 ,  1 . 4- C , 1 . 5 3  

t 3 . C 3 ,  3 . 1 4 

2 . 4- 2  

1 . 24 ,  1 . 3 5 ,  1 . 4 9  

2 . 9 9 , 3 . C7 ,  3 . 24 
3 . 3 3 

2 . 35 

1 . 1 6 , 1 . 2 ( , 
1 . 30 , 1 . 3 5 , 

1 . 4 3 , 1 . 4- 7  

2 . 7 1 ' 2 . 7 5 , 
2 . 8 3 ,  2 . 8 6 , 

2 . g5 ,  2 . 1)8 , 
3 . 06 , 3 . ( 9  

sp ectrum rec ord ed in  CDC1 3 ; chemi cal shi ft s  are 

pprn d ownfi eld fr om Tiv: s ,  

only two p eaks can be  d i s tinrul ch ed ab ove the noi s e . 

The chemi cal shi fts  for bett  after refl uxing sucgest  that the 

ligand remain s c o ordinated and that the tetracarbonyl c ompl ex 

that i s  apparent in the IR sp ect rum , i s  W ( C c ) 4b et t . 

tV 
0> ::... 



and the 1 H nmr spectrum of the produc t s  indi cated  ttat the 

c ol ourl e s s  so l uti on c ontained t ( C 0 ) 5 Prh3 , W ( C0 ) 4bett . and 

Vv" ( C C ) 6 . Fi gure 7b sr. ows the IR sp ec tra and the assignmen t s  

wr�le  in Tabl e 8 ,  the 1 H nmr spec trum o f  the produc t s  i s  

2 6 5  

c ompared wi tt the known sp ec tra for the free  li gand and W ( C C ) 4bett . 

The si gni fi cance  of the s e  resul t s  i s  di scus sed bel ov . .  

i ii ) Reflux [W( Co) 5] 2 bet t  wi th exc e s s  Triphenylphosphi t e  

The carbonyl c omplexe s  o f  P ( CPh ) 3 exhi bi t  \J( C C' )  

absorpti on s  that are suffi ci ently  rerr. oved from those of the 

anal ogous thi oether c omplexes  to  enatl e  unambi guous a s signment s  

t o  be made . 

The produc t s  from thi s reac ti on were rr.onit ored by infrared 

spe c trosc opy at regular in t erval s and the sr ec tra and their 

assignment s are shown in Fi gure ? c . The resul t s  can be 

int erpreted as outlined in the fl ov, diagram a c c ompany ing Fi[ure 7 c  

and thi s i s  referred t o  i n  the fc.ll owing di scus s i on .  

DISCl:SSION 

The observed c onversi on of W ( C o ) 4bett  t o  ci s-� ( C 0 ) 4 (P ( 0Ph ) 3] 2 

in the pre s ence of exc e s s  P ( OPh ) 3 i s  c onsi stent  wi th P ( 0Ph ) 3 
b eing a stronger li gand than P ( Ph ) 3 2 2 8 a s  the anal ogous 

c onversi on was not ob served in the presenc e of an exc e s s  of the 

latter li gand . Tr� s  sup] ort s the obs ervati on by Ainsc ou�h et  al 
198 that chelated di thi oether li gands are reas onably s tabl e 

t owards replacement by P ( Ph ) 3 • Detai l ed kineti c and sub sti tuti on 

s tudi es  on the replac ement of chelat ed di thi oether ligand s 

( such a s  M eSCH2CH2SMe and tBuSCH2CH2S tBu ) by phosphi t e  li gand s ,  

indi cate that substi tuti on proceeds l argely through a ring-
. h .  1 9 7 , 201 , 202 open�ng mec an� sm . 

1 • 6 1':ASS  SPECTRAl STUDY 

Al though the ma ss  sp ectra of metal carb onyl c ompl exe s  

appear , in principl e ,  t o  b e  a conveni ent means o f  determining 
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the c omp osi ti on of a sampl e ,  an inherent daneer i s  t�e a s sumpti on 

that the hi ghe st  mass  p eak observed in . tl1e spectrum i s  a direct  

result of i oni sati on of the mol ecular sp eci es in the san:p le .233 

Thi s i s  parti cularly evi d ent in the mas s  sp ec trum of [\'; ( c o ) 5] 2-
bmtt whi ch indi cated that the anparent parent IT. ol ecular i on 

has the comp o siti on [v; ( co ) 4 bmtt] + . Thi s i on und ergoe s suc c e s s

ive CO  l os s  in  the normal manner 233 t o  yi eld the i ens 

[w ( c c ) 3bmtt] + ,  [v; ( c o ) 2bmt t] + ,  [w ( C O ) bmtt] +  and [\\ bmtt] + . The 

instabili ty of  Group VIE carb onyl c ompl exes  und er tl:.e c ondi ti ons 

of  volatili sati on and el e c tron b ombardment ttat are eiT.pl oy ed 

in mass  sp ec tral studi es , has al s o  been ob served fer c ompl exe s  

of  RSCH2CH2SR ( R=p-XC 6H4 )
19�nd some  m onodentate  bi s-rt osrhine  

c orrpl exes , K ( C O )  51 .234 

The mos t  unusual feature  o f  the sp ec trum i s  the 

app earanc e of p eaks due to  the i ons  [v. ( c o ) 8] + and [w ( c o ) 7] + ,  

al though they are relatively l o�er in abundance  than the 

hi ghly abundant [vi ( C0 ) 6] +  i on .  A very weak feature at about 

m/e = 5 C 8  app ears to be  W ( C 0 ) 5bmtt , but the ori gin of thi s 

sp eci e s  i s  unknown . It  may be  pre s ent as  an irrpuri ty in the 

sample  of (w ( co ) 5] 2bmtt but i t  i s  al so  p ossibl e that i t  c ould 

b e  formed from the d e c omp osi ti on of  [v; ( co ) 5] 2bmtt  in the mass  

sp ectr omet er . 

SYN THESIS  OF TEE BRIDGED-LIGA:t-m CC1:FlEXES 

A s  the s e  c ompl exes  were usually i s olat ed in c on juncti on 

wi th the chelated-ligand c omplex e s  K ( Co ) 4bmtt and � ( Cc )4b e tt , 

their synthese s  are d e scribed in  Chapter 2 .  



CHAPTER 2 

CHELATED-IIGAND C G!1:PIEXES 

OF 

3.4-BIS(AIKYI THIO)TOIUENE 

( AIKYL=I{ETHYI, ETHYl) 

The G r oup V I B  m e tal carb onyl , chelat ed-li gand c ompl ex e s  

hav e th e b a si c s t ru c ture 

( C O )  41� ::::i) 
and th e s e  are anal og ous t o  c i s -r.: ( c o ) 4 r 2 c ompl e x e s  whe r e  L i s  

2 6 7 

a m on od en ta t e  l i gand . B o t h  typ e s  a r e  generally syn the si z e d i n  

t h e  r ea c t i on ,  

1� ( C c ) 5 THF + l-1 ( or 21 )  ul t r
h
�vi ol e t  ( C c ) 4J,�:::£) ( or c i s -J.' ( C 0 ) 4r 2) 

but the a c c ornpanyinf forrra ti on o f  bri d g e d -li gand c orrp l ex e s  

( [r.: ( c o ) 5 ] 2 r ) o r  t ran s -1.� ( 0 0 ) 41 2 i f  L i s  rn on o d en ta t e , r e quir e s  

t t e  car e ful s epara t i on and puri fi c a t i on o f  the p r od uc t s  on 

sili ca-gel c olumn s ( s e e  I n t r o d u c t i on t o  ClJ.ap t er 1 ) . A s  the 

l i gand s  t ha t  were used i n  t hi s st udy are bi d en ta t e ,  t h e  

forma ti on o f  t h e  t ran s c omp l ex e s  wa s e limina t e d . 

Th e chela t e d -l i gand c omp l ex e s  t hat ar e di s c u s s e d  i n  

C hap t er 2 , ar e giv en the g e n e ra l  d e si gnati on K ( C o ) 4L 2 and i t  

i s  imp l i e d  tha t  1 2 i s  a bi d en ta t e  l i gand , such a s  brr t t  or b e t t . 



2 . 1  IN FRARED SPEC TRA ( CAR�·OKIT-S TRE TC E D� G  ABS ORFT ICN S )  
The . s t r e t chi ng m o d e s  tha t are exp e c t e d f o r  c2v 

c i s -M ( C o ) 4 L 2 c omp l ex e s  are sh own in Fi [ ur e  8 and the 

a s si gnm ent of the s e  m od e s  fo l l ow s  fr om l i t era t ur e-p r e s en t e d 

a rgum en t s  ( s e e  Chap t e r 1 ) . 

F I G URE 8 

c i s-1� ( C 0)4 �2 CARB mJTI -S TRET C HING �.iODES 

A1 ( 1 1 ) 
A l l 4 o re I R ac t i ve 

The four IR-a c t i v e  ab s orp t i on s  tha t are p r edi c t e d fr om 

2 6 8  

gr oup t h e ory are g en e ral l y  ob s erv e d  i n  t h e  sp e c tra of c h e l a t e d -

l i gand c ompl ex e s  of d i thi o e ther l i gan d s 
1 94 ' 1 96 ,  1 98 

and i n  thi s r e sp e c t  the sp e c tra o f  C r ( C 0 ) 4 bm t t ,  � ( C 0 ) 4 bm t t  and 

W ( C 0 ) 4b e t t  ar e n ormal in cy c l ohexan e s o l uti on . A typi c al 

sp e c trum i s  sh own i n  Fi gur e S a . The sp e c tra o f  C r ( C C ) 4 b e t t ,  

N o ( C o ) 4 b e t t , M o ( C c ) 4 brntt and W ( C o ) 4 b e t t  ( sy n t h e si z ed by 

r e fl uxing [w ( c o ) 5
]

2b e t t  in n-hexan e : - s e e  Chap t e r 1 )  th ough , 

a r e  qui t e  unu s ual in tha t an a�paren t  spli t ti n g  o f  a t  l ea s t  

one o f  t h e  'V( C O )  ab s orp ti ons b el ow 2 CCC c m  -1 i s  ob serv e d . The 

s p e c trum of Cr ( C c ) 4 b e t t  i s  sho�� in Fi g ure 9b and an e xampl e  o f  

t h e  M o ( C o ) 4L 2 c omp l ex e s  in Fi gur e 9 c . The sp e c tral a s s i gnm en t s 

a r e  giv en in Tabl e 9a for all of the c h e la t e d-li gan d  c omp l exe s . 

The spli t ti ng of the carb ony l - s t r e t c hi n [  m od e s  i n  the 

sp e c t ra o f  ci s-N ( C 0 ) 4L 2 c ompl ex e s  ha s n ot b e en r ep or t e d  b e f o r e  
1 95 and the sp e c tra o f  tte ana l og ous N: ( C o ) 4 FDs c ompl ex e s , 

( M = C r , M o ,  W ;  FDS = 
�-bi s ( m e thy l thi o ) b en z en e ) w e r e  n o rmal . 



FIG URE 9 

�I�R�S�p�e�c�t�r�a��1�,:�(�C�OL).4�2 C omn l e x e s  in Cyc l ohexan e 
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TABl E C. a  

v(CO) A nsc1 rT r e r:� FCR 1'( C0)4l2 CC'l.'ri EXES 

C CUI EX A l  �I}Lcm- 1 A 1  �II} E l  B 2--
Cr ( C0 )4 bm tt 2 C 2 C ( w )  1 9 2C. ( m ) 1 9C 8 ( s ) 1 8 8 8 ( s ) 

t C r ( C0 ) 4b e t t  2 C 2 C ( m )  1 S 25 ( s ) 1 9C. 9 ( e ) 1 8 8 9 ( s )  
1 9 1 8 (  s )  1 9C 3 ( e )  

t M o ( C0 ) 4 bmt t  2 C 27 ( m 1  1 S 25 ( eh )  1 9 1 6 ( e ) 1 8 94 ( s )  
1 9 C 9 ( sh )  

t l� o ( C0 ) 4 b e t t  2 0 1 2 ( m )  1 9 28 ( e ) 1 92 C ( s ) 1 8 � 6 ( s )  
1 9 1 4 ( s ) 

W ( CC' ) 4 bm tt 2 C 2 5 ( w )  1 S' 1 8 ( m )  1 9C7 ( s ) 1 8 9 3 ( s )  

W ( Cc ) 4 bett 2 C 2 5 ( rr. )  1 S' 1 8 ( m ) 1 9C 5 ( s ) 1 E 9 1 ( s ) 
[2 C 27 ( m )] [1 S'24 ( m-s )] (1 9C7 ( s )] (1 8 � 5 ( s )] 

[1 9 1  S ( m- s )] [1 9C. 3 ( s )] 

NOTES : - all sp e c t ra r e c o r d e d  in cycl ohe:xane s oluti on ,-

t the s e  s p e c tra a l s o  hav e very weak abs orp ti ons a t  

1 8 59 , 1 8 6 2 , and 1 8 66 cm- 1 r e sp e c tively , 

- ab sorp t i on s  in par en th e s e s  ( [ ] ) are for a samp l e  of 

W ( Co ) 4 b e t t  that wa s pr epare d  by re fluxing [w ( c c ) 5] 2b e t t . 

TABLE Sb 

COTTON-KF.AIHA}:Z.ET FORCE CCNSTANTS 

M(CC}4 l2 C C!:Pl EXES 

co�:PrEX K 1 (N .m- 1 } K 2 (N .m - 1 ) REFERENCE 

M = C r  

C r ( C 0 ) 4 diphos 1 4 9 2 1 5 66 234 

C r ( C o ) 4 bmt t  1 4 ( 4  1 54 2  T:r.is 'l','ork 

c; (co)4 [r�1: e ]  1 398 1 5 62 207 

C r ( C 0 ) 4 o-bmtb 1 39 6 1 55 9  1 95 

C r ( C o ) 4 d t o  1 38 6  1 5 57 1 98 

C r ( C O\M e4 e d  1 338 1 50 6  238 

M=W 

Vi ( Cc ) 4 diphos 1 4C4 1 579 234 

Vi ( C0 ) 4 bmtt 1 397 1 57 1  Thi s Vi ork 

W ( C 0 ) 4bett 1 39 3 1 57 1  Thi s Work 

W ( C0 ) 4 o-brntb 1 38 8 1 58 1  1 95 

W ( CC ) 4
(r�Et ] 1 38 3  1 594 207 

VI ( C 0 ) 4 d t o  1 367 1 58 5  1 9 8  

NOTES : - all s p e c tra r e c ord e d  in sa turated hy dr ocarbon 

solven t s ,  

- except f or c omp l e x e s  o f  tmtt and b e t t ,  a l l  forc e 
c on s t�n t s  were cal culated from publ i sh e d  IR data , 

- estimated err o r s  a r e  t 4 H .m- 1 • 
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N ei ther the A 1 ( II )  nor the B 1 and B2 modes  are d egenerate in 

ci s-�.n ( c o ) 4r 2 c ompl exe s  and s o  for each c omplex the pre sence 

of at  l east  two c onformati onal i s omers app ears t o  be the most 

plausibl e explanati on for the ob served sp ec tra . Ttere i s  no  

supp ort for thi s suggesti on though , in  the 1 H nmr and 1 3c nmr 

spectra where they have been rec orded and thi s may be due to 

the rate of  interchange between the c onfcrmati onal i s omer s  

beir-g t o o  rapid  for the nmr time s cal e s . 

C onformati onal i someri sm was ob served in tte c ompl exes 

( h5-c5H5 ) Fe ( C0 ) 2 ( h1 -c5H5 ) and ( h5C 5H5 )�' o ( C C ) 2c 3H5 as  a spli tting 

of the carb onyl-stretching ab s orpti ons  1 2 9  

Another unusual feature of the sp ec tra of  1: ( C O )  4 bett  

( N=Cr , M o )  and N o ( C C ) 4bmtt , is  the  app earance of a weak 

carb onyl-stretching absorp ti on at ab out 1 8 60 cm- 1 , c oincident 

wi tt the ob servati on of the spli t ab s orpti on m ode s . 

2 . 2  FORCE C ORSTANT CAI CflATlONS 

The c al culati on of C ott on-Kraihanzel approximate  CO force  

c onstants  for ci s-M ( Co ) 4l2 c ompl exes , and the int erpretati on of 

the resul ting parameters , i s  anal of ous to ttat of the bri dged-

ligand c ompl exes ttat were di scussed in Chapt er 1 . 

DISCUSSION 

There i s  a pauci ty of infrared data for c i s-� ( C 0 ) 4L2 
c ompl exes  in  saturated hydrocarb on solvents , but a s  Tabl e 9b 

shows , s om e  trends are apparent . 

i )  Chromium C ompl exes 

There  app ears to be l ittle  di fferenc e b etween an alkyl 

di thi oether li gand such as 3 , 6-di thiaoctane and the di thi oether 

ligand s 3 , 4 -bi s ( methyl thi o ) t oluene , ortho-bi s ( methylthi o ) benzene 

and 1 , 2-t etraki s ( methyltr� o ) ethyl ene  where n-bondin[ sy st err s 

are ad j a c ent  t o  the tr�oether d onor s . Thes e  re sult s are in 



agreement wi th the resu l t s  for the bri dged-li gand [cr ( C 0 ) 5 ] 2L 

c ompl exes that were di s cussed �n Chap t er 1 . 

i i ) 1� olybdenurn C ompl exes  

The multipli ci ty o f  the carb cnyl-stretchine abs orpti ons 

for the ci s-M o ( C0 ) 4L2 c on:pl exes ( l=brntt , bett ) preclud e s  the 

calculati on of force  c on stant data for these c ompl exes , but 

2 7 2  

K
1 

for 1: o ( C c ) 4 ( ortho-bi s (m ettylthi o )benzene )  i s  1 4 C 8  ± 4 N .m- 1  

and thi s i s  similar t o  K 1 ( 1 4 C 4  ± 4 N . rr.- 1 ) for K o ( Cc ) 4 ( 3 , 6-

di thiaoc tane ) .  The forc e c onstants �ere cal culated from IR 

data publi shed in Reference s  1 95 and 198  resp ec tively . 

i i i ) Tungsten Compl exe s  

The c ompl ex W ( C 0 ) 4 d t o  ( d to=3 , 6-di thiaoc tane )  has a l ower 

trans-carb onyl forc e c on stant  ( K 1 ) than the anal ogous c ompl exes  

of  bmtt , b et t ,  ortho-bi s ( me thyl tlu o ) benzene and 1 , 2-tetraki s 

( methyl thi o ) ethyl ene . Thi s suggests  tten , that  the lat t er 

l i gand s are better TT -acc ep t ors and j or poorer 

d t o  in ci s-W ( C o ) 4I2 c ompl exes .  

2 . 3  ElECTRONIC SPECTRA 

er-donors than 

The weaknes s of  the selecti on rule s  for c ompl exes  of  c 2v 
symmetry doe s  not mak e i t  p os sibl e for a simple  mol ecular-

orbi tal model to be set  up as in the case of the c4v bri dged-

1 .  d l ( Chap t er 1 ) .
228 � gan c ornp exes Braterman et al sugges t  however , 

that the l owest frequency absorpti on found in ci s-M ( C o ) 4r 2 
c omplexes  may have both charge transfer and d-d charac t er . 

Whil e  thi s i s  c on si s t en t wi tl1 the observati on that where I i s  a 

sub sti tuted phosphine d on or the absorpti ons oc cur at hi gher 
. 228 energ� e s  than where L i s  a substi tuted arr,ine d onor , 239 

i t  does  n ot explain why the c ompl exes  of the di thi oether s , 

bmt t ,  bett  and d t o ,  have ab s orpti on energi es  simi lar t o  that of 

a phosphine donor ( Tabl e 1 Gb ) . 



EI ECTHOK IC 

ABSCRPTICN 

Cr 248 

29 5 ( sh) 

333( sh) 

374 ( sh) 

'Lio 252 

28 9 ( sh) 

3C7 ( sh) 

407 

w 243 

29 3 { sh) 
368 

TA PIE 1 Ca 

ST EC'IRA FCR f.'(CC')4�2 

b� 
( 

- 1  - 1 )  (nm) E l . m ol . Cll! 

1 3 663 

3 5 1 4 

1 7 6 6  

1 1  C 3  

1 8 94 7 
584 2 

3 6C9 

1 1 8 8 

2 C 5 1 3 
7 8 7 2  
1 9C 6  

C Cr.:FI EXES 

AESCRPT I CN 

24C 

3 3 1 ( sh )  

374 ( sh )  

2 5 6  

2 9 6 ( sh) 

358 

244 

2 5 0 ( sh) 

287 ( sh )  
365 

.£.§!. 397 ( sh ) 

N OTES : - al l sp e c tra r e c orded f o r  Ab s . E t CH solut i on s ,  

!:.2 � 
E 

1 8 974 

2744 

1 38 5 

1 57 1 4  

68 57 

1 7 3 6 

2 2 2 8 1 
2 1 1 4 ( 

8 8 6C 

1 9 9 1  

s h  = shoul d e r ; exti n c t i on c o e ffi ci en t s  a r e  approxima t e . 

TABLE 1 Cb 

ELECTF O� IC SPEC TRA 

LOWEST ENERGY 1'A X D.�A.  L�(C0)4�2 CWPl:EXES 

. M=Cr 

Cr ( C 0 ) 4 ( PPh2 ) 2NMe 

C r ( C o ) 4d t o  

Cr ( C o ) 4bmt t  

C r ( C o ) 4b e t t  

C r ( C O ) 4 d t e  

C r ( C O )  4m t e  

C r ( C 0 ) 4 en 

!l=W 

W ( C O )  4 ( PPh2 ) 2m.l e 

W ( C 0 ) 4d t o  

W ( C 0 ) 4b e t t  

W ( C 0 ) 4bmt t  

W ( C o ) 4 en 

W ( C o ) 4 tmeda 

W (  C O )  4 tn 

p 

s 

s 

s 

s 

s 

N 

p 

s 

s 

s 

N 

N 

N .  

37 3 

37 2 

374 ( sh 

374 (  s h )  

4 C O  

404 

424 

M ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethanol 

Ethan ol 

M ethanol 

3 6 3  Methanol 

364 Ethan ol 

3 6 5 , �397 ( sh )  Ethanol 

368 Ethanol 

3S7 , 4 5 C ( sh) �ethanol 

402 , 4 5 C ( sh) Ben z en e  

4 0 5 , 4 5C ( s h )  !.:e than o l  

228 

246 

Thi s W ork 

Thi s 7/ ork 

1 94 

1 94 

2 3 9  

2 2 8  

24 6 

Thi s Work 

Thi s v; ork 

2 3 9  

240 

239 

N OTE : - where two maxi:r.a are r e c ord ed , t en tative a s signmen t s  

a r e  di s c u s s ed in t ex t . 

2 7 3 
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The el e c t r oni c ab sorp ti on maxima for the c ompl ex e s  

M ( C c ) 4L2 ( M =Cr , � o ,  W ;  12 = brrt t ,  b e t t ) are  pre s en t ed in 

Tabl e 1 0a . I t  app ear s fr om a c ompari s on wi th the  sp e c tra 

f or W ( C o ) 4L 2 c omp l exe s ,  where 12 i s  a satura t ed , substi tut ed 

d 0 0 1 0  d 239 �anun e  � gan or L i s  a subs ti tut ed pyri d i n e  l i gand , 240 

that the w eak , l ow energy shoul d er in th e sp e c trum of  W ( C c ) 4b e t t  

can be  a s si gned a s  the fi r s t  sin�l e t� tripl e t  t ran si t i on . 

Thi s tran si ti on i s  "buri ed " in the tail of the  3 68 run maximum 

in the sp e c trum o f  W ( C o ) 4 bmt t ,  v:hi l e  for the amin e  c ompl exes  

the main vi si bl e maxlmum ( c orresp onding t o  the � 3 65 nm 

ab sorp ti on in the thi o e ther c ompl exe s )  wa s a s si gn e d  a s  the 

singl e t � singl e t  transi ti on . 240 

2 . 4 NUCLEAR MAGNE1 I C  RES Cl\ANCE S TUJ)IES 

1 3c nmr Spe c tra 

Introduc ti on 

C arb on- 1 3 nrnr sp ec tral studi e s  on Group VIB carb ony l 

c ompl e x e s  have n ow firmly e s tabli shed that the e x t en t  of 

M� CO TT -backb onding is one of  the m ost imp ortan t  fac t or s  

d et ermining  t h e  1 3c o chemi cal sl'.i fts  •
24 1 The s e  s tudi e s  hav e  

shown that a s  the TT -ac c ep t or abili ty of th e sub stituent li gand s 

d ecrea s e s , the 1 3c o r e s onan c e s  m ov e  progre s si vely  d ownfi el d . 

That i s ,  the  1 3c o  r e s onan c e s  are d e shi eld ed by an increa s e  i n  

the e l e c tron p opulati on at  M .  The s e  effect s c on s e quently 

enabl e exc ell en t  c orrelati ons to  b e  ob served  b e tw e en 1 3c o  

chemi c al shi f t s  and other phy si cal measurem en t s  such a s  Cr-C O 
24 1 b ond l engths , IR str e tching fre quenci e s 24 1 and , for a 

seri e s  o f  W ( Co ) 5L c ompl exe s , C ot t on-Kraihanz e l  forc e c onstant s .  

242 1 243 

De spi" t e  the advent o f  high r e s oluti on , pul s e  Fouri er 

Trans f orm t echni que s ,  the r e  is  a pauci ty of  1 3c nmr data f or 
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b o th t h e  m on o s ub s ti tut e d  and d i sub s ti tut ed G r o up V I B  c ompl exe s  

o f  thi o e t h e r  l i gand s . Thi s i s  primar i ly . due t o  t h e  o f t en 

enc oun t e r e d  p r obl em o f  p o or c ompl ex s tabi l i ti e s  i n  the 

c onc en t r a t e d  s o luti on s that ar e r e qui r e d  i f  t h e  sp e c t ra a r e  

t o  be r e c o r d ed i n  a r ea s ona bly sho r t  time . 

The sp e c tra of (w ( c o ) 5] 2bm t t , W ( C o ) 4 b e t t  and C r ( C c ) 4l2 
( L 2=bm t t , b e t t ) were r e c ord e d  i n  thi s s tudy d e sp i t e  s om e  

o f  the p r ob l em s  that w e r e  enc c unt ered wi th un s tabl e s olut i on s . 

R e sul t s  an d Di s c u s si on 

i )  1 3
c o Chemi cal S hi f t s  

The c i s and trans c arb onyl gr oup s ( t ran s impli e s  tha t  the 

CC is t ran s t o  th e li gan d ) are readily as sie:n e d  as t L e lat t er 

are alway s d e shi e l d e d  wi t:b r e sp e c t  t o  the ci s carb ony l group s .  
244 ' 2 45  

The r e sul t s  for the s e  c omp l ex e s  a r e  summari z ed i n  Tabl e 1 1 a 

and a c ha ra c t eri s ti c  sp e c t rum i s  sh own in Fi gur e 1 Ca .  S om e  1 3
c o 

chemi cal shi ft data for W ( C 0 ) 5l c omp l ex e s  ha s b e en p l o t t e d  a s  

a fun c t i on o f  thei r C ot t on-K raihanz el for c e  c on s tan t s  ( K 1 and K 2 ) 

in Fi gur e 1 C b .  Mann 243 ha s c omm ent e d  on the s olvent d ep end enc e 

of b o th t h e IR sp e c tra and the 1 3
c o ch emi cal shi f t s  and thi s 

ha s b e en t ak en i n t o  a c c oun t  i n  the c ompi lati on o f  the data . 

B o t h  graph s  sh ow the t r end s in the n e t  b a si c i ti e s o f  

ligand s tha t a r e  exp e c t e d  on the basi s o f  p r evi o u s l y  e s tabli she d  

r e sul t s . Ttus , i n  t e rm s  o f  the abi l i ty o f  a l i gand t o  p l a c e 

el e c tr oni c  charge ont o  W ( C o ) 5 , i t  c an be s e en tha t pho sphi t e  

l i gand s p l a c e  the l ea s t charge and tl :i s can b e  r e l a t e d  t o  

the s e  l i gan d s' s up eri or n -a c c ep ting abi li ty ( s e e  In t r o duc ti on ) . 

Al though t h e r e  i s  n o  oth er sui tab l e data for W ( C o ) 5L c omp l ex e s  

o f  thi o e th e r  li gan d s , t h e  grap hs sugg e s t  that bm t t  ha s a n e t  



c is-<;0 

TABLE 1 1 a 
1 3co CHDHCAl SHIFTS 

C CMPLEX ci s-
� 1 3c o  trans-b 1 3c o  SOlVENT REFERENCE 

'M:Cr 

Cr( C 0 )4 bmtt 2 1 5 . 1  2 2 6 . 8  CDC1 3 
Cr( C0 ) 4bett 21 5 . 4 2 2 6 . 6  CDC1 3 
Cr ( C 0 ) 4

LSJ.I e
2 2 1 5 . 9 2 27 . 0 cn2c1 2 

'M:W 

W ( C 0 ) 4diphos 204 . 6  

_ ci s-Vi ( C0 ) 4 (PEt 3] 2 204 . 4  2 04 . 7  CH2Cl 2 
i ( C o ) 4bett 200 . 4  207 . 7  CDCl ) 

[w ( co ) 5] 2bmtt 1 9 6 . 9 1 99 . 9  CDC1 3 

N OTES : - Chemical shi fts are ppm d o��fi eld from TMS , 

Thi s 

Thi s 

2 0 7  

247 

243 

This 

Thi s 

- the 1 3co res onan c e s  f or Cr ( Co ) 6 and Vi ( C 0 ) 6 are at 

2 1 2 . 1  ppm 247 and 1 9 2 . 1  ppm H7 respe ctively , 

W ork 

W ork 

W ork 

W ork 

- the data for s ome � t co ) 5L c ompl exes of thi oether ligand s  

( in vari ous s olven t s )  can be found in Refer ences 20' 

and 2 0 6  • 

F2:G URE 1 0a 

1 3c nmr - Cr( C o)4
brntt  i n  CDC1

3 

C 2 - C 5 - C 6  

2 Me�SR 
lVsR 

5 

C l  C 3  & C 4  

+ PPM 

2 76 

I 
" I 
I 
I 
I 



202 

200 

198 

t 

FIG URE_1 0b 

trans-1 3co  Chemi cal Shi ft s vs . trans-CO For c e  C or.stants  

[R(C0) 5]nL C ompl exes 

1--()---4 .ol -picoline & piperidine 

t----<>--i C 6 H l1 N H2 

p ( Phh 1--()----41--()----4 bm 11 

pp m .  t----<>--i P(PhhOBu 
1--(>--4 P(OBu)J 

t----<>--i P [oPn) 3 

K 1 ( N . m -1 ) -15 10 1 550 1600 

n = 1 for al l c ompl exe s  ex c ep t  t h a t  n f  bm t t  ( n  = 2 )  

for lit erature referen c e s ,  s e e  Fi rurc 1 Cc .  
"" 
""J 
'-.1 



FIGURE 1 C c  

c i s-
1 3

c o  C h emi cal S hi ft s v s . ci s- C C F orc e C on s t an t s 

f- 200 

1 98 

t 
pp m 

1 96 

- 1 94 

1 5 6 0  

L igand 

4 -pi c oline 

piperidine  

C 6H1 1  NH2 
F ( Ph ) 3 
P ( Ph ) 20Bu 
bmtt 
P ( OBu ) 3 
P ( OPh )  3 

1-----0--i 4 - p, co l i ne  
1----{)---i p i pe r �d ine 

1---0-----i 

1-----0--i P [Ph)pBu 

1-----0--i b m t t 

1 600 

R e f .  ( � 1 3 c o ) 

2 3 1  

2 3 1  
2 4 2  

24 2 
2 4 2  

Thi s w ork 

242 

242 

R e f .  ( K 1 
2 2 6  

2 26 
2 26 

2 26 
2 2 6  

Thi s w ork 

2 26 

2 4 2  

2 78 

and K 2 )  



l iGAND/COMPLEX 

br.1t t-in CDC1
3 

Cr ( C 0 ) 4brntt-i n CDC1 3 

bn;t t-in  c6n6 

bet t-in CDC1 3 

Cr ( C 0 ) 4b et t-in CDC1
3 

W ( C0 ) 4b et t-in CDC1 3 

b e tt-in c 6D6 

TABLE 1 1  b 

1 3c CHElV�I CAl SHIFTS OF l iGANDS AND C Of;iPI�EXES 

-SCH3 -SCH2 cH3 -SCH2 cH3 -CH
3 

C 1 c 3�Q4 et>--- C 2 , C5, C 6 et> 
1 6 . 1 1 , 1 6 . 7 6  2 C . 9 8 1 3 6 . C 7  1 3 3 . 2 2 , 1 37 . 9 3  1 2 6 . 49 , 1 2 6 . 9 8 , 

1 27 . p 6 

30 . 5 5 , 30 . 8 0 2 C . 8 9 1 4 C . 2 C 1 34 . 9 3 , 1 38 . 34 1 30 . 5 5 , 1 3 1 . 2 ( 
1 3 1  . 8 5  

1 5 . 7 5 , 1 6 . 4 8  2 C . 94 1 3 5 . 8 7 1 34 . 4 1 , 1 38 . 79 1 2 6 . 6 2 , 1 2 7 . 5 1 
1 2 8 . 1 5 

1 3 . 8 3 , 1 4 . 08 2 6 . 98 , 27 . 6 3 2 C . 98 1 3 6 . 3 1  1 3 2 . 4 9 , 1 37 . 69 1 2 6 . 6 5 , 1 2 8 . 7 6  
1 2S· . 98  

1 3 . 1 8 t 4 1 . 3 5 , 4 1 . 5 1 2C . 89 1 4 C . 2 0 1 34 . 60 t 1 3C . 4 6 ,  1 3 2 . 4 1 
1 32 . 9 6  

1 3 . 6 7  t 4 4  . 1 9  t 2 C . 8 1 

1 4 . 04 , 1 4 . 2 9 2 7  . 1 1  ' 27  • 68 2 1  . C 2  1 3 6 . 27 1 3 3 . 5 1  ' 1 38 . 54 1 2 6 . 9 4 , 1 2� . 2 � 

1 30 . 35  

N OTES : - chemi c al shi ft s are  pprn d own fi e l d  fr om Tli� S 

� a s s i r.nrn ent s are n o� - sp e ci fi c  

t only one r e s onan c e  was ob s erv ed . 

Ll fand Carb on at om s  ar e n umb e r ed a s  fol l ows : M·
t

r

R 

6 �4 S
R 

- --

5 
......, 
""-! '<> 



ba si city similar to  that of  phosphorus l i �an d s  in  that the 

el ec troni c charge on W ( C 0 ) 5 i s  simi lar for .both .  typ es  of 

ligand . 

2 8 0  

The sp ec tra of the Cr ( C c ) 4L2 c ompl exes ( �2=bmtt ,  bett ) 

indi cate that there i s  very little  di fferenc e b e tween the net 

basi citi es  of bmtt , bett and 1 , 2-tetraki s ( rr.ethyl thi o ) ethyl ene 

and thi s i s  supp orted by the infrared sp ec tra of the li gands ' 

respec tive c ompl exe s .  

ii ) 1 3c Chemi cal Shi ft s of the ligand s 

The a ssignmen t s  and chemi cal sti ft s of the 1 3c r e s onances  

for the unc oordinated and c o ordinated li gand s are summari zed in 

Tabl e 1 1 b .  A s  expec ted on c ompl exati on , most of tLe li gand 
1 3c res onanc e s , including the aryl 1 3c at r'ms , shi ft d ovmfi eld . 

Downfi eld shi fts are not obs erved tho"L-gh , for the Ph-QH3 
resonanc e of b oth ligand s and for the -SCH2QH3 resonanc e of 

bett . 

The c ri teria on wru ch the sp ec tral as signment s were 

based , are summari zed in the Exp erimental s e cti on of the 

App endi c e s . 
1 H nrnr Spec tra 

Unlike the bri dged-li gand c ompl exes that were di scussed in 

Ch�pter 1 ,  the resonance  abs orpti ons  of the alkyl sid e-chains 

move  d ownfi eld on li gand c ompl exati on . Thi s i s  c on si stent with 

a removal of elec troni c charge from the thi oether d onor s . For 

the 1V! ( C 0 )4 bmtt  c omplexes (M=Cr , N: o ,  W )  tte spectral re soluti on 

i s  suffici ent  to obs erve the inequivalence of  tte -SCH3 proton s . 

The 1 H chemi cal sr� ft s  are r e c orded in Tabl e 1 2 . 



TABLE 1 2  

1 H  nmr DATA1 1:�cc�41,2 CC!.TLEXES OF b'lltt1 bett  

C Q?.fPlEX -SCH3 -St:H2cfi3 -SCH2- Ar-CH} 
bmtt 2 . 4 0 , 2 .42 2 . 28 

Cr ( Co )4bmtt 2 . 69 , 2 . 72 2 . 4 1  

L! o ( C0) 4bmtt 2 . 74 , 2 . 78 2 . 40 

W ( C0 )4bmtt 2 . 88 , 2 . 9 1  2 .4 1  

bett 1 • 3Ct l 8 )  2 . 8 9 q ( 7 )  2 . 35 
1 . 35 t ( 8 )  2 . 9 2 q ( 7 ) 

Cr ( Co) 4bett t .1 . 4 6t ( 8 )  3 . 09 q  ( 7 ) 2 . 47 
M o ( Co ) 4bett 1 . 5 Ct ( 8 )  3 . 1 4 t ( 7 )  2 . 56 

W ( C0 )4bett 1 . 35 t ( 8 )  3 . 1 6q ( 7 ) 2 . 4 2  

N OTES : - spec tra recorded in CDC1 3 , chemical shi ft s are ppm 

d ovmfi eld fror n�s ,  
t = tripl et ; q = quartet ; c oupling c on stants  are in 
parentheses ( Hz ) , 

- chemi cal sr�fts for aryl proton s  ( Ar-H) are the c entres 

of the ob served multipl e t s ,  

t c ompl ex decomposed . 

2 .  5 T��AS S  SPEC TRA 

A r-H 

7 . 0 

7 .4 

7 . 4 

7 . 2  
6 . 9  

7 . 4 
7 . 4  

7 . 3  

T h e  ma s s  sp e c tral s t udi e s  on C r ( C 0 )
4

brnt t , M o ( C c )
4

bmt t  

and W ( C o ) 4
bm t t  show t ha t  the s e  c omp l ex e s  hav e a g r ea t e r 

s tabi l i t y  than [w ( co ) 5] 2bmtt  ( Chap t er 1 ) . The exp e c t e d  

p a r en t  m ol e c ular i on s  a r e  ob s erv e d  f o r  a l l thr e e  c omp l ex e s  

b u t  the p r e s enc e o f  a v ery sma l l  quan ti t y  o f  [v: ( c o )
5

bmtt] + 

wa s i ndi c a t e d  f or the samp l e  o f  W ( C o ) 4 bm t t . Thi s m ol e c ul a r  

i on wa s a l s o  p r e s en t  i n  the ma s s  sp e c t rum o f  [v: ( c o ) 5] 2bmtt  

( s e e  C hap t e r  1 ) .  

An out s t and i ng fea ture of th e s p e c trum o f  C r ( C o )
4

bm t t , 

i s  the ab s en c e  o f  a p eak f or the i on [c r ( C c )
3

bmt t] +
. The 

anal o g ou s  i ons a r e  ob s er v e d  for th e m olybd enum and tun g s t en 

c ompl ex e s . Thi s p h en om en on ha s b e en p r e vi o u s l y  ob s er v e d  f o r  
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c hr omi um c a rb onyl c ompl ex e s  o f  l i gand s c on tai nin[ 

234 
and i t  wa s p o s tul a t e d  tha t  the ab s en c e  of tt e 

phenyl r i n g s  

i on [e r ( C C ) 
3

L]+ 

i ' ' 



i s  due t o  t h e  p r e f erential f ormati on of a c ompl ex wi th t h e  

s t ruc t ur e  sh own in Fi gur e 1 1 a .  

c 

R = Me 

A simi l ar c omp l ex , p o s si b ly havi ng on e o f  t�e s t ruc t ur e s  

p o s tula t ed i n  Fi gur e s 1 1 b  and 1 1 c ,  may a l s o  e xp lain the 

ab s en c e  o f  t h e  [c r ( C o ) 3bm t t] + 
i on in the ma s s  sp e c trum of 

C r ( C o ) 4bmt t . 

The s p e c tra o f  K o( C c ) 4 bmt t  and � ( C o ) 4bmt t  show i on 
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p eak s wi th ma s s e s  c orre sp on d i ng t o  U o ( C o ) 7
+and W ( C C ) 7

+ 

r e sp ec tiv e ly . Whi l e  W (  C O )  4 bm t t  s h ow s  p eak s whi c t. can b e  

a t tri bu t e d  t o  a W ( C 0 ) 8
+ i on ,  the anal og ous i on f o r  M o ( C 0 ) 4 bm t t  

i s  n o t  ob s e rv e d . Th e s e  i on s  hav e nev er b e en rep ort e d  i n  the 

l i t e ra tur e for o t h e r  ma s s  sp e c tral studi e s  of G r o up VIB 

c arb ony l c ompl exe s . 
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SYNTHESES 

The general phot ochemi cal method that i s  used . in the 

synthesi s of the Group VIE carbonyl c ompl exes under c cn si d er-

ati on in Secti on II of thi s thesi s ,  i s  d e scribed in the 

App endi c es . 

NOTE : In all prerarati ons where s olvent  extrac ti on s  

are carri ed out , the extract s are fi l t ered through Ki eselguhr 

before c ontinuing . 

Tetracarbonyl(3,4-bi s ( methyl thi o)t oluene)chrorniurn(O )  

After the additi on of  3 mmol e ( o . 5 66  g . ) o f  li gand 

( di s solved in THF ) t o  3 w�ol e ( C . 6 60 g . ) of i rradiated Cr ( C 0 ) 6 , 

the irradiati on was c ontinued for 7 5 minut es . The THF was 

removed ( rotary evap orator )  and exc e s s  Cr ( C 0 ) 6 was sublimed , 

in vacuo , from· the resi dual oil . The I R  sp ectrum ( cycl ohexane 

s oluti on ) of thi s oil showed the presence  of b oth tetracarb onyl 

and pentacarbonyl sp eci e s . Thei r s eparati on was achi eved on a 

sili ca-gel ( 1 00-200 mesh)  c olumn eluting wi th p entane and then 

benzene . 

The t etracarbonyl c ompl ex ( benz ene  frac ti on )  was i s olated 

by reducing the solvent volume and wasr�ng the re sulting ye l l ow 

cry stal s wi tL c old  p entane . They were recrystalli zed from 

p entane and air dri ed . 

YIELD : 0 . 4 36 g . ( 4 2%)  

A shorter irradiati on - time ( e . g . 6C minute s )  gave a 

reduced yi eld ( 0 . 37 3  g . ) 

Decacarbonyl-H-(3,4-bi s(methylthi o)toluene)di chrorniurn( O) 
I 

The s olvent was removed in vacuo from the p entane fracti on 

obtained in  the preparati on of Cr ( C o ) 4bmtt ( ab ov e ) .  The 

r esulting impure  cry stal s were washed wi th pen tane to give a 

dry , y el l ow product , [cr ( C 0 ) 5 ] 2 bmt t . 



Y I ElD : 0 . 04 0  g .  ( 5% )  

[cr ( C o ) 5] 2bmtt  i s . bett e.r synthesi zed by using a 2 : 1  rati o 

of  Cr ( Cc ) 6 t o  bmtt and stopping the i rradiati on after th e 

addi ti on o f  the li gand . On removing the THF , the residue 

284 

was washed wi tt pentane and the p owd ery , li ght yellow cry stals 

were fil t ered off . 

YIElD : 5 7% 

Tetracarbonyl( 3,4-bi s(methylthi o)toluene)molybd enum(C)  

The li gand ( 3  mmol e ,  0 . 5 66 g . ) was add ed t o  an irradiated 

s oluti on o f  l\: o( C 0 ) 6 ( 3  mrnol e ,  0 . 7S 2  g . ) and the irradiati on 

wa s c ontinued for a further 1 . 5 hour s . IR sp ec tra of s oluti on 

samples  taken after 1 C  and 6C minute s  of i rradiati on ,  showed 

a reduc ti on in the c oncentrati on of a p entacarb onyl c ompl ex 

and a c orresp onding increase  in the c onc entrati on of a t etra-

carb onyl c ompl ex .  On removing the THF and r e si dual 1" o ( C C ) 6 
in vacuo , the residue was extrac ted into  p entane anc cry s tall-

i zed  by c onc entrating and c ooling the s oluti on . The oi l whi ch 

remained after the p entane extracti on ,  was puri fi ed on a sili ca-

gel c olumn using a benz ene-p entane eluent ( 7 C : 3C ) . The s ec ond 

y ellow band whi ch came off the c olumn c ontained li'I o ( C o ) 4bmtt and 

thi s was cry stalli zed on extracti on int o p entane , a s  outlined 

above . 

YIElD : 0 . 34 6  g .  ( 29% )  

Tetracarb onyl(3,4-bi s(methylthi o)toluene)tungst en( O) 

The ligand ( 2  mmol e ,  0 . 378  g . ) was adde d  to an irradiat ed 

s oluti on of W( Co ) 6 ( 2  mmol e ,  0 . 704 g . ) in THF and the irradiat

i on was c ontinued for 1 05 minutes . On removing the THF and 

unreac t ed W ( Co ) 6 , the residue was extracted into  p entane . Both 

p enta- and t etracar�onyl c ompl exes were present in the 

extrac t s  and these  were s eparated on a si l i ca-gel c olumn wi th 

a pentane-benzene  ( 70 : 30 )  eluent . When the two bands  on the 



c olumn were suffi ci ently s erarat ed , the benzene c onc entrati on 

was gradually increq.sed until the s e c ond band was finally 

elut ed wi th  pure benzene . Thi s band c ontained v; ( CO )  4 bmtt 

whi ch was recry stalli zed  from a pentane s oluti on .  

YIElD : C .  1 6 1 g .  ( 1 7%)  
If ,  after adding the li gand , the irradiati on time i s  

d ecreased t o  about 7 5 minutes , the yi eld i s  5% ( C . 044 g . ) .  

Decacarbonyl-JJ- ( 3,  4 -bi s ( methyl thi o)  toluene)  di  tungsten ill I 
The s olvent was removed ( in vacuo ) from the s c luti on 

c ontaining the fi rst  band from the c olumn in the prerarati on 

of W ( C 0 ) 4bmt t  and p entane was ad ded t o  the resi dual oi l . 
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C o oling the mixture precipi tated li ght y ellow ,  p owdery cry stal s .  

YIELD : 0 . 2 64 g .  ( 32% ) 

Tetracarb onyl ( 3, 4-bi s( e thyl thi o) toluene) chromi urn ( 0 )  

After the  addi ti on of 3 rnmol e  of bett  ( C . 6 36 g . ) t o  

3 mmole of  i rradiated Cr ( C c ) 6 ( C . 660 g . ) in THF , the s oluti on 

was irradiated for a further 4 5 minut e s  before the s olvent and 

excess  Cr ( C0 ) 6 were removed in  vacuo . The crude produc t ,  

v.-hi ch c ontained a p entacarb onyl " impuri ty " ,  was cry stalli z ed 

from pentane  extract s  of  the resi dual cry stal s and oil . The 

cry stal s of Cr ( C 0 ) 4bett  were fil t ered off and washed wi th c old  

p entane , whi ch removed the impuri ty . 

YIELD : C . 33 6 g .  ( 3C%) 

Decacarb onyl-M-( 3,4-bi s(ethyl thi o)toluene)di chromium( O) - , 
Ab out 1 5 minute s  after adding 2 mmol e of bett  t o  an 

i rradiated  s oluti on of Cr( C o ) 6 ( 4  mmol e ) , the THF was removed 

in vacuo . The resi dual , li ght y ell ow cry stal s were plac ed under 

vacuum for about 4 5 minut e s , then washed wi th p entane and fil ter-

ed . 

YIELD 0 . 4 27 g .  ( 3 6%)  



Tetra carbonyl ( 3, 4 -bi s ( etr:yl tl':i o L t al uene )molybd en urn( 0) 
2 8 6  

Thi s c ompl ex was i solated from an attempt to synt�e si z e  

[Ko ( C o ) 5
] 2bett  using a 2 : 1  rati o o f  K o ( C C ) 6 t o  bett and the 

same me thod as for [cr ( C o ) 5 ] 2b e t t . C onsiderable  d e c omp osi ti on 

oc curred during the p entane extracti ons however , giving r�: o (  C O )  6 
and a brown mat erial . The se  were fil tered through Ki e selguhr 

and the light yel l ow fi l trate s  were c oncentrated then c ool ed 

to yi eld the pal e yell ow c ry stal s of � o ( C C )
4

b e t t . 

washed wi th c old pentane and vacuum dri ed .  

YIElD : 0 . 1 38 g .  ( 2 2%) 

Tetracarb onyl(3,4-bi s( e thyl thi o) t oluene)tungst en( O) 

These  were 

A slight exc es s  of bett  ( 2 . 2 5 mmole )  was used in  an 

attemp t t o  prevent the formati on of [v; ( c o ) 5] 2be t t .  The 

li gand was add ed t o  2 mmol e of i rradiated W ( C C ) 6 and the 

irradiati on was c ontinued for 9C  minut es . 

Aft er removing the THF , hexane extracts  o f  th e residue 

were fil t ered through Ki e s el guhr , the s olvent removed and the 

residual brown oil ( c ontaining p enta- and t e tracarb onyl 

c ompl exe s )  l eft und er vacuum overni ght . The c omplexes  were 

separated on a silica-gel c ol umn using t oluene-hexane ( 5C : 5 0 )  

eluent . The s e cond band on the c olumn ( eluted wi th neat t o luene ) 

c ontained W ( C o ) 4 b e t t  whi ch was crystalli zed from a cycl ohexane 

soluti on . 

YIELD : 0 . 1 90 g .  ( 1 9% )  

In a se c ond preparati on where the soluti on was i rradiated 

for 60 minutes  after adding the ligand , the yi eld was only 5%  

( 0 .  048 g . ) .  

Decacarb onyl -u-(3,4 -bi s( e thylthi o)toluene)di tungst en ( O) 
I 

The same method a s  for the prerarati on o f  [cr ( C C ) 5] 2be t t  

was used , wi th a 2 : 1 rati o of  W ( C 0 ) 6 t o  bett . After the THF 



was rem oved , the resi dual oil was l eft t o  c ry stalli ze  und er 

vacuum for 2 hours . The cry stal s were washed wi tL pentane 

and dri ed  und er vacuum . 

Y IELD : 0 . 64 3  g .  ( 7 5% )  

PREPARATION OF UNSTABLE C6f5 SEt CO:PIEXES 

Pentacarbonyl( e thyl thi open tafl uorobenzene) chromi urn( 0) 
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3 mmol e of the li gand ( C . 6 8 5  g . ) were add ed t o  3 mrr.ol e 

of i rradiated Cr ( C 0 ) 6 ( 0 . 6 60 g . ) and the soluti on was l eft 

t o  react  for 1 5 minutes . While  the rr·HF was being rerr.oved , 

the s oluti on showed si gns  of dec omp o si ti on and the r e sidues 

from cycl ohexane extrac t s  of  the reacti on produc t s  are al s o  

uns tabl e .  The dec ompo si ti on produc t s  are green • . 

Pentacarb onyl( ethyl tr� opentafluorobenzene)tungst en( C) 

Usint. 2 rnmol e of l i gand and 2 mmol e of W ( C C ) 6 and the 

same preparative proc edures  as  for tte chromium c ompl ex , 

simi lar dec omp osi ti on probl ems were enc r�tered . The dec amp-

osi ti on produc t s  are blue . 



TABL� 

M I S CET.I.ANEOUS PHYS I CAl DA TA 

C OMPI.EX C CI OUR M . P/°C ANAl YSES : Cal c . (Found )/% 
c H s 

[ C r ( C 0 )  5 J 2 
bm t t y el l ow 1 C 4 - 1 C7 4 C . 2C 2 .  1 3 1 1  . 2 8  

( 4 0 . 39 ) ( 2 . 39 )  ( 1 1 . 4 5 )  
[cr ( C o ) 5 ] 2b e t t  pal e y e l l ow 9 4 -97  4 2 . 30 2 . 7 1  1 C . 7 6  

( 4 2 . 5 3 )  ( 2 . 9 3 )  ( 1 C . 4 5 )  
[w ( c o ) 5] 2bm t t  pal e y el l ow 1 C8 - 1 1 1  27 . 4 5 1 . 4 5 7 . 7 1  

( 27 . 8 8 ) ( 1 . 9 5 ) ( 8 . 8 6 )  

[v; ( eo ) 5] 2b e t t  pal e y el l ow 9 6-97 2 � . 4 C 1 . 8 8  7 . 4 6  
( 3 C . C9 )  ( 2 . 07 )  ( 8 . 7 2 )  

Cr ( C 0 ) 4bm t t  y el l ow 8 1 - 8 2  4 4 . C C  3 . 4 7  1 8 . 4 C 
( 1 4 . 9 3 ) ( 3 . 5 3 )  ( 1 8 . 7 1 ) 

M o ( C 0 )  4 bm t t y el l ow 6 5 - 67 3S· . 8 o 3 . 0 8 1 6 .  35 
( 4 C . C S )  ( 3 . 1 2 )  ( 1 6 . 2 5 )  

W ( C 0 ) 4bm t t  y ell ow 78 -2 1 3 2 . 54 2 . 5 2' 1 3 .  3 6  

( 3 1 . 4 f ) 3 . C 6 )  ( 1 3 . 4 2 )  
C r ( C c ) 4b e t t  pal e y el J ow 7 2 -74 47 . 8 6 4 • 2 8  1 7 . 04 

( 4 7 . B 2 )  ( 4 . 54 )  ( 1 7 . 2 5 )  

��: o ( C 0 ) 4 b e t  t pal e  y e l l ow 6 6- 6S 4 2 . 8 6 3 . 8 4 1 5 . 2 5 

( 4 3 . 7 3 )  ( 4 .  5 2 ) ( 1 4- . 9 4 )  

W ( C C ) 4 b e t t  paJ e y e l l "" w 8 6-f- 8  3 5 . 4- 7 3 .  1 7  1 2 .  6 2  
( 3 6 . 94 )  ( 3 . 6 2 ) ( 1 2 . 67 ) 

N 
CD 
CD 
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CHAPTER j 
C OJ\�PLEXES OF 1\·! 0N ODENTATE AND BID:�l'� TATE 

SULPHUR-NITR OGEN DCNOR LIGANDS  

The 1- H C O )  412 c ompl ex e s  of 2-ethyl thi oethyl arnine ( e t ea ) 

and 2- ( 3 , 3-dimethyl-2-thi abutyl ) pyri dine ( tbmp ) are inv e s t

i ga ted in trJ.i s  Chap t er t og e ther wi th the [ 11: ( c o ) 5] 2r c ompl ex e s  

o f  e t ea and s ome 1.H C C ) .- L c ompl ex e s  of  2-methyl t hi oani line ( rn ta ) , 
_., 

2-m e thylmercap t obenzirnid a z o l e  ( mmbi ) ,  2-methyl thi o- 2-imida z olin e 

( mti ) and b enzimi da z o l e  ( bi ) . 

The s t udi e s  on the c arb onyl c ompl exes  of e t ea and tbmp 

are the fi r s t  t o  inv olve mixed sulphur-ni trogen d on or ,  bi d ent-

a t e  li gand s .  The c ompl ex e s  of  b enzimi dazol e hav e  b e en pr evi ous-

2 1 2 ly rep ort e d  but the s e  were prepared s o  that they c ould b e  

chara c t eri z ed und er th e same c ondi ti ons a s the �.� ( C 0 ) 5r c ompl exe s ,  

thereby simp l i fying the int erp r e tati on of  the r e sul t s  for the 

mta , mti and mmbi li gand s .  

V.'hi l e  the general synth e s e s  of  the [rr. ( C O ) 5] 2 e t ea and 

� ( C 0 ) 4r 2 ( L2= e t ea ,  tbmp ) c ompl ex e s  were simi lar t o  those  ttat 

were d e s crib ed in the intr oducti ons t o  Chap t er 1 and 2 r e sp e c t-

i vely , the 1: ( c o ) 5L c omp l ex e s  were synthe si z e d  b:; reac ting the 

l i gand wi t h  M ( C o ) 5 THF in a 1 : 1 rati o .  



3 . 1  INFRARED SPEC TRA ( CARBOK"Yl S TR :!: T C HHIG V I BRA T I 07 S ) 

i ) [rqc o)5J
n

l C OMPlEXE S (n = 1 , 2) 
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It wa s anti c i pa t e d tha t the bri d g e d -l i gan d c omp l e x e s  of 

2 - e t hy l  t hl o e thy lami n e  ( e t ea ) v. o ul d  shov; sp l i t c a r b ony l - s t r e t c h-

i ng a b s orp ti o n s  due t o  b on ding di fferen c e s  b e twe en the thi o -

e th e r  an d ami n e  d on o r s  a t  the tw o K ( C o ) 5 c entr e s ( Fi gure 1 2 ) . 

F I C LJR E  1 2  
H 
I 

( C C )  5r.�f-SCP.2 C H
2

}�_.r,: ( C C )  5 
I I 

E t  H 

( l{= C r  or W )  
T h e  sp e c t ra t hough , d o  n o t  s h ow the s e  di f f e r enc e s  ( Tabl e 1 4 a ) . 

I t  i s  .appar ent fr om t hi s and o t her s t udi e s  of rr:i x e d -d on or 

G r o up V I B  c arbony l  c ompl e x e s  
2 4 8 , 2 49 tha t  d e sr i t e  q ui t e 

l ar g e  di f f e r e nc e s  i n  t h e  b onding p r op e r t i e s  o f  the d c n or s , 

" av e rag e d " sp e c tra a r e  o b s erv e d . Ttus f or the [1�� ( C C ) �::: ] ,... e t  e a  
./ c. 

c omp l ex e s  ( M = C r , W ) , t h e  c a rb ony l - s tr e t c r.Li nf ab s o rp ti cns l i e 

b e tw e en t h e  e x t r em e s ob s erv e d  f o r  bri d g ed - l i gand c o�pl ex e s  

o f  di thi o e t her li gan d s  and di amine l i gan d s
198( Tabl e 1 4 a ) . 

In t h e  I R  sp e c tra o f  the � ( C0 ) 5L c ompl e x e s  ( wh e r e  I i s  

2 -m e thylm e r c ap t obenzimi d a z o l e ,  b enzimi d a z o l e  o r  2 -m e thy l t �i o -

2 -imi da z o l i n e ) that hav e b e en r e c ord e d  i n  ni t r om e thane s o l u t i on , 

t h e  B
1 

m o d e  i s  n o t  g en e ra l l y  ob s e rv e d . Thi s ap r ea r s  t o  b e  a 

r e s ol uti on p h en om en on . A sp l i t ting o f  the E m o d e  i s  al s o  

o b s e rv e d  f o r  m o s t  o f  t h e s e  sp e c tra an d t hi s can b e  r e l a t e d  

t o  t h e  a symm e try o f  t h e  li gan d s  
. 2 1 8  

T h e  M ( C c ) 5L c ompl ex e s  (M = C r , M o ,  W )  o f  2 -m e thy l t hl o ani l in e  

app ear t o  b e  n ormal i n  cy c l oh exan e . 

i i ) ci s -1:(C 0)
4
I::

2 
C OMPlEXES 

The sp e c tra of t he c h e l a t ed-li gand c ompl e x e s o f  



TABlE 1 4a 

'V( CC) ABSORPTIONS FCR [1-·�co�5] nL ca.:PlEXES 

CO:HLEX A1 �II�[cm- 1 B1 E A 1  �I} S olvent 
[cr ( C c ) 5 ]2etea 2071 (w )  1 987 (w )  1 948 ( sh) 1 9 26 (m )  

1 940( s )  
[w ( co ) 5]2etea 2076 (w )  1 98 8 ( m )  1 945 ( s )  1 927 ( sh )  

1 933 ( s )  

[cr (Co ) 5mmbi ] . c .  5mmbi 2C6q w ) n . o .  1 S38 (vs )  1 88 3 ( s )  
1 927 (vs )  

W ( Co) 5mmbi 2074 (w )  n . o  1 932 ( sh )  1 88 8 ( m )  
1 927 ( s ) 

[cr ( co) 5bi] . 0 . 5  bi 207 1 (m )  n . o .  1 94 0 (  s-stV1887 ( s )  
1 935 (vs )  

W ( C0) 5bi 2C7 3 (m )  n . o .  1 927 ( sh )  1 87 8 ( m )  
1 9 1 8 (v s )  

Cr ( C0 ) 5mti 2C6S (m)  n . o .  1 9  34 ( V S ) 1 88 9 ( m )  
Mo ( Co ) 5mti 2070 (w }  n . o .  1 937 ( sh )  1 88 8 ( m )  

1 932 (vs ) 

W ( C0) 5mti 2066(m)  n . o .  1 924 (vs )  1 88 C (m )  
1 920 (  s-m) 

Cr ( C0 ) 5mta 207 1 (m )  1 984 ( w )  1 94 5 (vs )  1 9 33 (vs )  

Jl o ( C0 ) 5mta 2C80 (w)  1 987 (m )  1 95 1  ( s )  1 934 ( s-sh )  

W ( Co ) 5mta 2C76 ( m ) 1 S8 3 (m )  1 94 5 (s-oo) 1 9 31 ( s-sh )  
1 94 1  (vs ) 

NOTES : - a =  cyclohexane ; b = nitromethane , 

- w = weak ; m = medium ; s = strong ; v = very ; 

sh = shoulder 

- n . o . = not observed . 

TABlE 1 4b 

'V( CC� ABSORFT I C�:s FOR l.!�C0}4�2 CCHIEXES 

a 

a 

b 

b 

b 

b 

b 

b 

b 

a 

a 

a 

C OMPlEX A 1 �I}[cm-1 A 1 �r r} B1 B2 S OlVENT 

Cr( Co)4etea 201 7 ( w) 1 905 (m )  1 889 ( s ) 1 87 C ( m )  a 

. 2CC6 (m )  1 89 2 ( s-sh ) 1 881 ( s )  1 84 8 ( s ) b 

2C 1 3 (m )  1 898 ( s )  1 879 ( s ) 1 84 1 ( s ) c 

Jlo ( CO )  4 e tea 2(;1 � ( m ) 1 88 3 ( sh ) 1 901 ( s ) 1 84 5 ( s ) c 

Vi ( Co) 4 etea 201 8 (m )  1 88 1 ( s ) 1 894 ( s )  1 84 3 (  s )  c 

Cr( Co ) 4ttmp 20 1 4 (m ) 1 909 (m )  1 896 ( s )  1 87 1  (m ) a 
1 866 ( sh )  

�: o (  CO ) 4 tbmp 2C2C (w)  1 S 1  3(m s )  1 9C 6 ( s )  1 876 (m ) a 

Vi ( CC ) 4 tbmp 2C1 5 (w )  1 905 ( m )  1 894 ( s )  1 874 ( m )  a 

N OTES : - a = cycl ohex�nc ; n = t ol u en e ; c chl oroform . 

2 9 1  



2- e thy l t hi o e thy l arni n e  a r e  normal ( Tabl e 1 4 b )  f o r  c i  s-1: ( C O )  4 1 2 
c ompl ex e s  i n  chl or o f orm .  
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In c on t ra s t  t o  the sp e c t ra o f  the K ( C C ) 4 e t ea c omp l ex e s ,  

C r ( C c ) 4 t bmp and W ( C c ) 4 tbmp ( tbmp = 2- ( 3 , 3-dim e thy l - 2- t tiabuty l ) 

pyri d ine ) s h ow a shoul d e� on tt.e B 2  ab s orp ti on ,  but the e th e r  

m od e s  are n ormal . T h e  s p e c trum of 1� o ( C 0 ) 4 tbrrp i s  a l s c  n orrr:al 

( Tabl e 1 4 b )  . 

On e p o s si bl e  r ea s on for tte ar p earan c e  o f  tt e � 2 
shoul d e r i n  the sp ec tra of C r ( C 0 ) 4 tbmp and t: ( c c ) 4 ttmp , i s  

tha t the t-butyl gr o up c an hav e tw o ori en t a ti on s  wi t t  r e sp e c t  

t o  the e q ua t orial p l an e . Tha t i s ,  i t  can b e  e i t h er " uf'' o r  

" d own " , t o  [ i v e  t w o  i n e q ui val ent c on f � rm a t i onal i s om er s . 

3 . 2 F C R C E  C CNSTA!':T CALC::LA �ICXS  

L=mrnbi . m t i  : T h e  f o r c e  c on s t an t  d a ta c an b e  u s e d  

f or t h e  c c mp l ex e s  N ( C c ) 5 L t o  d e t ermi n e  w h e t h e r  tte li gand i s  

bi nding vi a th e tti o e ther d on or or vi a one o f  t h e  h e t e r o-

c y c l i c  ni t r o gen d on or s . A c ompari s on o f  the trans-carb ony l 

f orc e c on s tant s for the s e  c omp l ex e s  wi th th o s e  o f  [K ( C 0 ) 5] 2 en 

( M =Cr , � )  and M ( C 0 ) 5b i  (N= C r , � )  wher e  the l i gan d s  c an only 

bind vi a ni t r o gen d on o r s  i s  f ound in Tabl e 1 5 . The r e sul t s 

s ugg e s t  t ha t  mmbi and mti bind t o  th e m e tal v i a  on e o f  the 

het e r o cy c l i c ni tr ogen s an d n o t th e thi o e th e r . 

L=m ta : A c ompari s on of C r ( C C ) 5m t a  wi th c omp l ex e s 

c ontaini n [  thi o e t h e r  d on or s  ( Tabl e 4 ) sugge s t s  t ha t  the l i gand 

i s  b ound vi a the t hi o e ther � H ow ev er , simi lar c ompa ri s on s  for 

' ) + - 1  ) � ( C O 5m t a  ( K 1 = 1 5 2 6 - 3 N . m , imp l y  t ha t  t h e r e may b e  W-N 

i nt erac t i on s in s oluti on a s  K 1 i s  l ow er than n ormal for 

W ( C O )  5 t hi o e ther c omp l e x e s . There i s  n o  evi d en c e for thi s 



TABlE 1 5 

C OTT ON-KRA IP.AN ZEl FCRCE C C.� S TANTS 

(1! ( C 0) 5] nl C O!.�PlEXES 

CO}/.PlEX 

Cr ( C o ) 5mti 

�r ( Co ) 5mmbi ] . 0 . 5mmbi 

t [ C r ( C 0 )  5] 2 en 

C r ( C 0 ) 5bi  

[w ( CO)  5] 2bm tt  

v; ( CO )  5mmbi 

W ( C c ) 5m ti 

t [v.· ( c C'  ) 5] 2 en 

W ( C 0 ) 5b i  

1 4 5 8  

1 4 5 5  

1 4 5 1  

1 44 3  

1 4 9 9 

1 4 5 9 

1 44 6  

1 444  

1 444  

1 578  

1 57 5  

1 587  

1 584  

1 5 9 2  

1 57 5 

1 5 64 

1 57 6  

1 5 67 

N OTES : - all sp e c tra r e c ord e d  in  ni tromethane s oluti on , 
+ - 1  - all error s are - 5 N . m i n  K 1 and K 2 , 

- see  Tabl e 4 for mta c ompl exe s , 

- K 1 i s  the forc e c on stant of  the C O ' s trans t o  L 

and K 2 i s  the ci s forc e c on s tant , 

t cal culat ed fr om I . R .  data , Ref . 1 98 • 
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1 sugg e s ti on though , in the H nmr sp e c t rum o f  t�i s  c orr.pl ex . 

L=e t ea : I t  mi ght be exp ec ted from the. IR sp ec tra 

that the t rans-carb onyl forc e c onstan t s  ( K 1 ) for [cr ( C 0 ) 5 ] 2-

e t ea ( K 1 = 1 5 1 9 ± 3 N . m-1 ) and [� ( C 0 ) 5 ] 2 e t ea ( K 1 = 1 5 24 ± 3 N . m- 1 ) 

will  hav e values at ab out the mean o f  th o s e  cal culat ed from 

the thi o e ther and amine d on or data ( Tabl e 1 5 )  and tLi s i s  

what i s  ob s erved . 

i i ) ci s-1:( C 0)4�2 C Ct:PlEXES 

L=e t ea : C r ( C o ) 4 e t ea ,  lik e the bri d g ed-l i gand 

c ompl ex e s  �: ( c o ) 5] 2 e t ea , has a K 1  ( 1 3 66  ± !,.  J\ . n- 1 ) c. t  .::cb o-c.t 

the m ean of the typi cal va l u e s  f or thi o e ther and arr.ine d c:r-.o:!:'s  

in cycl ohexane s oluti on ( Tabl e  9 ) .  The sp ec tra for 

M o ( C 0 ) 4 e t ea and W ( C o ) 4 e t ea c ould only c e  obtai n e d  in 

chl or of orm and were therefore  un sui tabl e for c ompari s on 

wi th other c ompl exe s .  

L=tbmp : In c on trast t o  Cr ( C o ) 4 e t ea , Cr ( C 0 ) 4 tbmp 

and W ( C C ) 4 tbmp have t ran s-carb onyl fnrce  c onstan t s  

( K 1 = 1 3 8 5  and 1 379 ± 4 N . m- 1  r e sp e c tively ) a t  val u e s  exp ec t ed 

for t hi o e ther d onors . Thi s impli e s  that the c oordinati on of  

tbmp r e sul t s i n  a l ower e l e c tron d en si ty at  M ( O )  than the 

c oordinati on of e t ea . Such an effe c t  may r e sult frorr. the 

l ower basi ci ty of the pyri dyl d on or of tbmp and / or enhan c ed 

M--+L TI -backb onding in the M ( C o ) 4 tbmp c omp l ex e s ,  a s  b o th 

w ould l ead t o  an increase  in K 1 • 

Detai l ed studi e s  on M ( C 0 ) 5L c omp l exe s ( :rv:=Cr ,  W )  of  

. d 1 "  d 2 2 6  amlne  on or l gan s hav e  shown though , that c hange s  i n  

t h e  basi ci ty of  the amine  have l i t t l e  effe c t  o n  K 1 and f or 

W ( C o ) 5L c ompl exes  of sub sti tuted pyri dine s , W--+ p yri dyl 

n -backb onding al s o  ha s no eff e c t  on the carb onyl stretch-

. f . 2 3 1 , 2 3 7  lng r equencl e s . The only o ther mechani sm by 



whi ch the e l ec tron d en si ty at  M ( O )  can b e  d ec r ea s ed on 

c o ordinati on of tbrnp , i s  an. increa s e  in K� t.h.i o e ther 

n -backb onding . The r ea s on for such an incr ea se  i s  n ot 

r eadily apparent . 

3 . 3  GENERAL IRFRARED DATA 

i )  C ompl exe s of  2-ethyl thi oethylamin e  V ( NH )  
Ab s orpti on s 

The spe c t ra wer e  rec ord ed for �uj ol  ?1�ul l s  and 

t hen chl or o form s ol ut i on s  t o  d e t ermine whe ther or n o t  hyd r o-

gen bondint effec t s  influenc e the fre quenci e s  o b s erved in the 
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mull sn e c t ra . The r e sul t s show that there i s  li t t l e  di ffer enc e 

b etween the "V ( NH )  frequenci e s  in the two media ,  exc ep t  in the 

sp ec trum of the unc ornpl exed li gand ( Tabl e 1 6a ) . 

Exc ep t  in the c a s e  of [V.' ( C o ) 5 ] 2 e t ea , the two 

V( �H ) ab s orpti on s  do n o t  und ergo si gni fi can t shi ft s to l ower 

fre quenci e s  on c ompl exati on to V ( C ) , w�ere K i s  C r , �o and W .  

Thi s i s  i n  c ontra s t  t o  the shi ft s tta t are ob s er-ved fc:· r th e 

same li gand on c ompl exati on t o  Cu( II ) ( S ee S e c ti on I , Chap t er 5 ) 

and t o  the shi ft s  ( 50 - 1 2 0 cm- 1 ) obs erved for s ome  p rimary 

amines in their W ( C o ) 5L and v; ( c o ) 4L2 c ompl exe s . 250 The -v( NH ) 

frequenci e s for the e t ea c ompl exes  are v ery similar t o  th o s e  

r ep ort ed for the c ompl exe s [ K ( C O )  5 ] 2 en ( :M=C r , 
\'i ) •198 

i i ) C ompl exe s  o f  2-methyl thi oani line V( lJH ) 
Ab s orpti ons 

1 H nmr data sugg e s t s  that the -NH2 group i s  

n o t  inv olved in l igand-m etal int erac ti ons i n  the � ( c o ) 5m ta 

c ompl exe s  and thi s i s  c oupl ed wi th the ob s ervati on tha t  

there a r e  n o  si gni fi cant r ed-shi ft s  of the "V( NH ) frequenc i e s . 

( Tabl e 1 6a ) . H en c e  althoueh the IR sp ec tra may s eem t o  b e  

a reliabl e basi s for d e c id ing that the -NH2 group i s  n o t  

binding in each o f  t h e  M ( C o ) 5mta c omp l exe s , t h e  s tudi e s  on 

the e t ea c ompl exe s ( ab ov e ) show that thi s i s  n o t  s o . 



iii ) C ompl exes o f  2 -m e thylrnercapt ob enzimi daz ol e  
and benzimi da z ol e . 

a ) V(NB) Abs orpti ons 

There i s  l i t tl e  or n o  shi ft i n  tr.e v( NH ) 

frequenci e s  of the li gand s  on c ornpl exa ti on ( Tabl e  1 6a ) . 

The ob s ervati ons r efer t o  chl or oform s ol uti ons of  the fre e  

l i gand s  and their � ( C 0 )
5L c ompl ex e s  ( K =C r ,  � )  a s  the V( NH ) 

fr e quenci e s  were n o t  ob s erved for Nuj ol �::ull s o f  the free  

li gand s .  The impli cati on is  therefor e , that C r ( O ) and '/; ( c )  
are  n o t  b ound t o  the pyrr o l e  ni tr ogen o f  mmbi , but a c on si d -
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erati on o f  the e t ea c ompl ex e s  sugg e s t s  t hat the int erpret

a ti on of  V( NH ) fre quency " sri ft s "  i s  not  a r eliabl e c ri t eri on 

in carb onyl c ompl exe s . 

b ) E e t er ocycli c Ring Abs orpti on s  

The charac t eri sti c ab s crp ti on s ( 1 700-1 500  cm- 1 ) 

that ar e ob served in  Nuj ol Kul l s of the s e  c ompl exes  are 

p r e s en t ed in Tabl e 1 6b and i t  car. b e  s e en tha t  li gand 

c o ordina ti on produc e s  li t t l e  or n o  chang e  exc ep t for a spli t-

ting of  the l owest  fr e quency abs orp ti on in the b enzimi daz ol e  

c ompl ex e s .  The abs orp ti on s can pr obably b e  a s si gned a s  

d eformati ons o f  the p lane o f  the ring nucl ei , by anal ogy wi th 

the a s s i gnments  that have b e en mad e f or imi da z ol e .25 1  

There wi ll al s o  be a weak � ( NH)  ab s orp ti on in t hi s regi on !5 1  

i v ) C ompl exe s  o f  2 -methyl thi o-2-imi d a z oline . 

a ) "\/(NH) Ab s orpti ons 

There are n o  r ed-shi ft s in the s e  ab s orp ti on s  

( chl or oform s oluti on ) on c ompl exati on o f  the li gand even 

1 though the forc e c on s tant data and H nmr spe c tra s�gg e s t  

N - M c o ordinati on . Ins t ead , small shi ft s t o  hi gher frequen-

ci e s  are ob served ( Tabl e 1 6a ) . The s e  obs ervati on s  are in 

· I  



TA !'l E 1 6a 

'\,I(NH) AE!JCTif'I'IC'N�;.j (l-.:.l£.Ql5] nl and 1l(C0)4t2 C C!>'FI EXES 

C CMPI EX/l i G AND CHCl J SOJ. U T I CN/cm- 1 N UJ C'I. MUI.l/cm-1 

L = etea 338C ( s )  3367 (v s , br ) ; 3304 ( vs , br )  

(cr( Co) 5] 2etea 3363 ( m ) ; 332 2 ( m )  
[w ( co) 5] 2etea 3347 ( vw) ; 33C2 \vw )  

Cr(Co)4etea 3376 (m ) ; 332 1 ( m )  3 374 ( m ) , 33 1 3 ( m )  

Mo(Co) 4 etea 3372 (m ) ;  33 1 9 (m )  3 376 ( m ) ; 3324 (m )  
W ( Co ) 4 etea 3352 ( m ) ; 3 307 (w )  
L = mmbi 34 60 (m )  
[cr( Co ) 5mmbi ] . O . Smmbi 3467 ( w )  3 39 3 ( m )  

W ( C0 ) 5mmbi 3482 (w )  3 374 ( m )  

L=.J?l 3485 ( s ) 

[cr ( co ) 5bi] . c . 5bi 347 2 (w )  3 4  52 ( s ) j 3 4  1 7 ( s )  

W ( CC ) 5bi 3454 ( w )  34 36 (w ) ; 3 392 (w )  

L "' mti 34 3 1  ( m )  3C93 ( br )  

Cr ( Co ) 5mti 3452 ( m )  34 5 2 (w ) 

1<!o ( C0) 5mti 346C (m )  3428 (w )  

" ( Co ) 5mti 3474 (w )  3440 (  m )  - -- - - - - . ---- - - -
1 = mtat 346 1 ( s ) ;  3364 ( s ) ;  [3 1 9 2 ( w , br ) ;  3C79 (m ) ; 

3C 3C. (m ) ; 3C01 ( m )] 

Cr ( Co) 5mtat 3472 (m ) ; 3 387 (m ) ; [3C92 (w )j 

t.:o( C0) 5mtat 3380( br ,  s ) ; [307C ( m )] 

W ( Co) 5mtat 3466( s ) ;  336C ( s ) ; [3C74 (w )] 

NOTES : - br = broad , 

t rec orded as neat oil s .  

TABLE 1 6b 

HETEROCYCI I C  R ING VIBR A T I CNS ( 1 7C O - 1 50C cm- 1 ) 

C C�·'PlEX/l i G H'D R ING V I B R A T f C'N2....1£m-� - Nujol �:ul l s  
1 = mmbi 1 62 2 ( w ) ; 1 59 2 ( w ) ; 1 49e ( s ) 
�r ( C0 ) 5mmbi] . 0 . 5mmbi 1 62 1 ( w ) ; 1 59 2 ( w ) ; 1 4 9 6 (m )  
VI ( CC' ) 5mmbi t 6 1 7 ( w ) ; 1 59 5 ( m ) ; 1 4 94 ( s ) 
L = bi 1 62 3 ( w ) ; 1 59C ( m ) ;  1 4 97 (w )  
[er (  c c )  5bi ] . c .  5bi 1 62 3 ( m ) ; 1 597 (m ) ;  1 5C3 ( s ) ;  1 497 ( s ) 
W ( Co ) 5bi 1 624 ( m ) ; 1 596 (m ) ; 1 5C 2 ( s ) ;  1 4 96 ( s )  

L = m tit 1 554 ( br ) 

Cr (Co ) 5mti 1 55 C ( m )  
l.t o ( C O )  5mti 1 54 9 ( m )  

VI ( CO ) r:c m ti 1 5 3 3 (m )  ;; 

1 = tbm:g 1 59 3 ( s )  

Cr ( C0 ) 4 tbmp 1 602 ( w )  

�� o ( CO )  4 tbmp 1 6C4 ( w )  
W ( C0 ) <1 tbmp 1 6<. (.' ( w ) 

NC'Tf. : t for m U  anrl i t s  c omrl e x c � ,  t r. e  a � s orr t l on i s  a �l !J i fn e d  

as v( c,�: ) - o e e  t ext . 

I'V 
'() 
'l 



c ontrast t o  the s i gni fi can t  shi f t s  tta t are observed for 

the .  Cu( I I ) c omp l ex e s . of thi s ligand ( thi s w ork ) and in 

s om e  N. ( II )  c omp l ex e s  o f  o t h e r  2 - s ub s ti tut ed imi daz oline s �52 
B e c ause ext ensive int ermol ecular hydrogen bonding l owers 

the free li gand V( NH ) frequency in Nuj ol �ul l s ,  the c ompl exes  

sh ov; large s!1i fts to  r.J.gher frequenci e s  for t:ti s abs orpti on . 

b )  V(C=N) Abs orpti on 

In c ontras t  t o  the Cu( I I ) c ompl exes of thi s 

ligand , there i s  a negligibl e  red-shi ft in t:ti s abs orpti on 

on c ompl exati on t o  the z er o-val ent m e t al s ,  Cr ( O ) , K o ( O ) and 

W ( O )  ( Tabl e 1 6b )  and thi s effect may be  due t o  t h e s e  m e tal s 

being l e s s  p ositively charged than Cu( I I ) �n i t s  c ompl exes . 

The absorp ti on was a s signed by anal ogy wi t h  

the 2- sub s t i  t u t e d  tLi a z ol i n e s  /8 

v )  C ompl exe s o f  2 -(3. 3- d i m e thyl - 2- thi abutyl )pyr i d i n e  

C ompl exa t i on o f  ryri d y l  li gand s i s u sual l y 

acc ompani ed by a blue-shi ft of  t h e  hi gh e s t  fr e q u ency , ring

s tr e t c hi n g  ab s orp ti on ( S ec ti on I ,  C hap t er 2 ) , but the shi ft s 

tha t  are ob s erved in Nuj ol Mul l s  o f  K ( C c ) 4 tbmp ( r=Cr , r o , � )  
a r e  not v e ry signi fi cant ( Tabl e  1 6b ) . Thi s absorrti on i s  

n ot readi ly ob s erv e d  in the c a r b ony l c ompl ex e s  and thi s i s  

due t o  i t  b eing " ma s ke d " bj· the broad and intense  carbcnyl 

stretching abs orpti ons . 

3 . 4 NUClEAR l.�AGFETIC  RESONANCE S TUDIES 
1 3c nmr Spe c tra of Ki.£gl4 et  ea (M=Cr, J\C o) and e t  ea . 

i )  1 3co Chemi cal Shi fts 

The out standin�, feature  of  the sp ectra ( Fi [ ur e  1 3 ) 

i s  the app earan c e  o f  two .i� - 1 3co resonanc e p eak s due t o  

the i n e q ui v a l e n c e  o f  the E t S - and -NH2 d onors in the 

c omp l exe s .  The 1 3co res onanc e s  are thus assigned by 
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CQSE t  
� CQNH2 • 

F r c un :� 1 3 
1 ") -�f r:�:r_=-�riC�4 e t c�_ l n_�6�6 

c i s - C O 

V 

una s s l cn ed r e s c  n <J r. c c : :  · 1 r c  C I ,  C 2  a n d  C 3 ,  

4 3 2 1 
C H3C H2 SC H2C H 2 N H2 

su b s c r l r; t s  - S .E t  ::1 n t1 -m · 2  i nd i c a t e  tran�- 1 3c c  r e s on an c e s . 

C H3-

IV '() '() 
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rec ogni sing- ttat TI-backb ondine tr EtS- wi ll  resul t in  

a shi eldinc of  the  CC  group !ran s t o  thi s d onor . 

TABlE 1 7a 
1 3c o  Chemi cal Shi fts  of W(C c)4 e t ea (K=Cr, K o) 

CCWPIEX ci s- 1 3c o  1 3c c  tran s t o  EtS- 1 3c c  tran s t o  -NH2 

Cr ( Co ) 4 et ea 

M o ( C 0 ) 4 e t ea 

NCTES : 

2 1 6 . 0 6  

2C7 . C 3  

2 2 6 . 4 5 

- mea sured  in c 6n6 

2 27 . S C  

2 1 9 . 5 C 

- ppm d own fi eld  fr om TJ,: s 

Simi lar sp ec tra hav e been ob serv ed in the study o f  

s ome  K ( Co ) 4L2 c ompl ex e s  (1�=Cr , W )  where  1 2 i s  a carbene 

thi o l i gand . 204 
i i ) 1 3c Chemi cal Shi ft s  of  the l igand 

Each of the four r e s onanc e s  ttat are ob served for 

the fre e  l i gand can be  readi ly  a s si gned  ( Tab l e  1 7b ) , but in 

the M ( C 0 ) 4 etea c ompl exe s , the assignm ent s are not  obvi ous . 

Thus only the -SCH2�H3 re s onanc e ha s b e en assi gned ( Tat-l e 1 7 c ) 
and tti s appears t o  bec om e  sli ghtly shi el d ed on c o�f l exa ti on . 

TABlE 1 7b 

1 3c 4 3 2 1 
Chemi cal Shi ft s f or CH3CH2SCH2��2��2 

S CLVENT C 1 C 2 C 3  C4 

CDC 1 3 
C 6D6 

35 . 67 4 0 . 8 6 25 . 44  1 4 . 7 3  

35 . 7 1  4 1  . 39 2 5 . 58 1 5 . 0 2 

NOTES : - in CDC1 3 , 
1 4N quadrup olar effec t s  br oaden the 

2 5 2 C 1  and C2  r e s onanc e s . 

other a s si gnment s bas e d  on the sp ectrum of  

bett  ( Chap t er 2 ) , and on  kn own sp ectra of  
. 

h EtNH2 •
253 p rimary am�nes  sue a s  



TABlE 1 7 c 
1 3c Chemi cal Shi ft s for M(Cc)4 etea 

C O�PlEX 

Cr ( C o ) 4 etea 

1: o ( C 0 )  4 et ea 

NOTES : 

C4 

1 3 .  4 7 

1 3 .  4 7 

measured in c6n6 

OTHER CARBONS 

3 3 . 8 5 , 34 . 4 1 , 4 2 . C4 

3 3 . 9 3 ,  34 . 90 4 2 . 37 

ppm d ovmfi eld from Tr:s ( and Tabl e 1 7b )  
1 3c nrnr Spec trum of v;(cc)5benzimidaz ole  

The sp ec trum was rec orded in ( CD3 ) 2c o  whi ch meant 

that the trans- 1 3co  res onanc e c ould not be  resolved at 

ab out 205 ppm . The ci s- 1 3c o  chemi cal shi ft ( 1 98 . 8 5 ppm ) 

can be  c ompared with the anal ogous data for W ( C o ) 5 s ( cH2 ) 3scH2 
( 1 9 7 pp m )  204 

i s  2 , 5-dihydrothi ophene , in the same s olvent . The resul t s  

are c onsi stent wi th an increase in  the electron p opulati on 

at tungsten , on r eplacing a thi oether ligand wi th benzimi-

daz ol e .  

3 . 5 NUClEAR NAGNETIC RESONANCE STUDIES 
1 H nmr Spec tra 

i )  C ompl exes o f  2-ethylthi oethylarr�ne 

When c ompared to the free  li gand , b oth the methyl 

and methylene  proton resonances  have shi ft ed d ownfi eld on 

the formati on of [cr ( Co ) 5] 2 etea, but the -NH2 resonanc e ,  

whi ch i s  qui t e  strong in the unc omp l exed ligand , was not 

observed ( Table 1 8a ) . There i s  a broad ab sorpti on at about 

2 . 0 ppm and thi s has the appearan c e  of an exchange-broadened 

-NH2 re s onanc e ,  but the s oluti on was d e c omp osing and i t  i s  

more likely that thi s r e sonance i s  due t o  a decomp osi ti on 

produc t . 
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TABLE 1 8a 

1 H nmr_DA TA, CC!.'flEXES OF e t ea 

ccnLEX -CH 2 S C H 2 CH2 - -C!l 3 -Nil 2_ 

e t  ea 2 . 35 , 2 . 4 7 , 2 . 58 , 2 . 70 1 . 2 5 t ( 8 ) 4 .  6 6  

[e r (  c o J 5 ] 2 e t ea 2 . 5 2 , 2 . 7 1 , 2 . 8 2  1 . 4 1  t ( 7 )  

C r ( C C ) 4 e t e, £,e2 . 5 ( br oad ) �1 . 4  ( b r oad ) 

N OTES : 

C OrPLEX 

m ta 

C r ( C 0 ) 5m ta 

W ( CC ) 5m ta 

sa t i s fa c t ory s p e c tra were n o t  r e c o rd ed for t h e  

o t h e r  c ompl e x e s ,  

sp e c tra r e c o r d e d  i n  CDC1 3 , c h emi c a l  s h i f t s  i n  ppm 

d own fi e l d  from Thi S .  

TABLE 1 8b 

1 H nmr DA TA, C C!IiPT EXES OF m ta 

-SCH 3 -NH2 

2 . 3 3 4 .  2 1  

2 . 6 5 ca4 . 2 

2 . 8 9  £,e3 . 7 

N OTES : - sp e c tra r e c o rd ed und e r s0me c ond i t i on s  a s  abov e ,  

C O!I:PLEX 

mmbi 

f or C r ( C0 ) 5m ta , -NH2 r e s onan c e  w eak , p oo r l y  r e s ol v e d , 

b o t h  carb onyl c ompl e x e s  s h ow e d  w eak i rr puri ty peak s .  

TABLE 1 8 c 

1 H nmr DATA 1 CC�TI EXES OF mmb i  

-SCH 3 -NI-l- A r-H 

2 . 7 2  3 . \ 0  7 . 2  

[cr ( C o ) 5mmbi ] . C . 5mmbi 2 . 8 7  �5 . C O ( b r )  7 . 5 

W ( C 0 ) 5mmbi 

N OTES : 

2 . 9 1 · 3 . � � ( br ) 7 . 6  

sp e c tra r e c or d ed i n  ( CD 3 ) 2 c o ,  c h em i c a l  shi f t s  i n  p r m  

d own fi e l d  from TMS ,  

a s s i enm e n t  o f  -NH- r e s onan c e  c on fi rm e d  fo r C r  c omplex 
hy a d d i n g  D2 o t o  s o l ut i on . R e a onan c e  sharp ened Rnd 

m ov e d  upfi el d .  

TA PJ E 1 8 d 

1 H nrr.£��� C Ci.:FLEY.'SS CF m t i  

C CMPUX - S C H 3 -CH2 - -NH-

m tl 2 . 4 9  3 . 67 3 . 97 d t e J 
C r ( C C )

5
m t i  2 . 4 4  3 . 57 d ( 7 ) , 3 . 5 6d ( 7 )  4 . 7 e  

�1 o ( C o ) 5m ti 2 . . H  3 .  e Ja t 1 l ,  3 .  s s>  a t  1 )  4 .  2 4  
v; ( c C' ) 5m u  2 . 4 6 

TABLE 1 8 e 

1 1 1 nmr DATA, C O�FLEXE;, OF tbmJ2 

C Oi rLEX - C H  
-- 3 -CH2 s- o< -H 

tbmp 1 .  3 6  3 . 94 e . s s a ( 6 ) 

C r ( C 0 ) 4 tbmpt I .  3C 4 . 08 > 9  

l•: o ( C0 ) 4 tbmp 1 . 3 3  4 . 1 2 8 . 9 7d ( 5 ) 

W ( CO )  4 tbmp t 1 . 3 3  4 . 2 2 > 9  

t! CTF.S ( Tabl e s  1 P d ,  1 e e) : 

t s o l u t i on s  d e c om r o s i n c:;  

a l J  s p e c tra r e c ord e d  in CDC1 3 , c h err i c '3 l  s h i f t s  

a r e  p p m  d nv:n f l e] d fr orr T!.' S ,  

cl = d ou b l e t ; c nu p l i n r  c on s tan t s  ,re  i n  r '3 r en t � c s e a ( H z ) . 

w 
0 
� 
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F I C "CHE 1 4  
1 H nmr - Aryl I r o t  on s o f  rr.rnbi 

UNCOM PLE X E D  m mbi 

8 - ppm 7 

COMPLE X ED · mmbi 

8·. - ppm 
7 

- sp e c tra rec ord ed in ( CD3 ) 2 c o .  



The -NH2 r e s onanc e s  were n o t  ob serve d  for the 

[M ( C o ) 5] 2I c ompl exes  (M=Cr , W )  of ethy l enediamin e  and 

1 , 1 2-diami n od od ecan e , ei ther . 1 98  

ii ) C ompl exe s o f  2-methyl thi oani line 

Thi s li gand sh ows d ownfi eld shi fts in the -SCH3 

r e s onanc e ,  of 0 . 32 ppm and 0 . 5 6 ppm for Cr ( C o ) 5m ta and 

W ( C O ) t::mta resp e c tively ( Tabl e 1 8b ) . On c ompl exa ti on of t:ti s 
./ 

li gand , the -NH2 re s onan c e  ha s m oved up fi eld and i t  i s  

c onsid erably weak er and br oad e r  than in the fre e  li gand 

sp e c tra . The evi d enc e thu s  suge. e s t s  that mta i s  binding via 

the  thi o ether d onor only . 

i i i ) C ompl exe s  o f  2-methylmercapt obenzirni da z ol e  

Cr ( Co ) 5rnmbi and \I, ( C 0 ) 5mmbi al s o  show d ownfi eld  

shi ft s  in the -SCH3 r e s onan c e  of the li gand ( 0 . 1 5 ppm and 

0 . 1 9  ppm r e sp e c tivel y ) how ever the larger d o��fi eld  shi ft s 

o f  the -NH- resonanc e ( ea 2 . 00 ppm and C . 4 4  ppm r e sp e c i. i v e� y )  

indi ca t e  that the l i gand i s  pr obably c ompl exed vi a one of  the 

h e t erocy cli c ni trogen s ( Tabl e 1 8 c ) . Thi s c onclusi on i s  

a l s o  supp ort ed by the a symm etri cal pa t t ern ( Figure 1 4 )  o f  the  

aryl -ring proton ab s orp ti ons ( and at l ea st two  o f  the  p eak s 

m ov e  d ownfi eld ) in the  c ompl exe s .  The fre e  li gand , in 

c ontrast , shows a symmetri cal patt ern ( Fi gure 1 4 ) . A si�i lar 

a symmetry i s  al so  ob s erved for the c ompl exe s  of b enzimi da z ol e . 

i v ) C ompl exe s  o f  2-m e thyl thi o-2 -irni dazoline 

The n on-e xi s t en c e  of  any M - S  int era c ti on s  in the 

c ompl ex e s  of mti , i s  c onclusively e stabli shed by a 

c ompari s on of the spe c trum of the fre e  li gand wi th the sp e c tra 

o f  the s e  c ompl exe s  ( Tabl e 1 8 d ) . Whi l e  the -SCH3 r e s onan c e  

i s  n o t  si gni fi cantly affec t ed , the -NH- re s onanc e m ov e s  0 . 8 1  

ppm and 0 . 87 ppm d ownfi eld f or M=Cr and ll=M o resp e c tively . 

304 



The -NH- r e s onanc e wa s not obs erved for 11:=\\' and thi s may be  

t h e  re sul t o f  exchange broad ening effe c t s  and s ol ubi l i ty 

pr obl ems . 

For the fre e  li gand , the me thy l ene p r o t on s' 

r e s onan c e  i s  a singl e  p eak but on c ompl exatl on ,  four p eak s 

are ob s erve d  where 1�=Cr and 1·: o .  Thi s impli e s  tLa t the 

m e thylene p r o t ons have bec om e  inequival ent thr ough me tal 

c ompl exati on t o  one of the ni trogen d cnor s . 

The 1 H nmr data thus supp ort s  the suggesti on 

fr om the forc e - const an t  cal culati ons t ha t  2-me thyl thi o-2-

i rni da z oline bind s t o  the z er o-val ent m e tal s ,  C r (  0 ) , r: o (  C ) , 
and W ( O ) , via one of  th e het er ocycli c ni trogen d onors and 

not  the tri o e ther sub sti tuent . 

v )  C ompl exe s  o f  2-(3. 3-dimethyl -2-thiabutyl )pvri dine 
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In Tabl e 1 8 e ,  i t  can be  s e en that on tt e f orrrati on 

of  the chelat ed-ligand c ompl exe s  M ( C o ) 4 tbmp , d nwnfi eld  shi ft s 

i n  the -CH2 S- resonan c e  and the r e s onanc e o f  the  prot on ortho 

to the pyri dyl ni tr ogen , r e sul t . There are no signi fi cant 

shi fts  in the t-butyl p r o t on s ' r e s onan c e . 

3 . 6  ElEC TRCNI C  SPEC TRA 

[M(CQ25]nl C ompl exe s  (n= 1 , 2 ) 

The sp ec tra are a s si gned  simi larly t o  tho s e  of the 

bri dged-li gand bmt t  and b e t t  c ompl exe s ( Chap ter  1 ) .  In the 

c ompl ex e s  o f  mmbi , bi and mti though , M� n*( L )  charge 

t rans fer i s  al s o  p o s sibl e and in the tung s t en c ompl ex e s  o f  

the se  li gand s thi s ab s orp ti on ha s been t en tatively a s si gned . 

i )  L=etea, n=2 . 

Even ttough there ar e two di s tinc tive  M ( C 0 ) 5L 

c hr om ophor e s  in the s e  bri dg e d-li gand c omp l exe s , the sp e ctra 

are qui t e  n ormal and there i s  no evi d enc e of di fferenc e s  



b e tween the tri oetr.er and amine d on or s . The p oint t o  n ot e  

fr om . the . sp ec tra i s  that the 1 e � 2a1 charge tran sfer 

tran si ti on of b oth c ompl exe s  ( M=Cr , W )  li e s  i n  the regi on 

m ore appr op ri a t e  f or amin e  d onors than thi oether d onor s . 

The sp e ctra and thei r a s si gnment s  are  st own in 

Tabl es  1 9a (�=C r )  and 1 9b ( K =� ) r e sp e c tively and a c ompari s on 

of the 1 e ---+2a 1 ct.arge tran sfer transi ti ens of  tte �.: ( C C )  5] nl. 

c ompl exe s that ar e the sub j ec t  of t�� s  chap t er ,  t ogether 

wi th other data from the li t eratur e , can be found i n  'Tabl e s  

6a and 6b r esp ectively ( Chapt er 1 ) .  

i i ) L=mta, mmbi , m ti (n=1 ) 
l=m ta : The 1 e�2a1 charge transfer ab s orp ti on s 

for Cr( C 0 ) 5mta and W ( C o ) 5m ta are siEi lar t o  thos e  of 

[cr( C o ) 5] 2bmtt and [w ( c o ) 5] 2bmtt ( see  CLap t er 1 )  r e sp ectively 

and the s e  obs ervati ons provi d e  addi ti onal evi d enc e fer a 

C H 3S-i M b onding m od e  in the c ompl exe s .  The sp ec tra f or tte 

M ( C 0 ) 5mta  c ompl exe s  ( N=Cr , K o , W )  and the t entative a s si gn

m ents  that have b e en rrad e ,  are s:t own in Tabl es  1 S a  ( 1�=Cr ) ,  

1 Sb (M=W ) and 1 9c (M=� o )  r e sp e ctively . 

L=mmbi : The simi lari ti e s  between the sp e c t ra o f  

C r ( C o ) 5mmbi and W ( C o ) 5mmbi , and their r e sp ectiv e , anal ogous 

c ompl ex e s  of  b enzimi dazol e ( Tabl e s  1 9a ,  1 9b ) ,  supp ort the 

infrared and nucl ear magn e ti c re so nanc e  data for ni t r ogen� 
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}{; ( 0) b onding in the c ompl exe s  of mmbi . Further Vveight  t o  

thi s evi d en c e  i s  l ent  by the a s s i gnm ent  of a W ---+ n*( l )  
charge t ransfer t ransi ti on a t  ab out 3 3G nm for b o th W ( C 0 ) 5mmbi 

and W\ C 0 ) 5 bi . Thi s medium intensi ty abs orp ti on i s  al s o  

obs erv ed f or W ( C o ) 5mti , but n o t  for W ( CC ) 5mta o r  any o f  the 

bri dged-li gand c ompl ex e s  of bmtt ,  b e t t  and e t ea . Tti s 

a s si gnment i s  supp orted b:y the a s si gnment of  a simi l ar 



TAPJ.E 1 � 
ET E C T R CN I C  SP�C TRA - [c r ( CC)� ] rl C G1ri. EXES 

/ 

C O.�PLEX A P S Cn r T  I C'Y ( n�_til-=._!!!r l . -�m - 1  l_ASS IClWENT 
[cr ( Cr ) �J 2 e t ea 

./ 

C r  ( C O )  5mta 

�r ( C0 ) 5mmbi] . 0 . 5mmbi 

[c r ( c o ) 5bi ] . C . 5bi 

C r ( C0 ) 5mti 

£§. 2 5 6  
3 32 ( sh )  
4 1 2  

2 44  
3C· 2 
4 37 
4 C· 6 
2 5 S· 
27 1 ( sh )  
27? 
4 l 5  
2 5 6  
4 C. 7  

2 6 66C 
35  3P 
4 5 2 P  

3 1 24 

1 6 2 1 2 
1 4 6 2 2  
1 2 3 1  e 
2 6 1 6 

2 1 5 2 S  
2 :- C f  

1 e --t 2a 1 /d -d 

1 e --t 28. 1 / d-d 

1 e -. 2a 1 /d-d 

1 e -. 2a 1 /d-d 

1 e -. 2a 1 /a -d 

w 
0 'J 



TABl E 1 cb 

ElECTRONIC �PECTF� - (�(Cc)5)nL CC'l.'PUXES 

COt/.PlEX AESCRFTION{nm} E {l . mol . - 1 cm- 1 } 

(w ( c o ) 5] 2 etea £.e 260 1 �g7 1 

2 9 1 ( sh )  5058 

39C 4 620 

397 ( sh )  4 54 7  

4 30 (  sh) 905 

W ( C0 ) 5mta £.e 250 

£.e 295 
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39 2 

W ( C0 ) 5mmbi 257 2 1 8 1 8 

288 1 1 4 0 5  

331 ( sh )  1 95 9  

392 3 1 40 

4 2 3 ( sh ) 8 2 6  

W ( C0)5bi 258 1 8 1 2 5 

26B ( sh )  1 C4 1 7  

279 7 9 1 7 

281 4 3 3 3  

324 1 604 

395 2799 

4 2 6 ( sh ) 792 

W ( C0 ) 5mti 2 58 2 C 5 1 6 

2 8 3 ( sh ) 624 2 

336 1 62 1  

398 3331  

4 32 ( sh )  1 C4 0  

TABlE 19c 

ElECTRONIC SPECTRU.: OF 1-' o(CC)5mta 

ABSORPTION(nm} E (l . m ol . - 1 cm- 1 } ASSIGtrt.:'ENT 

2 4 3 £.e 1 50 37 

3C9 £.e 4 8 89 

£.e 350 

NOTES : ( For Tab l e s  1 9a ,  1 5b ,  1 9c )  

ASS IGNH:t;T 

1 e -t  2a 1 

d - d  ( s - s )  

d - d  ( s - t )  

d--t n* ( L )  

1 e -t 2a 1 /d-d ( s-s) 

d - d  ( s - t )  

d--t n*(L)  
1 e -t 2a 1 /d-d ( s - s )  

d - d ( a - t )  

d--t n*(L)  
1 e -t  2a 1 /d-d ( s - s )  

d - d  ( s- t )  

- all spec tra were rec ord ed for Abs .  EtOH soluti ons , 

sh = shoul d e r ;· extincti on c o e ffi c i en t s  are approxima t e ,  

( s - s )  d enotes a singl e t -t sinr:l e t  tran si ti on ,  

( s - t ) d enote& a singl e t -t tri p l e t  tran si ti on ,  

- solut i on of J..: o ( CC' ) 5m ta wa s d e c omr o sinr. . 
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TABLE 2 0 

ElECTRON I C  SPEC TRA FOR Mi.Q.Ql4!:_2 C OMPLEXES 

L2 = etea L2 = tbm p 

METAL ABS ORPTION (nm) ei1.:_rn ol . - 1 cm- 1 ) ABS CRF TION E 

Cr 2 4 4  1 67 1 1 34 1  5 57 8 

3 38 4 57 8  37 2 5 1 67 

4 2 5 1 39 3 

M o  ea 2 4 2 1 5 6 1 5 3C 3 8 C 8 C  

e a  2 64 1 6 5 7 7  3 6 2  5 67 8  

3 0 5  2 94 2 

39 1 1 67 3 

w ea 2 60 1 2 5 2 6 

30 1  5 9 1 6 

39C 1 2 8 4  

4 1 C. ( sh )  5 3 5 

N OTES : - al l sp e c t ra w e r e  r e c o r d ed for Ab s . E t CH s ol u t i on s , 

sh = shoul d er ;  extinc ti on c o effi ci ents  a r e  app r o xlmn t e . 

w 
0 -o 



a b s orp tl  on for W ( CO )  5 pyri dlne  at 3 34 nm . 23 1  

l=mti : The sp e c t ra of C r ( C C ) 5mti and � ( c c ) 5m ti 

( Tabl e s  1 9a and 1 9b ) sur ge st tha t th e thi oether sub s ti tuent 

of thi s li gand , lik e mmbi , d o e s  not parti ci'):at e  in l"'"'i �� ( O ) 
b onding . I t  i s  probabl e  that Ko ( C c ) 5m ti ( Tabl e 1 9 c ) i s  

simi lar t o  i t s  chromi um and tungst en anal og ues . 

The sp ec tra are rec ord ed i n  Tab l e  2 C , but as  o�tlin ed 

i n  Chap ter 2 ,  spe ci fi c a s si gnmen t s  can n o t  be mad e a s  y et .  

I t  i s  int ere s t ing t o  ob s erve thou�h , that tte vi sib l e  

maxima for t h e  e t ea c ompl exes  (K=Cr , � o ) are a t  l ower 

energi e s  than the same ab s orp t i ons for the tbmp c ompl exe s . 

The vi sibl e maxima of  the  l a t t er c ompl ex e s  are very simi lar 

t o  tho s e  of the bmtt  and b e t t  chelat ed-li gand c ompl ex e s  tha t 

were di scus s ed in Ctap t er 2 . 

3 . 7 REAC TIV I TY S TL�IES 

C CNPLEXES OF 2-ETEYI THI OETHYlAr.�INE 

The se studi e s  inv e stigate  the s tabi li ty of [w ( c o ) 5] 2 etea 
und er reflux c ondi ti on s and the s tabi li ty of e t ea t oward s 

di splac ement by triphenylpho sphi t e  fr om [w ( c o ) 5] 2 etea and 

W ( C 0 ) 4 e t ea .  The exp erimen t s  were m oni t ored by infrared 

ST' e c t r o s c opy . 

i ) R eflux [w( c o)5] 2 e t ea in cycl ohexane 

A f t er about 5 minut e s  of r efluxing , the c onversi on 

t o  the chelat ed-l i gand c ompl ex i s  alm os t  c ompl e t e , al though 

even aft er 1 5  minute s , a small amount of a pentacarbonyl 

c ompl ex i s  s ti l l  present . The i d enti ty of  thi s p entacarb onyl 

3 10  

c ompl ex is  not cl ear . The sp e ctra are d ominat ed by an int en s e  

ab s orpti on , due t o  W ( C 0 ) 6, at 1 98 6  cm- 1 . 



H enc e [\1,' ( C 0 ) 5
]

2 e t ea ----+ W ( C O t + W ( C c ) 4 e t ea ,  

upd er gent l e  r e fl ux c ondi t i on s . 

i i ) Reflux [w ( c c ) 5
]

2 e t ea i n  pre s en c e o f  ex c e s s  P ( CPh) 3 

In cy c l ohexan e s oluti on a f t e r 5 h o ur s  o f  r e fl ux-

ing , the ini tially y e l l ow s o luti on i s  alm o s t  c o l our l e s s . 

The int e rp r e tati on o f  tte i n frar ed sp e c tra ( Fi [ ur e  1 5 ) i s  

n o t  a s  r eadi ly appar ent a s  f o r  the anal o g ou s  exp e riment wi t !. 

[w ( C C· ) 5
] 

2 b e t t ( Chap t e r  1 ) • 

The f o l l owi ng p oi n t s  c an b e  n o t ed though : 

a )  there i s  n o  appar en t th ermal c onv e r s i on o f  
� ( C o ) 5

]
2 e t ea t o  W ( C 0 ) 4 e t ea a s  obs erv e d  i n  the a b o v e  

exp erim en t . In t h e  r ea c ti on of [v.: ( c c ) 5
]

2b e t t  wi th P ( OPh ) 3 , 

s ome of the chela t e d � l i gan d c oiTp l ex �a s form ed i ni tial l y  

( Chap t er 1 ) . 

b )  the chang e s  in the s t r ong a b s orp ti on a t  

ab out 1 9 34 cm- 1 d uring t h e  r e fl uxin g ,  s ugg e s t  tha t  i n  the 

i ni tial sp e c tra the sp eci e s  that i s  r e sp on sibl e for thi s 

ab sorp ti on i s  di fferent than the sp e c i e s  that giv e s  ri s e  t �  

the a b s o rp t i on a f t er 5 hour s . The la t t er sp ec i e s  arp ear s 

t o  b e  c i s -W ( C o ) 4
(P ( OPh ) 3]

2 ( s e e  b e l ow )  wri l e  th e fnrm er 

c oul d b e  an " i n t e rm e di a t e " . 

i i i ) R e fl ux W( C o)4 e t ea in pr e s enc e o f  exc e s s  P ( OPh ) 3 

In b o t h  c y c l ohexane and b en z en e , the c onv e r si on 

of W ( C 0 ) 4 e t ea t o  c i s -W ( C o ) 4
[P ( 0Ph ) 3]

2 , in the p r e s enc e of a 

t en-fol d  exc e s s  o f  tri phenylpho sprri t e ,  c an b e  f ol l ow e d  

r elativ ely e a s i l y  b y  infra r e d  sp e c t r o s c op y . F or t h e  c y c l o

h exan e s o luti on ,  t h e  p r e s en c e  o f  c i s -W ( C 0 ) 4
[P ( OPh ) 3]

2 wa s 

i nd i cat e d  a f t er onl y  fiv e  minut e s  of r e fl uxing . The c han g e s  

o v e r  a p eri o d  of 3C ,  4 t and 6C minut e s  c an b e  f ol l ow e d  i n  

31 1 



F IG ( R [�_12 

f�_§.r e c t !:§:-=_Il£fl u�- LlfU 5] 2 £1f§:_ll tr. ;g� c e §. �> P ( .Q�hl3 

19).4 2 HR 
190] 0 · 5 H R  

1988 

1 HR I \ ,  \ I 5 HR 

I 
+- c m - ' 

w 
� 

J-.J 



Spe ci e s  

i 

ii 

iii 

i v  

Sp e c i e s  

i 

i i  

i i i  

K ey t o  Firu r e  1 5  

K ey t o  Fi ; u r e  1 6 

I d en t i tv 

·;, ( c c )  6 

v; ( C 0 )  5r ( OPh )  
3 

[v; ( c o ) 5] 2 e t ea 

c i s-�:. ( c ::: ) 4 [ r ( or h ) 3 ] 2 

I d en t i  t '-' 

\',- ( C C  ) 4 e t  ea 

ci s-·:. ( c c )  4 [r ( en-. ) 3] 2 

.... ( c ( ' ) 6 

B o t:r. r e flux exp eri m en t s  were c arri ed out in 

cycl ohexan e . 

3 1 3  



FIG URE 1 6 

IR Spe c t ra - R e fl ux  ;•; ( c c )4 e t ea '.'. i th Ex c e s s  F( OPh) 3 

1 9 8 3  

I l l  

1 9 5 7  

1 1  
r - - - - - - � - ., 

' ' . 
' 

1936 
1886 

I 

5 M I N . 

30 M I N . 

4 0  M I N .  

60 M I N .  
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Fi gure 1 6  and i t  can b e  s e en that the abs orp ti on at 1 9 36 cm- 1 

i. s qui t �  br oad in c ompari s on t o  tbe narr ow band ttat wa s 

ob served ( Fi gure 1 5 ) i n  the ini tial s tag e s  of r e fluxing 

[w ( c o ) 5] 2 e t ea v.ri t:t P ( OPh ) 3 • 

In an exp erimen t  wher e  a sligLtly  greater than 1 : 1 

rati o of  P ( CPh ) 3 t o  ,,•,· c c o ) 4 e t ea wa s reflux e d  in c y cl ohexan e , 

a sirri lar c onv ersi on �a s ob s erv ed . The s e  exp eri m en t s  d o  

n o t  pr ovi d e  any insi gh t th ough , in t o  t:t e  na ture o f  th e 

p o stul a t e d  "interm edia t e "  that was " ob s erved " on refluxing 

[w ( c o ) 5] 2 e t ea and exc e s s  P (  OPh ) 3 in cy cl ohexane . 

C C�FlEXES OF mta AND mti  

A tt empt s  were mad e t o  i s ol a t e  the HBr sal t s  of C r ( C o ) 5mta , 

� ( C C ) 5mta and C r ( C c ) 5mti , but al thou£ t r ea c ti ons were 

obs erved , the produc t s  were  un s tabl e and c c uld  not be 

characteri z ed . 

3 . 8  r�r.A S S  SFZC TRA CF 11:( c o) 5m ta (1�=Cr,  L o ,  W) 
Al though the s e  c ompl ex e s  c ould n o t  be i s ol a t e d  

analy tically pure , t h e  mas s  sp e c tra o f  t h e  oi l s  t:tat were 

i s olated fr om the r ea c ti on s of  K ( C c ) 5 THF wi tt mta  provi d e  

a d d i ti onal evi d enc e f o r  the i d enti ty o f  the principal 

c omp onen t s  of  the s e  oi l s . 

The i d entiti e s  of  the c ompl exes  Cr ( C o ) 5mta and 

N o ( C c ) 5m ta were c onfi rrred by the d e t e c t i on o f  the rr ol ecu] ar 

i ons  [cr ( C c ) 5mta]+ and [M o ( C C ) 5mta] + , whi l e  the ma s s  sp e c t rum 

o f  W ( C o ) 5mta shows onl y  a weak featur e that can b e  attribut

ed to 5'i ( C r ) 5mta] + . A s tr ont; er feature i s  obs erv ed at  

m ; e = 4 35 and thi s c orre sp ond s to  [w ( c c ) 4mta] + .  It  app ear s 

then , t:tat v olatili sati on and el ec tr on b ombardmen t pr ovi d e  

suffi ci ent energy t o . c onvert W ( C 0 ) 5mta t o  W ( C C ) 4m ta , but thi s  

c ould only b e  achi ev ed t o  a v ery limi t ed exten t  by refl uxing 
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�(C0)5mta in cyclohexane. 

There are no peaks in the. spectra of �o(Co)5mta and 

W(CC)5mta that can be attributed to [E(Cc)7] + ( :rv�dv: o ,  W )  or 

[w(c o)8] +  in the latter sp ectrum . 
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SYNTHESES 

The same general pho t ochemi cal m e thod ttat i s  used 

for the synthes e s  that were d e scribed in Chap t er 2 ,  i s  

al so  used here . 

1 )  C OL'FLEXES OF 2 -ETEYl 'IEI OETHYlAKINE 

D e cacarb onyl -J..t-( 2- e ttyl tr...i o etr.ylamine)  d i c t...r orr.i urn( C) 
I 

The ligand ( 2  mm ol e ,  C . 2 1 C  g . ) wa s a d d e d  t o  an 

i rradi a t ed s oluti on of 4 mmol e of  Cr ( C C ) 6 ( c . e e c  g . ) .  
A ft e r  al l owing the s oluti on t o  r ea c t  f or 1 (  minut e s , the 

s olv ent wa s r em oved in vacuo . Exc e s s  C r ( C C ) 6 �a s sublimed 

fr om tLe y el l ow r e si due ov erni ght and then tl e r e si due wa s 

extrac ted  into  b en z en e . The soluti on �a s c on c entra t e d , 

c ool ed  and cy cl ohexan e wa s added t o  pre cipi tate  an oi l ttat 

c ontained b o th t e tra- and p entacarb ony l c omp l ex e s . The 

solv en t  wa s rem oved  fr orr. the sup erna tant and a c ry stal line  

pentacarbonyl c ompl ex was precipi tat ed fr om a cy c l ohexan e 

s oluti on o f  the r e si due . The [c r ( C c ) 5] 2 e t ea wa s re cry s tall

i z ed from ben z en e  by the addi ti on o f  c y c l ohexane . 

[cr ( C C ) 5] 2 e t ea wa s a l s o  p r e cipi tated  fr om a c ol d  ben z ene  

soluti on o f  t:r... e  above  oi l , on adding cy c l ohexane . 

Both samp l e s  were wa shed wi th c ol d  cycl ohexane a f t e r  

fi l t ering and d ri e d  und er vacuum . 

YIElD : 0 . 1 77 g .  ( 1 8% )  

Deca carb onyl -�-( 2- e thyl thi oe thylamine)di tungst en( O) I 
1 mmol e o f  the ligand ( C . 1 C5 g . ) wa s added  t o  an 

i rradiated  s ol uti on o f  2 mm ol e of  W ( C 0 ) 6 ( G . 7 04 g . ) .  The 

s cluti on wa s all ow e d  t o  r ea c t  for 1 G- 1 5 minut e s  b ef or e  the 

s olvent  was r em oved  in vacuo . Exc e s s  W ( C 0 ) 6 was sublimed 
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fr om the r e si due , whi ch wa s sub s e quently  extra c t ed  int c .  r en z en e . 

T.t.e y ell ow cry stal s of  [w ( c o ) 5] 2 e t ea precipi tated  from a 



b enzene-cy cl ohexane s oluti on that had b e en l eft a t  4 °C 

. ov ernight . After fi l t ering , the se  were washed wi th c ol d  

c y cl ohexane then dri ed und er vacuum . 

YIElD : 0 . 3 1 2  g .  ( 5C%)  
T e tra carb onyl ( ?.-ethyl thl oe thylamine)chr omi urr ( C) 

A f t er the ad di ti on of 3 mm ol e of e t ea ( 0 . 3 1 6  g . ) t o  

the i rradi a t ed s oluti on o f  3 mmol e of  C r ( C C ) 6 ( C . 6 6C  g . ) ,  
the i rradi a ti on wa s c ontinued for a further S C  minu t e s . The 

THF and exc e s s  Cr ( C C ) 6 were  r e�ov e d  in vacuo and the  

cry s tal l i n e  resi d ue wa s ext ra c t ed into  benz ene . The s ol uti on 

was c on c ent rated until  the ons e t  of  precipi ta ti on an d then 

c y cl ohexane was a d d ed and th e mixtur e  c noled . The y el l ow 

precipi t a t e  was f il t ered o ff and wa shed wi t h  cy c l ohexan e .  

YIElD : 0 . 5 1 0  g .  ( 63%) 

T e tracarbonyl ( 2-ethyl thl oe thylamine)m olybd enum( O )  

The same p r o cedur e  a s  f or Cr ( C o ) 4 e t ea was foll owed 

using 3 rr.tiT. ole  of  e t ea ( C . 3 1 6  g . )  and 3 mm ol e of  M o ( C 0 ) 6 
( 0 . 7 9 2  g . ) .  � o ( C o ) 4 e t ea wa s precipi tated  out of a c on c en trat

ed ben z ene  soluti on by adding a small quanti ty o f  cycl ohexane 

and then c o oling the s ol uti on . 

YIElD : 0 . 667 g .  ( 7 1 % ) 

T e t racarb onyl ( 2-� thyl thl oe thylamine)tungs t en ( O ) 

Pal e  yel l ow W ( C o ) 4 e t ea was synthesi zed by the sa�e 

proc e d ur e  as C r (  C O )  4 e t ea and rv: o (  C C )  4 e t  ea . 2 mm ol e o f  e t  ea  

( C . 2 1 0  g . ) and 2 mmol e of  W ( C 0 ) 6 ( C . 7 C4 g . ) were  u s e d . 

YIELD : C . 58 1 g .  ( 7 2%)  

2 )  C Or>:PlEXES OF 2-( 3. 3-DTh:E TEYL- 2- 'IHIABUTYL)PYR IDINE 

T e tracarb onyl [ 2- ( 3 ,  3-dimethyl- 2-thlabutyl )pyri dine] 
chr omium( 0) 
The li gand ( 2  mmol e ,  0 . 36 3  g . ) wa s add e d  t o  the irrad

iated  C r ( C 0 ) 6 ( 2  mmol e ,  G . 4 4 G  g . ) and the i rradia ti on 
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c ontinu e d  for S C  minut e s . The s ol v ent wa s rem ov ed in vacu� , 

the  resi due extra c t ed into b en z en e , th en the s oluti on 

c oncentra t e d  and n-hexan e ad d ed t o  cry stall i z e the  y el l ow 

c ompl ex . The C r ( C o ) 4 tbmp wa s re cry s tal l i zed from tot  

n-hexan e c on tainin[ a small am ount of benzene and tte  

n e edl e-li k e  cry stal s were  fi l t ered  off and dri ed und er 

vacuum . 

YIEl� : C . 3 1 6 g .  ( 4 6% )  

l-2-tr..iabut 

2 mmol e of li gand ( C . 36 3  g . ) and 2 mm ol e of 1: o ( C c ) 6 
( 0 . 5 28 g . ) w er e  used as  for C r ( C c ) 4 tbmp . The tbmp/N o ( C o ) 6 
/ THF s o l uti on wa s i rradiat ed for cnly 6C rrinut e s  and then 
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M o ( C C ) 4 tbmp wa s i s olated and r e c ry s talli zed as f o r  C r ( C o ) 4 tbmp . 

YIELD : C . 4 S 2  g .  ( 6 3% ) 

T e tra carb onyl i 2- ( 3 , 3-dim e thyl -2 -tr..iabutyl ) pyri dine]
tungs t en( C) 

Th e i ni tial pro c edur e  wa s tte sa�e as for C r ( C r ) 4 tbmp 

using 2 mm o l e  of  tbmp and 2 mm ol e of W ( C 0 ) 6 ( C . 7 C4 g . ) .  Th e 

r em oval of  the THF l e ft an oi ly  r e s i due that c on tained  a 

black d e c omp osi ti on produc t .  Thi s was remov ed by adding 

n-hexane t o  the b enzene extrac t  then fi l t ering the c l oudy 

susp en si on thr ough Ki e s elguhr . The orange fi l trat e  was 

c oncentra t e d  and fi l t ered  then hexane wa s add e d . The 

s oluti on was c ool ed to pre cipi tat e  W ( C o ) 4 tbmp wti c h  wa s 

r e cry stal li z ed from benzen e  a s  for Cr ( Cc ) 4 tbrnp and M o ( C c ) 4 tbmp . 

YIELD : C . 24 8  g .  ( 2 6%) 

3 )  C O.:PIEXES OF 2-METHYLTHI 0-2-Th�IDA Z OIINE 

P en tacarb onyl ( 2-me thyl thi o-2-imi da z olin e)chr om�urn ( O) 

3 mm ol e o·f m ti ( C .  34 9 g . ) were added t o  3 mmol e of 

i rradi at ed Cr ( C o ) 6 ( C . 66C g . ) when the THF was r em ov e d  and 



the residue extrac t ed into  b en z en e-p en tane . Thi s s oluti on 

wa s c onc ent rat ed t o  ab out 2 cm 3 and p en tane wa s add ed  t o  

precipi tat e  yell ow C r ( C 0 ) 5mti . The produc t was fi l t ered , 

washed wi th  p en tan e and recry s talli z e d  fr om THF . 

Y I El D : C . 5 34 g .  ( 5 8 % )  

Pentacarb onyl ( 2-m ethyl t�i o-2-imi da z olin e)m olybd enum ( C) 

In tl-_i s reacti on , 3 mmol e of mti and 3 mmol e of  

K o ( C o ) 6 were  used a s  in t.Le prep arati on of Cr ( C o ) 5m ti . The 

r e si due that r emained  after r em oving the THF wa s un s tabl e  in 

a c e t one , d oe s  not ext rac t i n t o  b enz en e-p entan e and in pure 

b en z ene , i t  ha s a l ow s olubi li ty . I t  wa s however , extrac t ed 

i nt o  ben z en e , the s o l uti on fil tered thr ouf !_ Ki e s elguhr , 

c on c en tra t e d  and fi l t ered again . The s ol uti on wa s c cn c en

t rated further to ab out 1 0  cm 3 , c o o l ed and p en tan e w� s 

a d d ed t o  p r e cipi ta t e  li ght y el l ow M o ( C o ) 5mti . The p r oduc t 

was fi l t er e d , wa shed wi th p entane and dri ed b e fore 

r e cry stalli zing from THF . 

Y I ELD : 0 . 38 2  g .  ( 36%) 
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An un suc c e s s ful att emp t was mad e  t o  c onvert 1-: o ( C C ) 5mti 

t o  N. o ( C o ) 4m ti by refluxing the p entacarb onyl c ompl ex in THF 

f or an hour . There wa s no  i nfrared evi d ence  for the formati on 

o f  any M o (  C O )  4mti . 

P en tacarb onyl ( 2-methyl thi o-2-imi dazoline) tungs t en ( O) 

Thi s was i s olat ed fr om an unsuc c e s sful a t t emp t t o  

s ynthe si z e  the bri dged-ligand c ompl ex [w ( c o ) 5] 2mti using 

2 mmol e of  W ( C o ) 6  ( 0 . 7 C4 g . ) and 1 mm ol e of mti  ( C . 1 1 6  g . ) .  

The s oluti on wa s all owed t o  r eac t for 5 minut e s  aft er 

a dding the l i gand to the i rradiated  W ( C 0 ) 6 s oluti on and then 

t he s olvent was remov e d . The p en tane-i n solubl e r e si due 

was extrac t ed int c hexan e-benz en e  ( 5C : 5 C ) . The s olven t  wa s 

r em oved ( in vacuo ) fr om the extrac t ,  the resi due di s s olved  



in ac e t one and the mi xture fil tered t o  remove ex c e s s  Vv ( C 0 ) 6 . 
An impur e pr oduc t was i s olated  fr om thi s a c e t one s oluti on 

and s o  i t  wa s puri fi ed on a sili ca-gel c olumn , usin� an 

a c e t on e  eluent . The c olumn frac ti on was taken t o  dryn e s s  

and the r e si due put und er vacuum f or 2 4  hours . An infrar P.d  

sp e c trum showed that the  W ( C 0 ) 6 had b e en r emoved  from the 

W ( C 0 ) 5m ti . 

4 )  C OJv:PlEXES OF 2-1/:ETHYU!,ERCAPTCBENZ D.:IDA Z OIE 

P en tacarb onyl ( 2-m e thylm ercapt ob enzimi da z ol e)chr omium( O) . 

Q..:.2. [2-m ethylmercapt obenzimi daz ol e] 

A THF s cluti on of  th e li gand ( 3  mm ol e ,  0 . 4 9 3  g . ) wa s 

a d d ed t o  3 mmol e of  i rradia t e d  Cr ( C 0 ) 6 ( 0 . 660 g . ) .  The 

s olvent wa s removed , the r e si due extrac t ed int o a c e t on e  and 

the s oluti on c onc en tra t e d . A precipi tat e  wti cL arp eared 

di s s olved on addi ng b en z en e . Thi s s oluti on was fil t er e d  

c on c entrated and p e tr ol eum e ther a d d e d  t o  precipi tate  a 

y el l ow p owd er whi ch wa s fi l t ered and wa shed wi th ben z en e . 

YIELD : 0 . 65 6  g .  ( 7 5%)  

P entacarb onyl ( 2-m ethylmercapt ob enzimi daz ol e)tungst en( O) 

A 1 : 1 rati o of  mmbi t o  W ( C 0 ) 6 wa s used as for the 

chr omium c ompl ex . A f t er the  THF was r em ov ed , the r e si du e  

wa s extra c t ed wi th b en z en e  and then t h e  b enzene ins olubl e 
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r e si due was extra c t ed i n t o  a c e t on e . Whi l e  the b en z en e  ext ra c t s  

c ontained b oth p entacarb onyl and t e tracarb onyl c ompl exe s ,  

the ac e t one s ol ubl e fra c ti on c on si s t ed mainly o f  W ( C o ) 5mmbi . 

The i mpure produc t wa s r e c ry stalli z ed twi c e  from a c e t one 

s oluti ons by the addi ti on o f  cycl ohexane . 

An a t t empt was mad e t o  c onvert  a sample  of  W ( C c ) 5mmbi 

t o  W ( C o ) 4mmbi by i rradiating it  in THF f or 2 hour s , but tLi s 

was unsuc c es sful . 

I 
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5 )  C OMPLEXES OF BENZIMIDAZOLE 

Cr ( C o ) 5bi and W ( C 0 ) 5bi were first  rep orted by Beck , 

W ei s  and Wi e c z orek 2 1 2  who synthesi zed  the c ompl exes 

using the same photochemi cal t e chni ques that have been 

d e scribed  herein ( se e  App endi c e s ) . The preparati ons that 

were used  for thi s work di ffer in c ont ent thougL and in 

the synthesi s of the chr omium c ompl ex ,  [cr ( Cc ) 5bi] . o . 5bi 

was i s olated instead of Cr ( Co ) 5bi as rep orted by 

Beck et al . 

P entacarbonyl(benzimidaz ol e ) chr omium ( O) .  
0 . 5 (benzimi dazol e] . 

3 mmol e of the li gand ( 0 . 354  g . ) in THF were added 

t o  an i rradiated s oluti on of  3 mmol e of Cr ( C C ) 6 ( 0 . 660 g . ) 

The THF was removed , the y el l ow cry staJ line r e si due extract-

ed  into b enzene and the s oluti on c oncentrated . An impure 

produc t was precipitated by adding cy cl ohexane to the 

b enzene  soluti on . It was tr.erefore di s s olved in ac e t one , 

the s oluti on was fil t ered and cycl ohexane-p entane add ed . A 

y ell ow precipi tate app eared  when the s cluti on was c o ol ed 

and thi s was fil t ered , washed with cycl ohexane and p entane , 

then dri ed in vacuo . 

YIELD : 0 . 58 1 g .  ( 78%) 

There i s  li ttle change in the analyse s  for thi s c ompl ex 

on further recry s talli zati on from THF . 

Pentacarbonyl(benzimi dazol e)tungst en( O) 

The same  procedure  as  f or [er (  C O )  5 b.i] . 0 .  5bi was 

ini tially fol l owed , using 2 mmole of ligand ( 0 . 2 3 6  g . ) 

and 2 mmole of W ( C o ) 6 ( 0 . 7 04 g . ) .  Yell ow cry stals were 

precipi tated by adding cycl ohexane to a c onc entrated  

benzene  s oluti on of the r e si due . The s e  were fil t ered , 

washed wi th p entane and recrystalli zed  from b en z ene . 
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YIELD : 0 . 7 2 5  g .  ( 8 2%) - before 
recrystalli zati on 

6 ) SYNTHESIS AND CHARACTERIZATION OF CONPLEXES OF 
2 -METHYLTHIOANILINE 

The analytically pur e  c omplexes  M ( C0 ) 5mta (1v:=Cr , M o , Vi ), 

c ould not  be i solated because of thei r reluctance  t o  form 

cry stalline products  and b ecause they rapidly d e c omp ose  

on sili ca-gel c olumns . Thei r exi stenc e and nature  was 

however , inferred from IR , 1 H nmr and mas s  sp ec tral studi e s  

( thi s chap ter ) and the investiga ti ons that are d e scribed 

in  the foll owing secti ons . 

P entacarbonyl( 2-methyl thi oani line) chromi urn( 0 )  

After the ligand ( 3  mmol e ,  0 . 4 1 8 g . ) had been added 

t o  an i rradiated soluti on of Cr ( C o ) 6 ( 3  rnroole , 0 . 66C  g . ) ,  

the THF was removed and the green-yell ow resi dual  oi l was 

extract ed int o n-hexane . A yell ow oil de  posi ted on 

removing the s olvent from the se  extrac ts . The oil was 

" dri ed "  for 20  hours under vacuum , but tL.e analys e s  
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approximat e  those requi red for [cr ( C 0 ) 5mta] .0 . 5 ( C 6H1 4 ) 

Calculated for [cr( Co ) 5mta] . 0 . 5 ( C 6H1 4
) C 4 8 . 1 2% ;  H 4 . 30 ; N 3 . 74 

Found 48 . 90 ; 4 .  0 3 ; 3 .  69 

An unsucc e s sful attempt was made  t o  synthesi z e  Cr ( Co ) 4mta 

by irradiating Cr ( Co ) 5mta in THF . 

P entacarbonyl( 2-methylthi oaniline)molybdenurn(O) 

The same method as for the chromium compl ex was 

foll owed using 3 mmole of the ligand and 3 mmole of !;, o ( C 0 ) 6 
( 0 . 79 2  g . ) .  A brown precipi tate separated wi th the yell ow 

oil ,  but i t  was carefully r emoved by di ssolving in hexane . 

The presenc e of some 1v! o ( C 0 ) 6 was indi cated b:, the IR 

spec trum of the yellow oil .  



P entacarbonyl (2-methyl thi oani line) tungsten( C )  

Thi s was prepared by the same m ethod as for  the 

chromium and molybd enum c ompl ex e s  using 2 mmole of mta 

( 0 . 279  g . ) and 2 mmole of W ( C 0 ) 6 ( 0 . 704 g . ) .  A c l oudy , 

y ell ow oil was i solated from the n-hexane extrac t s . 

In a sec ond pre�arati on , a light  yell ow s olid 

(MP . 70  - 7 2 ° ) was i s olated  and thi s returned Carbon and 

Hydrogen analyses  c orresp onding t o  tbo se  required  for 

[w c co ) 5m t�. 0 . 2 5 ( hexane ) .  

Cal culat e d  for � ( C o ) 5mt�. 0 . 2 5 ( hexane ) :  C 3 3 � 4 5% ;  H 2 . 59 

Found • • 3 3 . 1  5 

Further characteri zati on of W(C o)5mta 

2 . 7 5  

i )  After 1 C minute s  o f  refl uxine.; VI (  C 0 )  5mta wi th 

a t en-fold  exc e s s  of P ( 0Ph ) 3 , a l l  of the mta had been 

r eplaced by P ( OPh ) 3 • An I R  sp ec trum of the r ea c ti on 

produc t s  in  chl oroform provi d e s  g o od evi denc e for tr� s 

c on c l  usi on . 

R eacti on Produc ts  : 2 084 ( s ) ; 1 99 5 ( sh ) ; 1 9 67 ( sh l ; 
1 9 5 2 ( v s  

li terature W ( Co ) 5P ( OPh) 3 ( Ref 2 91 ) : 2088 ( s ) ; 1 99 7 ( sh ) ; 1 9 68 ( s h ; 
1 9 5 5 ( vs ) 

The obs erved  formati on of W ( C o ) 5P ( 0Ph ) 3 i s  in  i t s el f ,  good  

evid enc e for  the exi s tence of a W ( C 0 ) 5mta c omp l ex .  

i i ) W ( C o ) 5m ta was refluxed in  a cycl ohexane and thi s 

f orced the f ormati on of a small quanti ty of a t etracarbonyl 

c ompl ex ,  but the inten si ti e s  of the IR abs orp ti ons after 
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8 hour s  o f  refluxing were the same a s  they were after 1 h our . 



TAB� 

MISCELLANEOUS PHYSICAL DATA 

CCJ.lPLEX COLOUR M . PL°C ANALYSES : Calc . {Found }L� 
c H N s 

[cr ( Co) 5] 2etea yellow 72-75 34 . 37 2 . 27 6 . 55 
( 34 . 27 )  ( 2 . 95 )  ( 6 . 1 2 ) 

[w( CO) 5] 2etea yellow 8 3-84 22 . 34 1 . 4  7 4 . 2 6  
( 2 � . 5 5 )  ( 1 . 6 5 )  ( 4 . 99 )  

Cr( C0)4 etea yellow 1 1 4- 1 1 7  35 . 69 4 . 1 2  1 1  . 9 1  
( 35 . 7 6 )  ( 4 . 09 )  ( 1 2 .  38 ) 

Mo ( Co )4etea yellow 1 1 7-1 1 8  3C . 68 3 . 54 1 o .  24 
( 3C . 52 )  ( 3 .  58 ) ( 1 C . 1 8 ) 

W ( Co )4etea pale  yell ow 1 50-1 5 1  2 3 . 95 2 . 76  7 . 99 
( 2 3 . 2 1 ) ( 2 .  9 1 ) ( 8 . 4 7 ) 

Cr(Co)4 tbmp yellow 1 25-1 27 48 . 69 4 .  38 4 . 06 
( 4 8 . 98 )  ( 4 .  67 ) ( 3 . 94 )  

Mo ( C0)4 tbmp yellow 1 34-1 36 4 3 . 1 9  3 . 88 3 . 60 
( 4 3 . 59 )  ( 3 .  9 1  ) ( 2 . 59 )  

W ( C0)4 tbmp yellow 1 69-1 70  35 . 24 3 . 1 7  2 . 94 
( 35 . 57 )  ( 3 .  2 9 )  ( 2 . 89 )  

Cr( Co) 5mt1 yellow d e c . > 1 00 35 . 07 2 . 62 9 . 09 
( 35 . 38 )  ( 2 . 68 )  ( 9 . 09 )  

1lo ( Co) 5mt1 pale yel l ow dec . 1 2 5 30 . 69 .2 . 29 7 . 96  
( 30 . 84 ) ( 2 . 36 )  ( 8 . 94 )  

W (  CO) 5mt1 yellow-orange dec . 1 67 24 . 56 1 . 8 3  6 . 37 
( 24 . 8 3 )  ( 2 . 22 )  ( 6 . 7 8 )  

[cr( co) 5mmb1] . o . 5mmb1 yellow > 2 30 46 . 57 2 . 76  9 . 59 
( 4 6 . 60 )  ( 3 . 1 7 )  ( 9 . 2 2 )  

W ( C0 ) 5mmb1 pale yellow 1 67-1 69 3 1  . 98 1 . 65 5 . 74 
( 32 . 03 )  ( 1 . 56 )  ( 5 .  7 1 ) 

[cr ( co ) 5bi] . 0 . 5b1 pale yell ow dec . 1  04 50 . 4 2  2 . 4 6  1 1 . 38 
( 4 9 . 9 3 )  ( 2 . 85 )  ( 1 1 . 2 5 )  

w 
W ( C0 ) 5'o1 yellow 1 4 6-1 50 32 . 6 1 1 .  37 6 .  34 I'V VI 

( 32 . 9 1 ) ( 1 • 27 ) ( 5 .  91 ) 

-- --
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THI OETHF.R DTTERA C T I O!( S 

V. I TH 

ZER C-VAT�El; T r.' ETAl S 

A ) A RYl THI OETHER AND AlKYl TEI C'ETEEE l iG Al�:C S 

The [�.: ( C o )
5
]

2
l c ompl ex e s  ( where �; = Cr , V1 and l = cm t t , 

b e tt ) that were chara c t eri z ed i n  thi s s tudy ar e tte  fi r s t  

e xamp l e s  o f  bri dg e d -l i gand , G r o up VIE m e tal carb ony l  

c o�pl e x e s  o f  di thi o e t� er- sub s t i tut ed , b e n z en e-r e l a t e d  

l i gand s . Thi s typ e o f  c omp l e x  was � o t  r ep o r t e d  in an 

earl i er st udy on the G r oup V I B  m e tal carb ony l c on�p l ex e s  of 

1 , 2 -bi s ( m e thy l tt.ti o ) b en z en e . 1 95 Tte f orma ti on o f  b oth 

b ri dged-li gand and c helated-ll gan d (r ( c c ) 4
l 2 whe r e � = C r , t· o ,  

W and 1 2 = bm tt , b e t t ) c omp l ex e s  d em c n s t ra t e s  the fl exibi l i ty 

o f  ttese  l i gand s t oward s tran si t i on Fetal  c oord i na ti on . 

Si m i l ar b ehavi our i s  nb s erv e d  for ott e1 d i thi o e ther l i gan d s 

( suet a s  the  R S ( CH 2 ) n SR l i gand s ;  s e e  Tat l e 1 ) . 

i )  In t erpretati on of El e c t roni c �c t ra 

Tt.e  e l e c tr oni c S I  ec tra o f  the [r. ( C C )  5] nl c omrl  e x e s  

o f  the aryl thi o e t h e r  l i rand s bm tt ( n= 2 ) ,  b e tt ( n = 2 ) ,  

m -bm tb ( n= 2 ) and m t a  ( n= 1 ) ,  ar e c on si s t en t  wi t h  the  N - S  

( thi o ether ) b onding b eing w eak er than in  a�al o gous  c ompl e x e s  

o f  alky l thi o e ther l i gand s such a s  RSCH2 cP2 SR ( wh e r e  R = t-Bu , 

E t ) .  Simi lar di f f e r en c e s  b e tw e en t�e b r i d e-.ed- l i gand c ompl ex e s  

1 94 and wher e R i s  t -Eu 1� ar e al s o  aprar en t  on examininf 

the e l e c t r oni c sp e c t ra l  data for t h o s e  c omp l exe s .  

The e l e c t r oni c sp e c tral r e sul t s  suge e s t  t�a t , i n  

g en e ral , ary l tr� o e t h e r l i gand s  [and p h o sphi n e  sulphi d e s 

such a s  sn.: e
3 

an d Sf 0;: e 2 1J )] hav e  n e t  er -d onor/ n ...:a c c ep t or 

3 2 6  
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b ondint charac t eri s t i c s  simi lar t o  t� c s e  c f  het erocy cl i c  and 

alky l  amine  l i g and s .  

The e l e c tron i c  1 e --.  2a 1 C . T .  t ran si ti on ( s e e  

C hap t er 1 , S e c ti on I I ) c f  Cr ( C c ) 5 sn- e 3 oc c urs  a t  en erf.i e s 

s imi lar t o  th o s e  of the [c r ( C 0 ) 5]
n

l c ompl exes  o f  ary l  

tti o etter l i Eand s ( s e e  Tarl e 6 ,  S e c t i on I I ) su c h a s  b� t t , 

b et t , p t e , n t e  ( al l  n = 2 ) and mta ( n = l ) .  rr:ti s SUf[ e s t s t !_at 

t h e  ov eral l s t r en[ths o f  the i n d i vi d ual C r - S  b ond s i n  a : J 

c f  the se  c ornp l 2xe s are sirri l ar , and ttat  the  C r- S  b ond ( s ) 

� i l l  be c omparabl e in  l en gth t o  the Cr-S  b ond ( 2 . 5 1 C ( 2 )  l )  

o f  C r ( C c ) 5 sn: e 3 .22 7 1'r.at i s ,  th ej st oul C.  b e  l ong er tl-_an 

( ) ( ) 20 3  ( 0 ( ' 0 ) i n  C r  C C  5 s  Et  CH2Ph 2 . 4 5 c 2 )  A , for whi ch the 

1 e --+ 2a 1 C . T .  t ran s i t i 'on en ert: i e s :;. r e  si mi l a r t o  t:to s e  o f  

t t_e [cr ( CO ) c:::] I" ( n= l or 2 )  c or::r l ex e s  o f  other· alky l "' n 

tti o e tter l i gan d s  ( s e e  Tabl e 6 ,  S e c ti on i i ) . Sirri l a r  

p redi c ti on s a r e  appl i cabl e t o the [v. ( c c ) 5] nl c ompl ex e s  o f  aryl 

t hi o ether l igand s . 

In t h e  ab s en c e  of  kn o�l ed g e ab o u t  the e l e c t r oni c 

sp e c tra of  M ( C c ) 4r 2 c orrpl ex e s  ( s e e  Chapt er 2 ,  S e c ti on II ) , 

i t  can n ot b e  sai d wi t h  any c ertainty that simi l ::tr predi c t i on s 

apply  t o  the s e  c orr.pl exe s . TLat i s ,  i t  c 2.n n o t  b e  argued that 

the  b ondint b ehav i our o f  a sp eci fi c  b i d entate  l i gand ( e . g .  

tm t t , b ett , o-bmtb , d t o ) wi l l  n e c e s sari ly b e  simi lar i n  b o th 

i t s bri dged - and chelat ed - l i gand c ompl ex e s . For exampl e ,  in  

i t s  chel a t ed -l i gand c ompl ex e s ,  a l i gand may a c t  as  a b e t t er 
2 2 1 TT -ac c ep t or ( c ompared t o i t s bri d g ed -l i gand c ompl e x e s ) , 

simply becau s e  there i s  one l e s s  carb ony l group c omp eting 

for the  me tal s TT -b onding , d - el e c tron s . Thi s rr.ean s that 

al though aryl d i thi o e thers may exhibi t weakened K - S  b on din g  

3 2 7  



i n  thei r [� ( C c ) 5] 2l c ompl e x e s  ( c omr ar c d  t o  alky l 

d i thi o e t h er s ) , tri s  rr.ay n ot b e  apparen t  in the i r  chela t ed -

l i gand c ompl ex e s . T�i s p oint  i s  evi d en t  fr om a c oEpari s on 

o f  the c ry s t a l  s truc tur e s  o f  V, ( C c ) 4 o-brr. th 1 95 and 

\': ( c c ) 4 ( t-BuS ( CH 2 ) n S t -Bu ) 200 where r.= 2 an d 3 .  In fa c t , 

f or the form e r  c orrp l ex ,  t h e  �-S b on d s  ( m ean 2 . 5 2 ( 2 )  1 )  may 

a c tually b e  s l i chtly s�� crt er that in  t�e  lat t e r  c orr:p l e x e s  

( n= 2 , m ean W - S  = 2 . 5 6 2 ( 5 )  1 and n= 3 ,  rr. ean �-S = 2 . 5 7 2 ( 5 )  1 . ) .  
l ! owever , the  di ffe r en c e s  are  n o t  stati s t i cal ly si g� i fi cant 

and there i s  the p o s sibi l i ty that st eri c i n t era c t i on s  cay 

r1av e an e f f e c t  on t h e  W-S b onding in tLe l a t t er c orr:p l ex e s . 

i i ) For c e  C on s tan t  Cal c ulati on s 

The inf orrr:a t i on pr ovi d ed by t h e  f cr c e  c on s t a n t  

cal c ul a t i ons f o r  t h e  c orr.pl e x e s  o f  thi o e ther l i gan d s  o t h er 

t han c 6F5 SEt i s  m or e  di ffi c ul t  t c  i n t e rr r e t . F o r  the  

c hromium c orr.p l ex e s  ( Tabl e s  4 and Sb ) t :tere d o  n ot app ear 

t o  be any rr:a j or d i fferen c e s  b e tween the n e t  TI-a c c ep t or/  6 -

d on or b onding c �ara c t eri s t i c s  o f  the sulphur a t orr. s  i n  

a lky l thi o ether l i gand s ( e . g .  d t o ,  bm s ,  S ( Et ) CH2Ph , S ( Et ) 2 ) 

an d ary l  thi oe ther l i gand s ( e . g .  tm t t , b e t t , o-bm tb , m ta , 

S ( Ph ) 2 ) wh ere RS- i s  ad j a c en t  t o  an aroma t i c Tl - orbi t a l  

sy s t em . Eowever , f o r  the t un g s t en c orrpl ex e s  ( Tabl e s  4 and 

S b ) ther e d o  app ea r  t o  be s ome  d i fferenc e s , e sp e c i a l l y  

i n  t h e  � ( C o ) 4I 2 c ompl ex e s . Tte ary l  thi o e t her li gand s 

g ener3.lly app ear t o  b e  b e t t er Tl -a c c ep t o r s  and /  or  weak e r  

6 -d on ors . I t  i s  n o t  c l ear why such d i f ferenc e s  are m or e  

si gni fi cant i n  t h e  t ung s t en c ompl e x e s . Fa c t or s  such a s  

en ergy d i fferenc e s  b e tw e en t he � ( 0 )  d- orbi tal s and the 

a c c ep t or/ d on or orb i tal s on t he sulphur a t om s , wi l l  b e  
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i mp or tant in d e t erminin[ n e t  �.: CJ/TT S ov erl ap . 

i i i ) G eneral C on c l usi on s  

Over al l ,  the r e sul t s  o f  the s e  sp e c tr o s c opi c s t udi e s  

and t h o s e  o f  other auth o r s  [ ] 194 . 198 t en d  to sug@ e s t  

t tat ary l  thi o ether l i gand s a r e  p o orer CJ -d on or s  and , in 

g enera l , may a c t  as bet t er IT -a c c ep t o r s  ( parti c ularly 

in chel a t ed-li gand c omp l ex e s )  than alky l trLi o ether li gand s .  

T h e s e  c on c l u si on s  a r e  in aer e em ent  �i th t he rec en tly 

p ub l i shed r e s ul t s f or a s t udy on the el e c tr oni c sp e c tra o f  

s om e  P t ( I I )  and J·d ( I I )  c ompl ex e s  o f  ary l thi oether and 

alky l thi oether l i g:and s . 
1 77 

The p oo r e r  CJ -d on o r  abi l i ty o f  aryl tLi o ether l i gand s 

p r obab l y  ari s e s  fr om d e l ocali sati on o f  t h e  sul phur l on e-p ai r  

e l e c tr on s  on t o  a d  j a c  en t n - orbi tal SJ s t  err,s ( i . e .  , n s / n 

c on j uga ti on ) . Tl1e s e  e .i'f e c t s  are enhan c er. b:y the p r e s en c e  

o f  e l e c t r on-wi thdrawln�  sub s ti tuen t s .  P h ot oel e c t r on 

s p e c t r o s c opi c st ud i e s  for l l gand s such a s  1 , 4-bi s ( m ethy l t hi o )-

r en z en e , m e thyl t hi ob en z en e  and 2-m e thyl thi onaptthal en e 
1 8 7 .  

1 88 , 265 hav e s h o�n tlu s d el ocali sati on t o  be r eal . I t  c an 

a l s o  b e  used t o  explain the p h o t o e l e c t r on sp e c t ra of  bm t t ,  

b et t  and m-brn tb ( s e e  Chap t e r 7 ,  S e c ti on I ) . 

I t  wa s c on c l ud ed ( Thi s � ark ) fr om t h e  sp e c tr o s c op i c 

p r op er ti e s  o f  the  Pt ( I I )  and Pd ( I I )  c omp l ex e s  o f  

1 ,  2-bi s ( p entafl uor opheny l tbi o ) ethane and e thy l thi op entafl uoro

b en z en e  ( P t ( I I )  only ) ,  that  the TT - c omp on ent o f  the  1: - s  

( thi o e ther ) b ondin£ i s  pr obably o f  only min or imp ortan c e t o  

i t s  n e t  s trength . Other w ork e r s  have c om e  t o  simi lar 

c on c l u si on s  2 4 9 ' 266 and fur ther supp o rt f or the s e  

c on c l usi on s  i s  l en t  by the s t udi e s  on t h e  hl ( C 0 ) 5l c omp l ex e s  
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o f  c6F
5

SEt . E en c e  alth ou£}1 i t  i s  aprarent from 

f orc e c on s tan t ca1culati on s t.Lat the TT -:- c omp on ent of the 

V-S b onding ( K  = Cr , W )  i n  these  c omp l e x e s  is s i gni fi c antly 

great er t han f or other tr..i o ether l i gand s ,  a d e c r ea s e  in 

� -d onati on ( due t o  e l e c tr on ega tivi ty effe c t s )  r e sul t s  

i n  the c ompl exe s  b eing q ui t e  un s tabl e .  

Thi s st udy ha s sh o�n tha t sub s ti tuent e f fe c t s  can 

i n fl u enc e the TT -c. c c ep t or/  � -d on or p r op er ti e s  o f  tLi o e th er 

l i gand s .  The e f fe c t s a r e  mani fe s t ed in the sp e c t r o s c cr i c  

and chemi cal rr c--p erti e s  ( e . f . the un stab J e natur e  o f  the 

K ( C o )
5

c 6F 5 SEt c ompl ex e s )  of thei r G r oup V I E  m e tal carb ony l 

c ompl ex e s .  

The bri d g ed and chelated  l i gand c ompl ex e s  o f  e t ea 

and the chelat ed-li gand c o�pl e x � s  of  tbmp , are the fi r s t  

examp l e s  o f  the s e  typ e s  o f  G r oup V IE metal carb onyl c orr.pl ex 

i nv ol ving sulphur-ni tr ogen d on or l i gan d s . Simi l ar bri d ging 

and chelatin€ r ol e s  have b e en ob s erve� in the m e tal carb onyl 

c ompl exes  of pho sphorus-ni trogeL ( e . g .  2- ( diph enylph o sphin o-

330 

amino ) pyridine 248 ) and phosphorus-sulphur ligand s ( e . g .  ( Ph )  2-

F CH2CH2SM e 249 ) • 

In the infrared sp e c tra o f  the (N ( C c )
5
]

2 e t ea 

c omp l ex e s ,  av eraged carb onyl str e t chin£ ab s orp ti on s  are  

ob s erved . That i s ,  ther e i s  no  sp lit tinE o f  the carb onyl 

s t r e t ching ab s orpt i on s  a s  a r e sul t of b onding di fferen c e s  

b e twe en the S ( thi o ether ) an d  N d on ors  a t  the r e sp ective  

� ( C 0 )
5

I c entre s .  The i nfrared sp e c tra for the c ompl ex e s  o f  

2- ( dipheny lpho sphi n oami n o  ) pyri d i n e  and ( Ph )  2P C H2CH2st: e a r e  

simi lar in thi s r e sp e c t . 



For  the ligand s mti and mmbi , the s e  stud i e s  hnve 

p r ovi d ed c onclusive evi d enc e for the preferenc � of M-N 

int eracti on s ( over K-S int eracti on s )  in their K ( C c ) 5r 
c ompl exes .  In transi ti on metal c omplexes  of  imidazole  and 

b enzimidaz ol e ,  the li gand almost  invariably bind s via the 

pyri d.ine ni tr ogen and not the pyrr ole ni trogen ( -NH- ) . 1 53 
The latt er wi l l  only tind i f  the prot on i s  rem oved . T�ere i s  

n o  reason t o  suspec t  ttat mti and rr.rnbi are ar:y d i fferent in 

t ti s  resp e c t . There i s  no indi cati on , fr om the sr ectrosc opi c 

r e sul t s , ttat K-S ( thi oether ) interacti on s  exi s t  in the 

c ompl exe s of mti and mmbi wi t l  the zero-val ent G rour VIE 

m etal s . The se resul t s  are ttus in general aer e ement �i tt 

the interpretati on of the sp ectrosc opic  data for the C u ( I I )  
c ompl exes  o f  the se  ligand s .  ( Cu ( I I ) /mti c ompl exe s ,  see 

Ctar t e:r 5 ,  Secti on I ;  Cu ( I I ) /mmbi c ompl exe s , Ref . 148 ) and for 

a C o ( I I )  c ompl ex of mti ( Chap t er 5 ,  S ecti on I ) . 

Fr om a c onsi d erati on of  the F ear s on c lassi fi cati or: of 

a c i d s  and ba s e s ,  6 i t  rray be  intui tively exp ec t ed t!:at 

Cu ( I I )  would prefer t o  bind t o  one of the heterocycli c 

nitrogen s  of  mti and rr�bi . Similar rea s onin£ w ould sugg est  

t .bat the " s oft " zero-val ent m e tal s ( Cr ( O ) , l'V: o ( O ) , W ( O ) ) 

would prefer t o  b ond t o  the " s oft " thi oether sulphur in 

these  ligand s .  That tti s exp ect�ti on i s  n ot obs erved 

may sugg e s t  that : 

i )  St eri c c onsid erati ons are important in 

d eterrr.ining the nature  of the :rv; ( c ) -1 int eracti ons where l 
i s  mti and mmbi . However , m ol ecular mod el studi e s  d o  not 

p r ovid e  any evi d en c e  to supp ort thi s sugge sti on . 
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i i ) Py r i d y l  N i s  a " so ft er " ba s e  tl:an 

3 3 2  

tlli o e ther S .  Al th ough thi s can b e  l egi timately infer:ed fr om 

t he r e s ul t s  o f  the carb on:y l studi e s , the s t udi e s  on the C u ( II ) 

c ompl ex e s  of  mti and rnmbi d o  n ot s upp or t t l� s suggesti on . 

i i i ) TI -backb ondine t o  the carb ony l group s  of  

1.� ( C o ) 5 may cau s e  I\1 ( 0 ) to  act  m ore  a s  an " in t e rmediat e "  

a c i d  and ther e f or e , t o  p r e fer K ( O ) -N in t erac ti on s on the 

f orrrati on of � ( C c ) 5r ( I = mti , mmbi ) . 

In c on t ra st t o  mti  anc wEbi , i t  i s  apparent  fr oT: 

the sp e c t r o s c opi c data for the r ( c c ) 5mta c ompl exe s ,  that 

m ta p refers  to bind  via t he thi o e ther s�J ntur d on or only . 

C helated-li gand c omp l e x e s  of  mta c oul d n ot b e  i s ol a t ed , 

ever t t ou[t t l: e i r  pre s en c e  wa s indi ca t ed in  r e fl ux and 

m a s s  [p e c tral s t udi e s . 

The -NH2 g r o ur ' s  r e l uc tanc e t o  parti c i p a t e  in  

t ending to  z er o-val ent C r , � c  and W e a� b e  at t ribut ed  t o  

the l ow basi c i ty o f  the ani line ami n o  gr oup . Ani line  i s  

a weak er base  ( due  t o  el ec tron d el ocali sati on ) than 

heterocy c l i c  amin e s  su c h  a s  pyri dine  267 d . . d l 1 5 3 an lml a z o  e .  
2 3 7  Dennenb erg and Dar en sb ourg hav e previ ously c oil1r.l ent ed 

on t�e unstab l e  nat ure o f  C r ( C c ) 5ani l i n e  i n  s oluti on ,  

whi ch p r e cl ud e d  further at t emp t s  t o  p ur i fy the c ompl ex . 

Henc e ,  even the ex tra s tab i li ty t�at i s  usually 

i mpar t e d  by chelati on ( s e e  Intr oduc ti on , S e c ti on I )  d o e s  

n ot app ear t o  readi l y  induc e � ( C ) -ami n e  intera c ti on s  i n  rota . 

C )  E CKDHr r  C�:ARA C TERISTICS  CF DIFFERENT J_ IGAND TTIES 

B efore c ry s tall ographi c data t e cam e  avai labl e f or 

G r oup VIB metal c arb onyl c ompl exe s  of thi oether li e;and s ,  

. t d 1 2 9  
l wa s a s sum e  that the n-a c c ep t or abi l i ty o f  

thi oether sulphur i s  simi lar t o  tLat of r e l a t e d  ph osphi n e  



0 d 't l 0 1 99 
l l gan s .  n ow ev er a c omp '1rl. s on cf the  s t ru c t ur e s  of  

c ompl e x e s  s�ch a s  Cr ( C 0 ) 4 d l ph o s  ( �i ph o s  = 1 , 2-bi s ( dipheny l -
. . 2 6 8  

p h o sphine ) et.tan e )  and C r ( C C ) 4 d t o  ( d t o  = 3 , 6-di thi a-

) 1 99 
o c tan e  indi cated  tLat thi oetbers  hav e a l ower  

1T -a cidi ty t han p h o sphine ligand s .  ln the form er c ompl e x  

t h e  Cr-P b ond s ( m ean , 2 . 36C ( 2 )  A )  are si gni fi c an tly short er 

t han the Cr-S b ond s ( m ean , 2 . 4 1 8 ( 1 ) A ) of  Cr ( CG ) 4 d t o ,  ev en 

though pho sphorus i s - c on si c ered t o  hav e  a gr ea t e r  c ova l ent 

radius ( 1 • 1 C A ) 2 2  0 22 
thar. sulDhur ( 1  . C 4 A ) . 

simi lari ty of  t he ci s and tran s Cr- C C  b ond l encths in 

the r e sp e c ti v e  c o�p l e x e s  ( Tabl e  2 2 ) impl i e s that  the  n et 

e l e c t r on d en si ti e s  a t  tt e r e sp e c ti v e  c hr omi urr. a t om s  a r e  

s imi l ar . The sam e  arg� en t arp li e s  t o  C r ( C c ) 5 P ( Fh ) 3 and 

C r ( C o ) 5 s ( Et ) CH2Ph . Thus i f  pho sphine l i gand s such  a s  

d i ph o s  and F ( rh ) 3 a r e  b e t t er TI -a c c ep t or s  than tti o e the r s  

s u ch a s  d t o  and S ( Et ) C E2Fh , they must a l s o  b e  b e t t er 

1 9 9  
CJ - d on or s . 
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TABlE 2 2  

STRl:C TURAl DA TA F OR Cri.Ql C O.'PlSXES 
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C OMPLEX ci s-C r- C C  trans-Cr-C C ..:.___:::==:=._�_..::....:::_ Cr-L REFERElJCE 

C r ( C 0 ) 6 

C r ( C 0 ) 5P ( CPh ) 3 
C r ( C C ) 5P ( Ph ) 3 
Cr ( C 0 ) 5 S ( Et ) CH2Ph 

C r ( C 0 )  5 SPK e 3 
Cr ( C o ) 4 diphos 

Cr ( CC ) 4d t o  

C r ( C C' ) 4 I �If e 

C r ( C c ) 3 ( 3NE-pd ) 

1 . 9C 9 ( 3 ) 

1 . 9 1 4 ( 2 )  

1 . 8 9 6 ( 5 )  

1 . 2 8 C ( 4 ) 

1 . 8 2 ( 1 ) 

1 . 9C C ( 4 )  

1 . 8 84 ( 7 )  

1 . 8 8 7 ( 3 ) 

1 . 8 8 6 ( 9 )  

1 . 8 6 1 ( 4 )  

1 . 844 ( 4 )  

1 . 8 5 � ( 7 )  

1 . 2 1 5 ( 8 ) 

1 . 8 3 1  ( 7 )  

1 • 8 32  ( 3 )  

1 . 8 33 ( 7 )  

1 . 8 1 6 ( 5 )  

3NH-pd = 3-A zap en tane- 1 , 5 -diarrine 

all b ond l enr,ths are Ang stroms . 

269 

2 64 

2 . 3C 9 ( 1 )  2 7 0 

2 . 4 2 2 ( 1 )  2 70 

2 . 4 5e ( � � 2 0 3  

2 . 5 1 C ( 2 )  2 2 7  

2 . 3 6 C ( 2 )  2 6 8  

2 . 4 1 8 ( 1 ) 1 9 9 

2 . 37 9 ( 2 ) 2 0 7  

2 . 1 8 5 ( 4 )  2 7 1  

A lky l amin e  l i gand s d o  n o t  have any TT -acidity a t  a l l . 232 

Thi s i s  r e fl ec t ed i n  the short tran s-Cr- C O  b onds  ( Tabl e 2 2 )  

of Cr ( C 0 ) 3 ( 3NH-pd ) .  In the Gr oup VIB metal carb ony l  c onpl exe s ,  

an increa s e  in M .... L TT -int era cti ons r e s ul t s  in an inc r ea s e in 

the 1�-C O b ondl ength s . Thi s effect  i s  par t i c ul arly evi d en t  i n  

t h e  tran s-M-C O b onding ( s e e  Tab l e  2 2  f o r  Cr  c omp l exe s )  

In c ontra st t o  the alkyl amine ligand s ,  ar omati c h e t e r o cy cli c 

amines  have n*- orbi tal s tha t are  capabl e of parti cipating in 

TT -b onding: wi th fi l l ed d- orbi tal s on !1� ( 0 ) . 237 The e f fe c t s 

o f  thes e  TI-int erac ti ons hav e b e en ob s erved in a vari e ty o f  

t d . ( k . t . 237 s u J. e s  J.ne J. c s ,  232 phot o el e c t r on and 1 3c nmr 23 1 , 23 2  
t 1 t d · t h  d · t - d · 

23 1 ) and t h ey can b e  spec  ra s u J. e s , ermo ynamJ. c s u J. e s -

shown t o  influen c e  the W-pyri dine stret ching fre quenci e s  in a 

s eri e s  of  W ( Co ) 5 ( 4R-pyri din e )  c ornpl exes . 23 1 However , ( in c ontra s t  



t o  P and S li gand s ) these  TI -int eracti ons  have not  been 

observed t o  have any si cni fi cant i .n fluen c e  on v( CC ) /3 1 ' 237 

-v (W-C ) 2 3 1 and b (WCO )  2 3 1  frequenci e s ,  and 1 3c o  nmr 

cherr.i cal shi fts  .2 3 1 
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The r e sul t s  of the sp ectr o s c op i c  inve stigati ons that have 

been pre s ented  in  t.ti s thesi s ,  when c onsi d er ed in  c on j uncti on 

wi th the work of  other auttors ,  all ow vari ous typ e s  of phosphorus , 

sulphur and ni tr ogen d on or ligand s t o  be placed in  the foll owing 

general ord er of  d e creasing K ( O ) -l interacti ons :  

phosphi te  > phosphine > alkyl thi oether > aryl tl1i oether 

- phosphine  sulphur -., pyri dyl N - alkyl 1 ry amine  > 

ary2_ 1 ry amine . 

Thi s s eri e s  i s  d erived :;rimari ly fr om tl-!e el e c tr oni c sp ectro s c opi c 

dat� for [� ( C c ) 5] nr c ompl exes  ( n  = 1 e r  2 ) . 

In t erms of  decrea sinr n -a c c ept or abi l i ty , tte general 

ligand s e quen c e : 

phosphi t e  > phosphine > aryl thi oether > alkyl thi oether 

> phosphine sulphi d e  -.,., pyri dyl N ,  

i s  c ons i s t ent  wi th c ry stall ographi c and infrared sp e c tr o s c opi c 

data . 

Sp ectrc s c opi c and cry stall ographi c investigati ons into  

the natur e  of the G roup VIB metal carb onyl c orr.plexes  of  

thi oether l igand s ,  have thus provi ded a valuabl e insight into  the 

bonding b ehavi our of thes e  ligand s . The c ompari s on of  relevant 

data wi th  tLat for anal ogous c ompl exe s  of phosphorus and nitrogen 

d onor l i gand s ,  has been of parti cular imp ortanc e t o  the int erpret

ati on of the re sul ts  of these  s tudi e s . 



T HE R CI .E CF STERIC  n;TEEACTI OI:::: 

IN T H E  CCl\�FlEXES OF 
tbmp, tbm o ,  l,  et ea Al\1) r: ti 

1 ) cor��PLEXES OF tbmp 

The cry stall ographi c and spectro s c opic  studi es on the 

K ( II ) (� = Cu, C o ,  Ni ) and Cu ( I )  c oGpl exe s  of tbrnp , have 

shovm that their struc tural and behavi oural diversl ty i s  

broad and c ompl ex . A c owpari s on Ri th the c ompl exes  o f  other 

b i d entate li gand s ,  suggesto that part of tr"i s diver s i ty may 

b e  attributed  t o  the infl uenc e  of tte bulky t-butyl group s  

th�t are a ttached t o  the c oordinated sulphur at om . 

i )  On examinati on of  tte cry stal struc ture o f  

[cu ( tbmp ) �r2] 2 ( Chap t er 1 ,  S ecti on I ) , t�e t-butyl fr oup s  

app ear to be  responsibl e for cl ocking t h e  approach o f  a 

sixth l igand t o  t�e re�aininE c o ordinati on si t e  on each C u ( I I ) . 

The c ompl ex therefore , exi s t s  ao  di screte dimer s . 

Cry s tall ographi c studi es  on c ompl exes such as Cu ( aep ) Cl d72 

( aep = 2- ( 2-aminoethyl ) pyri dine ) , Cu( amp ) Br2
25 ( amp = 

2- ( aminomethyl ) p� �i dine ) and Cu ( en ) Cl 2
87 ( en = e thyl ene-

diamine ) ,  where the l igand s '  amino  gr oup s  are unsub sti tut ed 

show t hat Cu( I I ) prefer s  t o  ad op t  a t etragonal p olymeri c 

g e ometry . In ord er t o  d o  thi s ,  infinite  chains o f  planar 

CclJ2X2 uni t s , bri dged by halid e  i ons , are formed . Livingst one  

e t  al , in  their work on 2- ( methyl  thi omethyl ) pyri dine ( mmp ) ,1 5 

c onclud ed that Cu (mmp ) Cl 2 and Cu (mmp ) Br2 al so  have t etragonal 

p olymeri c s tructures . 

i i ) The el e c troni c and far-infrared spe c tr o s c opi c 

studLes provi d e  good evid ence for the preferenc e o f  ci s-

o ctahedral structure s  in the 1� ( tbmp ) 2x2 c ompl exes  (M=Cu ( I I ) ,  

C o ( I I ) , Ni ( II ) . 1� o l e cular m odel studi es  provid e  supp ort for 

the se c onclusi ons  and show that two i s omers are e qual ly 

3 3 6  
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p ossibl e :  

a )  two sulphurs ci s ,  two X ci s ,  two ni trogens trans ; 

b )  two sulphur s  ci s ,  two x- ci s ,  two ni trogen s ci s .  

A struc ture  in whi cb the two sulphurs are ci s and the two 

ni trogens are ci s ,  but the two ani ons are trans , i s  rul ed out 

by the m ol ecular m od el s . A trans tetragonal struc ture  

( 2S tran s ,  2N tran s ,  2X- tran s ) , a s  ad op t ed by c ompl exes  

such as Cu (mtea ) 2 ( Cl 04 ) /3 (mtea = 2-methyl t:b..i oethylamine ) , 

(cu ( en ) 2x . H2 o] x 89 ' 9 1 ' 97 ( X = Cl- , Br- ) and Cu ( a ep ) 2 ( Cl 04 ) 2 
40 , d oe s  not app ear t o  b e  p os sibl e for the � ( tbmp ) 2x2 
c ompl exe s  ei ther . There would be exc e s sive st eri c int era c ti ons 

b e tween the t-butyl group s o f  one li gand and carb on 6 on the 

pyridyl rinr of  the s e c ond ligand , i f  tbi s struc ture was 

ad opt ed . The Id i i ) c ompl exe s  tterefore a s sume a ci s-octa:Ledral 

c onfi gurati on in preference  t o  und erfoing tetrahed ral 

di st orti ons . The s e  w ould effectively reduc e st eri c int era c ti ons , 

t o o .  

In c ontrast  t o  tbmp , livingst one e t  al 15 rep ort that  

mmp , on the  basi s of  m od el studi e s ,  i s  abl e t o  c o ordinat e 

in  a trans square planar c onfi gurati on . 

2 ) C OKPIEX:ZS OF tbma 

Thi s ligand can be  c on sidered to be di sub s ti tuted  tbmp 

in  tl at two R gr oup s  ( the s e c ond aromati c ring ) have been 

added t o  carb ons 5 and 6 .  The effe c t  of tr.J. s " sub sti tut i on "  i s  

quite  dramati c .  F or Cu ( I I ) ,  only the di s torted t etrahedral 

Cu ( tbmq ) X2 (X = C l- , Br- ) speci es c ould be  i s olated in 

pure form . Al thougr. there ·was s ome  indi cati on that a 

Cu ( tbmq ) 2 ( Cl04 ) 2 c ompl ex can be  formed ( Chapt er 6 ,  S ecti on I ) , 
there was no  evid en c e  for the formati on of 2 : 1  sp eci es  wi th 

c hl ori d e  and bromi d e  ani on s . In c ontras t  to the 



[cu ( thmp ) Br 2] 2 c omp l ex e s , C u ( tbmq ) C l 2 and Cu ( tb� q ) �r2 

a r e  pr obably m on om eri c in tte s ol i d  s ta t e . Th�s tbm q can 

b e  c ompared v. i th 2 -m eth:y l -8-m e t hy l  thi o- quinolin e ( mm t q ) 

� hi ch al s o  forms d i s t orted  t e trahedral c ompl ex e s  1 4 

o f  tr� s  typ e .  On the other hand , the magneti c � om en t s  

3 3 8  

( j'- = 1 • 7 9 - 1  . 9 3) for the  1 : 1 c omp l ex e s  of  E -m e thy l thi oquin olin e13 

app ear t o  b e  n ormal for s q ua r e  p l anar Cu ( I I ) . I f  t t e  

c ompl e x e s  o f  mm t q  tri ed  to  ac op t  a planar structur e , t�e  

2 -met h:y l  gr oup woul d intera c t  wi th th'3  rther l i gand s in  the  

e qua t or i a l  p l ane . 1 2  Slffil l ar s t eri c effect s c a n  e xp lain t h e  

d i s t or ti on s i n  c u ( tbm q ) Cl 2 and c u ( tbrr. q ) Pr2 . H owev e r , the 

c a l cul a t i on o f  g ll / I A111 rati o s  for t h e  l a t t e r c o�p l e x e s  

( s ee Char t er 6 ,  S e c ti on I ) , i n d i c a t ed ttat t t e  d i st ort i on s  

are  n o t  s ev er e  an d t� ei r s t ru c ture s can b e  b e s t  d e s c ribed  

a s  h ein� fl a t t en ed t e t rah edral . 

3 )  C C!,TlEX:2S OF 1 
K ol e c ular m od el s sug g e s t  that the three p o t en ti a l  

bindine; si t e s  ( imin e  K ,  thi o e ther S ,  k e t on e  0 )  o f  t .r� s l i ganc 

c an n o t  a s s um e  a p l anar c on fi gurati on ab out a c o o rdinatinf 

m e tal i on .  Ther e fore , t e t rahe d ral di s t orti on s must o c c ur and 

thi s i s  i ndi c a t e d  in  the sp e c t r o s c opi c d a ta . Br odi e  and 

O t su�a in t h e i r  study of s om e  r e l a t ed di suh sti tut ed  

h . 1 '  d 1 62  c amp orqUl n on e  l gan s ,  suge e s t ed ttat the wi d e  l i gand 

b i t e  wi l l  al s o  b e  an imp ortant fac t or in forcing a t e trahedral 

g e ometry on the metal  i on .  

I t  wa s i n ferred fr om t h e  i n frar ed data £or the  

C ul ( Cl C4 ) 2 . a c et on e . xH2 0 ( x  = C . 2 )  c ompl ex e s  ( Chap t er 6 ,  

S ecti on I )  that the  k e t on e  oxyfen o f  T i s  c o ord in a t ed t o  

( ) T 
- 1 . 

163 Cu II . h e  c ry stal structur e  ana y sl s  for a C u ( I I )  



c ompl ex of  the m on osub sti tuted imine f crrr.ed by 3-hydroxy -

m e thy l en ecamphor . and pheny lalanine ,  showed that thi s oxy fen 

can bind t o  Cu ( I I ) . I t  i s  rel evan t t o  n ot e  that in t r. e  lat t er 

c ompl ex ,  the " souare planar "  CuC 3N c.hrorr ophore l:a s undere-one  

slight tetrahedral di s t orti ons . 

4 )  C C�." PI EXES CF etea and mti 

In c ontrast to the Cu ( tbmp ) 2x2 c omp l exes , the ana l ogous 

c ompl exes  c f  etea , and Cu ( mti ) 4 cl 2 , ( Chapt er 5 ,  S e c ti on I )  

exhibi t trans c o ordinati on of  the ani ons .  The ob s ervati on ---
o f  tv: o  e5 ( S )  � C u (  I I )  charge transfer abs orpti ons in tt.e 

e l ectr oni c sp ectra of Cu ( e t ea ) 2 ( Cl C4 ) 2 and Cu ( etea ) 2 ( BF4 ) 2 
wa s interpret ed as indi cating tt.at tte c oordinated -SEt gr oup s 

are  ci s t o  eact. otter . H o� ever , i t  c ould n ot be  d eci d ed fror 

the re fl ec tanc e  sp ectra , w�ether or n ot tte chl ori d e  and 

b r omi d e  c ompl exes have sirni l2r structure s . For 2-methyl tti o

ethylamine ( mtea ) , the anal ogous p erchl orate c ompl ex has been 

shov.n 33 t o  have a tran s-t etragonal struc ture ( the -Sl.: e 

froup s  are trans )  and only one e5 ( S ) --+  Cu ( II ) ch ::' rge transfer 
47 ab s orp ti on i s  evid ent in i t s mull spectrum . 

The apparent rreference  of  Cu ( mti ) 4Br2 for ci s ani on 

c o ordinati on ,  suggest s that with four mti ligand s in the 

e quat orial plane , there ar e s teri c rea son s  a s  t o  why both 

bromi d e  i on s  can not bind in  the axial p osi ti ons . For the 

small er chl oride  i ons , however , axial c o ordinati on does  tak e 

p lac e . 

The studi es on the transi ti on metal c ompl exes that have 

b e en rep ort ed in Secti on I of trri s  thesi s ,  have shown that 

apparently simple sy s t ems , on . c l o s e  examinati on , can exhibi t 
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r emarkably vari ed st ruc tural and chemi cal b ehavi our . For  

s tudy ine t he _ Cu ( I I ) c ompl ex e s , the s ensi tivi ty of  e l e c tr on 

spin re s onanc e  sp e c t r o s c opy ha s b e en e sp e cially u s e ful in 

i n t erpre ting their b ehavi our in vari ous s olven t s . 

Of  parti cular irr.p ortance  t o  the int erpretati on of  the 

sp ectro s c op i c data for the c omp l ex e s  of tbmp , tbmq  and I ,  

ha s been t he c omp�ri son of the  c ompl ex e s  of et ea and mti . 

3 40 

In general , the c crr.rl exes ttat  t h e s e  lat t e r  li gand s forrr: , are 

s imi lar to  those  whi ct have b e en well  charact eri z ed for et�yl ene

d iamine an d imi daz ol e .  

The s e  studi e s  have thus shov.rr. tLat the  synthe si s o f  

s truc tura l l y  d i st orted ( qui t e  apar t fr om n ormal J a��-Tel l er 

d i s t orti on s ) C u ( i i ) c ompl exes  can b e  readily  a c hi eved by tte  use 

of simp l e ,  but sui tably d e s i gned  l i gand s . 



34 1 

THIOETHER INTERA C T I C� S  

W I TH 

Cu ( I) ANI; Cu ( I I) 

An und erstandin.g. of  tl:.i o etr.er sulphur/zero-val ent 

metal b onding , can be ext end ed t o  c onsi d er the p os sibl e 

charac t eri sti c s  o f  thi o ether sulphur int eracti ons wi th  

other metal s ,  such as  c opper in i t s  + 1 and + 2 oxi dati on stat � s .  

i )  Oun+� S(thi oether) TT -int eracti ons 

In the fears on classi fi cati on of a c i d s and bas e s , 
6 

C u ( I )  i s  c las sed a s  a " s oft '' aci d and C u ( I I ) as  e.n 

11 intermediat e 1 1 aci d . Al so , the stud i e s  'l.'i U. tLe z er o-val ent 

G r oup V I B  �etal s ( se e  acove ) have sh o�� ttat thi o e ther 

sulphur i3  capabl e of  parti cipatin[ i n  partial TI-b ondinc 

int erac ti ons  wi th  tte d-orbi tal s of  " s oft " metal at orr.s . 

Hence  i t  i s  anti cirat ed ttat Cun+� S ( thi oether ) TT -backb onding 

wi l l  be  m ore  a c c eptab l e  t o copper in i t s  + 1  oxi dati on stat e , 

that i t  wil l  b e  t o  c opp er in i t s  + 2 oxi dati on s tat e . 

An examinati on of  t h e  cry stal l o�raphi c data 

for C u ( I I )  and Cu ( I )  c onpl exes of  thi oetter l igand s  ( s e e  

Chapt er 1 and 3 ,  Secti on I )  e�abl e s  s ome  p ertinent 

c omp?.r i s  ons :  

a )  the mean e quatorial C u ( I I ) - S ( tti oether ) b ond-

l en�th ( Range , 2 . 3C 3 ( 1 ) - 2 . 4 8 8 ( 3 ) l )  for all of  the cry stal 
0 

s tructures  that have b e en rep orted  ( Tatl e 4b ) ,  i s  2 . 34 2 ( 2 )  A .  

Thi s c orresp onds  t o  the predi cted Cu ( I I ) -S singl e b ond of  

ea  2 . 34 A ( s e e  Chapter 1 ) .  

b )  The mean Cu ( I ) --S ( thi o ether ) bondl ength ( Range , 

2 . 27 6 ( 2 ) - 2 . 34 5 ( 1 )  A )  for all of  the c ry stal structure s  that 

have b e en rep orted ( Tabl e 1 6 , S e c t i on I )  i s  2 . 3 1 5 ( 3 ) A .  
The predic t ed Cu ( I ) --S single b ond i s  e a  2 . 39 A .  



I t  i s  arparent tter e fore , that t .r. e av ern.r:e Cu( II ) -s 

( thi oether ) bond r E;pre s e11 t s an e s sential ly sinp:l e b nnd . . In . 

the cas e s  where the Cu ( I I )-S bond s are shorter , for exampl e  
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( the mean Cu ( I I )-S i s  2 . 3C 3 ( 1 ) A )  
there may b e  some Cu ( I I )--t S TT-d onati on . E owever , in general , 

there app ears t o  b e  li ttl e  evi d �nce t o  suggest  that Cu ( I I )--+ S 

TI-d onati on i s  a n ormal feature of Cu ( I I ) -tl:i oe ther c ompl exe s . 

In contrast , the Cu ( I ) -- S  b ond s in Cu ( I ) -thi oether c omplexes  

are c onsi st ently shorter than the predi c t ed singl e bond val ue ; 
0 

tl:e averase di fferenc e  beinf § O . C7 A .  

In ac c ordanc e witl: tr. e  predi c t ed b ehavi cur ( s e c  ab ov e ) ,  

the cry stall ographi c data ( in agreement wi th the c onclusi on s 

of  Eak er anrJ 10 1·: orri s provi d e s  strong evi d en c e  for the 

exi stenc e  o f  Cu ( I )� s ( thi oether ) TT -b ondin� . S eff and hi s 

e o-work ers  have al s o  provi d ed cry stall ographi c evidence  for 

Cu ( I )� s  TI -int eracti on s ,  fr om their s tudi es on the c ompl exe s 

o f  di sulpr.i d e  ligand s . 1 10 

ii ) 

a )  

Bondl ength Di fferenc e s  Between Cxi dati on S tat e s  

Cun+_ S E ond s 

In [cu ( tbmp ) Br2] 2 , where b oth ligand s are 

chelated ( s ee Chapt er 1 ,  S e c ti on I ) , the Cu ( I I )--S bond s 

( 2 . 35 3 ( 5 )  and 2 . 35 1 ( 6 ) A )  are identi cal t o  the Cu ( I )--S b ond 
0 

( 2 . 358 ( 4 )  A )  of the chelated  ligand in Cu ( tbmp ) 2Br ( Chapt er 

3 ,  Secti on I ) . The s e  result s are in general agreement �i th 

d N . 1 0 the c omparative cry stall ographi c studi e s  o f  Baker an orr1 s ,  
7 9 Rorabacher e t  al ' 

- -
and Brubaker e t  al . 1 1  

In  each of  the s e  s tudi e s  i t  was found that on changing the 

Cu oxidati on state , there i s  little  change  in the 

cun+ ___ s ( thi oether ) b ondl engths , d e spi te  the sliEttly greater 



c oval ent racius of  Cu ( I )  ( 1  . 35 A )  c ompared to  Cu ( I I )  

( 1  . 30 A ) . Eak er and N orri s surrested ttat the similari ti e s  

can b e  attribut ed t o  a greater n -c omp on ent in the Cu ( I ) --S 

( thi o ether ) b onding . The r e sul t s  for 

Cu ( tbmp ) 2Br are in agreement wi th tr� s  c onclusi on . 

However , on c omparing "mod el " c oi11pl ex e s  where a 

sp eci fi c  li gand has c.tanged i t s  struc tural rol e ( for exampl e  

chelated v s  m onodentat e ) , large di fferenc es  i n  the Cunt-s 

bondl en�ths rr.ay be ob served . Thi s point i s  illustrat ed i n  

tte structures  of  Cu ( tbmp ) 2Br and [cu( tbmpH ) Br2] 2 
( Chapter 3 ,  S ec ti on I ) . � here tbrr.p i s  monod entat e in the s e  

c omp l ex e s , the Cu ( I ) -S b ond s are signi fi cantly shorter 

( 2 . 3C 4 ( 3 ) and 2 . 27 6 ( 2 ) A re sp . ) ttan the Cunt-s b ond s for the 

chelated tbrr.p li gand s of  Cu ( tbrr.p ) 2Br ( n  = 1 ,  Cu ( I ) -S = 2 . 3 5 2 ( 4 )  

A )  and [cu ( tbmp ) Br2] 2 ( n  = 2 , Cu ( I I ) -S = 2 . 35 3 ( 5 ) , 2 . 35 1  ( 6 ) A ) . 
Henc e care should be  taken in making suc:h c orrpari s on s . 

h )  n+ Cu - N B ond s 

Although the Cu ( I ) -K ( pyri dy l ) bond ( 2 . 1 1  ( 1 ) A )  
in Cu( tbmp ) 2Br appear s to  be  slightly l onger than the 

Cu ( II ) -N ( pyri dyl ) b ond s ( m ean , 2 . 0 6 ( 2 ) A )  of [cu ( tbmp ) Er2] 2 , 

the di fferenc e ( C . 05 ( 2 ) A )  i s  not stati sti cally signi fi cant . 

N either i s  there  any si gni fi cant di fferenc e betwe en t he mean s  

of  the Cu( I ) -N ( pyri dyl ) b onds  ( mean , 2 . C 3 (  1 )  A )  and the 

Cu ( I I ) -N ( pyridyl ) b ond s ( m ean , 2 . 02 1 ( 8 ) 1 )  for the c omp l ex e s  

i n  Table s  1 6  and 4 c  ( s e e  S ecti on I ) . The predi c t ed Cu ( I ) -N 

and Cu ( I I ) -N singl e b ond s are ea 2 . C 9 A and ea 2 . 04 A 
( Chap ters 3 and 1 , S e c ti on I )  respectively . 

343 

In general , there i s  n o  indi c�ti on that Cu ( II )-+ N ( pyridyl ) 

TI -d onati on i s  s igni fi cant . In c ontrast howev er ,  the 



c ry stall ographi c data surr e st s  tr;.at s om e  C u ( I ) - 1H ryri d y l ) 

TT -d onati on may oc cur in the C u ( I )  c ompl exes  of  sub s t i tuted  

pyridine  l i gand s . Supp ort for thi s p a s sibili ty i s  provid ed 

by the studi e s  ( se e  earli er d i s cu s si on ) on tLe G r our VIP 

m e tal carb ony l c omp l ex e s  of sub s ti tut ed  ryridine li eand s .  
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Thus Cu ( I ) -t N ( py ri dy l )  TI -d onati on ( from tte C u ( I )  d- orbi tal s 

i n t o  the emp ty n*- crbi tal s of the l i gand ) wculd g en erally 

a c c ount i'or tte sir::i lari ti e s in tLe C u ( l ) - K and Cu ( I I ) - I7 

b ondl ength data . 



FlEX IBil i �Y O F  Cun+- S ( thi oether l 
IfT T ER A C T  I C}� S 

I t  i s  a�parent fro� the  foreeoing di scu s si on ,  that 

tLi oether sulphur interacti ons  Vlith Cu ( I I ) and C u ( I )  are 

remarkably fl exibl e :  

i )  l ow � . t .  c omplexes of thi oether l igand s exhibi t 

wi d el y  varyinr_ s tructural and cLerr.i cal behavi ot;.r , 

i i ) ge ometry and oxi dati on change s  are e a s i l y  

ac c omm odated , 

i i i ) cry stall ographi c studi es  hav e shoV�n tta� 

Cu ( I I  ) - S  ( tl:.i o e ther ) b ondl engtLs vary o v e r  a gr eat e r  range 

( 2 . 3C 3 ( 1 ) - 2 . 6C7 ( 2 ) 1 ;  see  Table 4t , S ec ti �n I )  tha� 

C u ( I I ) -r ( pyri dy l ) b ond l engtts ( ea 1 . S' e C ( 6 ) - 2 . 1 6 ( 1 ) l ;  
T abl e  4 c ) .  

Because a �i d e  vari ety of active si t e  geornetri es  and 

varying d egrees of "site-structure ri t;i di ty "  2 76 
wi l l  be 

enc ountered in di fferent bi ol ogi cal sy s tem s  such a s  the 

c opp er pr o t ein s ,  tr.i s fl exibi l i ty ( or plasti ci ty ) impli e s  

that methi onine  thi o e ther sulphur i s  an i d eal inner 

c o ordinati on sphere li gand . 

S TIT C TURAl CEA[GES 

IK 

C CPPER PROTEINS 

i )  G eneral Di scussi on 

I t  i s  apparent from the ab ove evi d en c e that  the 

bi ol ogi cally rel evant d on or group s ,  t .hi oether sulphur ( as 

i n  methi onine ) and pyridyl ni trogen ( as in  hi s ti dine ) ,  are 

capabl e of parti cipating in Tl -bonding v.;i th a " s oft "  metal 

such  as  Cu ( I ) . Thi s capabi l i ty can explain the general 

obs ervati on ( for "mod el " c omplexe s ) that there i s  l i ttle  
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or no change  in Cun+_ S ( thi oether ) and Cun+_ N ( pyri dyl ) 

b ondl enfths . on changinf the Cun+ oxi dati on stat e . These  

structural features  are tterefore of  di rec t rel evanc e  t o  

the red ox r ol e  of  the Cun+ i on i n  the c orp er protein s . 

In the s e  protein s , el ec tr on tran sfer would be  facili tat ed 

i f  structural changes  ( b oth b on ding and geo�etri c )  are 
. . . d 10  mlnlrnl s e  . 

A di storted tetrahedral Cu ( I I ) ge ometry i s  n ot 

energeti cally favoured  as  li gand-fi eld stabili ty i s  

maximi se d  for square  planar , four-c oordinate  Cu ( I I )  •2 76 

Thus in the  proteins where Cu ( I I )  has a di s tor t ed tetrahedral 
2 76 ( ) eeometry , si t e-struc ture ri gidi ty im� osed on Cu ( I I  by 

the p r ot ein ) must overc ome  the t end ency for Cu ( I I )  t o  

a d op t  a s o uare planar stru c ture  and therefore all o� oxidati on 

stat e change s t o  proceed wittc�t  severe geometry ctange s . 

E3rl i er ,  ( Chapt er 1 ,  S ecti on I )  i t  wa s argued that 
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tetrahedral d i s t orti ons in  the g e om etry of a Cu ( I I )  c ompl ex 

( c ontaining c o ordinat ed thi oeth er sulphur and pyridyl ni tr0gen )  

d o  not  appear t o  affect the C u ( I I )-- S and Cu ( II ) -- N b ending 

ei ther . Thi s i s  d e spi t e  the expe c tati on 2n ttat changes in  

the  Cu( II )-1 b ondl engths may ari s e  from g e ometri c di st orti ons , 

a s  ob s erv ed in  the flat t en ed t etrahedral and squ�re  planar 

forms of CuC14 
2- . 2 77 

i i ) C on clusi ons 

The crys tall ographi c data for "model " Cun+ ( n  = 1 , 2 ) 

c ompl exe s  c ontaining thi o ether sulphur and pyridyl ni trogen 

a s  l igand s ,  suggests  that in  proteins such a s  plastocyanin 5 

( d . bl  . 2 7 8  an p o s sl y azurln ) where m ethi onine and hi stidine 

form part of tte d i s t orted  tetrahedral , inner c oordinati on 

spher e , oxi dati on stat e change s  will  b e  ac c ompani ed by l i t t l e  



or no change in the Cun+ __ l ( n  = 1 , 2 ) bondl engths . Tru s i s  

n ot likely t o  b e  al t ered by the presence  o f  c o ordinated 

cysteine  thi olate  sulphur ( as in plast ocyanin ) a s  it  t o o ,  

i s  capabl e o f  parti cipating in TI -bondinf wi th Cu ( I ) . 

On the other hand , oxi dati on s tate  changes  for a 

protein such as  Cu-Zn sup eroxid e  di smutase  ( i f  ind e ed they 

do occur )  may be a c c ompani ed by rearrangement s in tt e 

geometry of tte active si t e . 7 In the oxi di s ed prot ein , 

C u ( I I ) has a di s t orted s ouare planar K
4 

environment . 8 

That thi s i s  ar. unfav ourabl e geometry for Cu( I )  i s  evi d enc ed 

by the structural di fferen c e s  that are almost invariably 

obs erved in cry stall ographi c studi e s  of l ov. 1' . \',' . c omplexe s . 

H owever in most  "model " c ompl exe s , C u ( II )  and C u ( I )  are n o t  

sub i ect  t o  the same  c onstraints that mav b e  imn osed � � -

by the si te-structure ri gi di ty of a protein . 

THE CRIG il\ OF TEE 6GC nm . ABSORPTI ON 
IN "l'l ODEl " C OJ.'iPLEXES 

AND THE " Bl.UE " PROTEINS 

Before the cry stal structure of p oplar-l eaf 

plast ocyanin b ecame  known , several s tudi e s  had impli cated 

Cu ( II ) / cy st eine  thi ol and/ or Cu ( I I ) /me thi onine thi oether 

interacti ons as being r e sp onsibl e for the int ense  

( € .......,. 4 C OO l .m ol . - 1 cm- 1 ) opti cal abs orpti on that i s  
4 ob served near 6 C O  nm in the "blue " c opper proteins .  

i )  Cu( I I)-thi ol Int eracti ons 

Although the c ompl ex react i ons between 

mercaptid e s  and Cu ( II ) have been studi ed int en sively ,2 7 9  

few sy stems exhibi t the stability that would enable  Cu ( I I ) 

c ompl exes  of c o ordinated thi olate  sulphur to  b e  i s olat ed . 
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Three exampl e s  whi ch have been suc c e s s ful ly characteri zed  

c rystall ographi cally ar e the c ompl ex Cu ( I ) / Cu( I I ) clu.s ter s  

f ormed by D-p eni cillamine ( HS C ( CH3 ) 2CHNH2COOH ) 280 • 28 1 

and p , p-dimethyl cy s t eamine ( HSC ( CH) 2 CH2NH2 ) ,  282 and a 

trigonal bipyramidal Cul�4 S c ompl ex formed by tr1e  addi ti on 

o f  o-mercap tobenzoi c  acid t o  a Cu( I I )  c ompl ex of the 

macrocy cl e ,  [ rac-5 , 7 , 7 , 1 2 , 1 4 , 1 4-hexamethyl- 1 , 4 , 8 , 1 1 -
] 283 t e traazocy cl otetradecane  • 

The Cu( I ) /Cu ( I I )  clust ers both hav e intense 

ab s orpti on s  at about 5 1 8 nm . ( e  =4 2 5C  and 34GC re sp . ) and 

these  have b e en assi gned a s  � ( s- )� Cu ( I I )  c harge tran sfer 

t . t . 282 ran sl l on s . A n o orly resolved ac s orpti on at ea 59C  nm 

f or the CuY4 s c orr.pl ex was a s s igned as a d-d transi ti on .  

The reacti on of thi olates  wi tt Cu ( I I )  c ompl exes wi l l  

o ft en result in intensely blue , but u sually uns tabl e 
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( e . g . , the reacti on of t-butyl thi olat e  wi th Cu ( tbmp ) 2 ( C l C4 ) 2 ;

Chapte r  2 , S ecti on I )  Cu ( I I ) / tr� olat e  sp eci e s  bein& formed . 
80 , 1 35 , 2 84 

In  most cases , an int ense abs orp ti on ,  that can be assi gned 

as a 6 ( S- )� Cu ( I I ) charge t ransfer transiti on , 80 

i s  observ ed �t about 6CO  nm . The reacti ons of Cu( I I ) with  

l igand s  such as irr.i d ot etraphenyldi thi odiphosphina t e ,  166  

N- ( 2-thi ophenyl ) pyridine-2-aldimine 2 85 and 3-ethoxybutan-

1 , 2-onebi s (  thi osemi carbaz one ) 286 al s o  result in these  

int ense abs orpti on s  beinf obs erved . 

i i ) Cu( I I)-thi oe ther Interacti on s  

Despi t e  the rapid growth in the number cf  

spe c trosc opi cally and cry s tall ographi cally characteri zed 

Cu ( I I )  c ompl exes of  c o ordinat ed thi oetLer sulphur , very few 



exhibi t the el ectroni c abs orpti on that i s characteri sti c 

of  "blue " . c opp er . In those  that d o ,  36 ' 69 ' 8 1 the 

abs orrti ons are not a s  int ense  as those ob s erv ed for the 

Cu ( I I ) / thi olate  c ompl exes tha t  were di scus sed above . The 

work of S chugar and hi s e o-work ers 47 enabl es  these  

abs orpti ons t o  be assigned as  TT ( S ) � Cu (  I I )  charge transfer 

trans i t i ons . 

i i i ) G eneral Di scussi on 

G d . 276 287 Early work by ray an hl s c ol l eagues ' 

result ed in the ea 60C nm abs orpti on ,  of p lastocyanin and 
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other "blue" c opp er proteins , being assi e;ned t o  c:r ( S- )� Cu( I I ) 

charge transfer ( ari sing from cy steine/Cu ( II ) binding ) . 

C on si d erable  supp ort for their a s si gnment  ha s c om e  from the 

charact eri zati on of "model " Cu( I I ) /thi olat e c oLJpl exes 

( s ee ab ove ) and recent  Raman spectros c o}:'i c investi gati ons . 2 88 

However , as a r e sul t of thi s Raman work , Ferri s et  al 

c onclud ed that TT ( S )� Cu ( II ) charge transfer may al so  make 

a min or c ontributi on t o  the intensi ty of the 6 C C. run 

abs orpti on in the "blue" proteins  wLere methi onin e  al s o  

app ears t o  be  c oordinat ed . 

A s  the intense TT ( S )� Cu ( I I ) abs orpti ons that can be  

produc ed by thi oether c o ordinati on are observed only rarely , 

the c onditi on s  enabling these transi ti on s  t o  tak e plac e ,  

are therefore , not readily  attainabl e i n  most  small  mol ecul e 

sys t ern s . 69 Brai thwait e ,  Ri ckard and \';aters have c oncluded  

that  t he degree of  c opper- sulphur orbi tal overlap is  an 

imp ortant fac t or in enabling these  transiti on s  t o  be ob served 

H owever , a s  n oted in the early work of  R orabacher et al , 
81 • 289 the geometry of the Cu (  I I )  chr ornophore i s  not  



i mp ortant . Henc e ,  of  the vari ous struc turally divergen t 

c ompl exe s  that have b e en inve stiga t ed in thi s thesi s ,  onl y 

one [ Cu(  tbm q ) Cl 2 ; s ee  Chap t er 6 ,  S ecti on I ] showed an 

ab s orpti on ( refl ec tan c e  sp ec trum only ) ttat can b e  

a s sign ed a s  a TI ( S ) � Cu( I I )  charge tran sfer tran si t i on . 
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APPENDI X  I 

i )  l iGAND SYNTHESES 

3.4-bi s(meth�lthi o)t oluene and 3,4-bi s( ethyl thi o)
t oluene 

Although 3 , 4-bi s ( rr.e thyl thi o ) t oluene has previ ously 

been prepared and used in reacti ons wi th metal sal t s  , 2 61 

i t s  preparati on was not rep orted . 

G en eral Procedur e : For bott li gand s ,  1 C  cm3 ( O . C8 6 m ol e )  

of t ol uene-3 , 4-di thi ol v. ere di s s olved in ab out 1 C C cm3 of  

Ab s . EtOH . To thi s ,  a sli ght exc e s s  of Na  ( 4 . C  g . ) was 

slowly added whi l e  the soluti on was bein[ stirred and the 

resrec tive alkyl i odi d e s  ( 1 1  cm 3 of Yei , 1 4  crr.3 of  Eti ) 

were  then sl owly add ed . A fter the s oluti ons  had been 

reflux ed for ab out an hour , ttey were l e ft t o  stand 

overni ght . 

i )  3,4-bi s(meth�lthi o) t oluene ( bmtt ) 

On shaking the s oluti on that had been l eft t o  

stand , whit e  cry s tal s precipi tat ed . The se were fil t ered ,  

washed wi th di s ti l l ed wat er and a further quanti ty of  

di stil l ed wat er was add ed t o  the fil trat e  t o  precipi tat e 

a sec ond crop . The tv:o c r op s  of cry stal s were dri ed under 

vacuum fil trati on ( wi th N2 passing over them ) . They were 

then c ombined and recry stalli zed from Abs . Et OH .  A further 

crop was i s olat ed  aft er the fil trat e  was c oncentrated 

in vacuo and c ool ed  at 0°C . 
YIElD : 1 3 . 8 8 3  g .  ( 87%)  

i i ) 3,4-bi s(ethyl thi o) toluene ( bett ) 

Dei oni sed wat er ( 2 C C  cm3 ) was added t o  the 

s olut i on that had been l e ft to stand overni ght . An oil 

whi ch precipi tat ed after thi s s oluti on had been c o oled , was 
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extra c t ed in t o  e ther . A ft er the cl oudy , aqueous- ethane}  

fra c ti on had been
_
c onc entrated in  vacuo , further e ther 

extracti on s  wer e carri ed out until th e aque ous pha s e  wa s 

c l ear . The e ther extra c t s  were tben c ombined , c onc entrated  

and dri ed wi t h  anhydrous Na2 c o3 b efore the  ether wa s 

r em oved in vacuo . The oi l wa s di s till ed t o  give tbe 

c ol ourl e s s  l i gand . 

YIEl D : 8 . 09C  g .  ( 44 % )  

Other ligand s 

The synth e s e s  of ethy l thi op entafluorob en z en e  an d 

2- ( 3 , 3-dimethyl-2-thiabutyl ) pyri dine are d e scribed  in 

App endi x I ,  S ecti on I ,  t of ether wi th the prer arati on s  

of  2-e thyl tr.i oethylamine and 2-m e th:yl  thi o-2-imidaz oline . 

E en zimi dazol e ,  2-methylmer cap t oben zimi daz ol e  and 

2-m ethyl thi oani line � er e  used  a s  suppli ed . 

i i ) D I S T illA T I Cl� OF l i GAND S  

The mi crodi s ti llati on s  w er e  carri ed out as  d e scribed 

in  the App endi c e s  t c  S e c t i on I .  

TABlE 23 

liGAND PROPERTIES AND ANAl Y T I CAl RESUl T S  

l iGAND APPEARANCE M . P/B . P/Other ANAlYSES : Calc . (Found )/% 

bmt t  whi t e  
s oli d 

b e t t  c ol ourl e s s  
oi l 

N OTES : � cal culat ed 

38 °C 

1 2 ( - 1  2 2 ° 

[ea 20 mm . Hg] 
for [c9H1 2 s 2] • 

� c 5 7 . 40 ,  H 6 . 4 1 , s 3 3 . 1  2 

( 57 . 48 ) ( 6 . 4 1 ) ( 3 3 . 1 2 ) 

C 62 . 2C ,  H 7 . 5 8 ,  S 30 . 2C 

( 62 . 52 )  ( 7 . 5 6 )  ( 30 . 28 )  

O .  2 5  ( H2 0 )  

- mas s  sp ec tra indi c a t ed  that bmt t  l o s e s  a m ethyl 

group and then the two sulphur s .  Thi s impli e s  tl�a t 

a m ethy l  gr oup i s  being tran s ferred ; i . e .  l igand 

t . . 2 54 r earrangem en � s  occurr�n€ . 

in 1 , 2-bi s ( m ethyl thi o ) b en z en e .255 

Thi s d o e s  n o t  oc cur 
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i i i ) r..::STHYLATI ON OF bmtt 

In the presen c e  of a large exc e s s  of  methy l  i odi d e ,  

an a c et on e  s oluti on o f  bmt t  ( 0 . 944 g . ) wa s l e ft t o  stand 

for  four week s  at 4 °C ,  und er ni trog en . An alm o s t  

p la s ti c  r e si due ( C . 1 2 2  g . ) was i s olat ed  from the soluti on .  

The 1 H nmr sp ec trum ( CDC1 3 s oluti on ) sugg e s t s  that there i s  a 

mix ture  of the tw o speci es  shown bel ow .  

1 H nmr SPECTRm: ; !·.�ETIElATI O�� OF bmt t  
+ 

C C1:PLEX -SN. e -S(CH32_2 Ar-CH3 Ar-E 

bmt t  2 . 4 C , 2 . 4 2 2 . 22 7 . 0 

bmtt/� e i  2 . 6 6 ,  2 . 6S 
p r oduct s 

3 .  6C , 3 .  8 5 2 . 5 3 ,  2 . 6C 7 . 7 5 

N OTE : chemi cal shi ft s  are  ppm d ov-mfi eld fr om 'J]v' S  

chemi cal shi ft s  for aryl prot ons (Ar-H ) are the 

c entres of the ob s erved  wul tipl e t s . 

& 

3 5 3  



AFPENDIX I I  

i )  · G ENERAl SYNTHES IS OF CARBCNYI CDiv:PlEXES 

The G r oup VIB m etal carb onyl c ompl exes  that are 

d escribed  in thi s thesi s were synthesi zed  usinf the  

S trohmei er photochemi cal t echni que 256 Al th ough other 

m ore direc t , meth od s can be used , the S t r ohmei e r  m e thod 

ha s the foll owinr advantag e s : 

- therrr.ally un s tab l e  c ompl exes  can b e  form ed , 

- the p r oduc t s  are often more pure  and are formed  

in b et t er yi el d s ,  

l e s s  time i s  n e ed e d  ( c ompared �i th therrral 

sub s ti tuti on rea c ti ons ) for the  prepar�ti on of  

c ompl ex e s . 

For all  of the synthes e s  that were d e s c ri b ed in 

Secti on I I , a mixture of the parent hexacarbonyl 

(K ( C o ) 6 , K = Cr , � o ,  W )  and t et rahydrofuran ( THF ) i s  

i rradi ated for ab out on e hour in an atm o sphere o f  oxygen-

fre e ,  dry dini trogen . The THF i s  d e oxygenat ed  �ith 

dini tr ogen b e fore i rradiating . The irradiati on r e sul t s  in 

the formati on of  K ( C O ) � THF , in two step s :  
./ * 

1 )  M ( C 0 ) 6 1 :�uR [M ( C 0 ) 6] --4 [K ( C 0 ) 5] + CO 

" exci t ed " 

int e rmediat e 

The irradiati on i s  s t opped  at thi s p oint and the  li gand 

i s  add ed t o  the  s oluti on .  Thi s re sul t s  in an exchange 

rea c ti on ( 3 ) ;  

3 )  N ( C 0 ) 5THF + Ligand ---J) M ( C 0 ) 5li gand + THF 

and the  individual c ompl ex e s  are i s olat ed  as d e s cribed 

in the  rel evant Chap t er s . 
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N OTE : - in all cas e s  where s olvent s were rem ov ed in vacuo , 

a rotary evap orat or was used . Wher e  c ompl exes  or r e sidu e s  

w ere dri ed  in Y§£UO an evac uated ( ea 2-5 rr.m . Hg ) d ryin[ 

line was used . The sublimati on of exc e s s  L ( C 0 ) 6 wa s 

a l s o  carri ed  out on t�i s  line . 

ii ) CHARACTERI ZAT I ON OF D� S TABIE c 6r5 sEt C Oiv:PLEXES 

The exi s t en c e  of the un s tabl e :rv: ( c o ) 5 c 6F 5 SEt c ompl exes  

(:r( = C r , V.' ) was inferred from IR  studi e s  on the  produc t s  

o f  the preparati on s that are  d e scribed  i n  Chap t er 2 .  

IR sp e c t ra ( 2 1 0C- 1 8 5 C  cm- 1 ) wer e rec ord e d  for fre shly  

extra c t ed ( and fi l t ered ) cy cl ohexane s ol uti ons . The 

c arb ony l stret chinE frequenci es  are rep orted  in Tab l e  3 .  

A 1 H nrnr sp ectrum ( s e e  bel ow )  w.b..i c.L wa s rec ord ed for a 

fr eshly extract ed  CDC1 3 s oluti or.. ( fi l t er ed und e r  1� 2 ) 

o f  the Cr ( C 0 ) 5 THF/ C 6F5 SEt r eac ti on pr oduc t s , surp ort s  

the IP evi d ence  f or t he exi st enc e o f  an un s tabl e 

C r ( C 0 ) 5 c 6F 5 SEt c omp l ex .  

1 H nmr SPZC T RA (in CDC 1 3l 

C O}.':PlEX -SCH2 cH 3 -S CH2 cH3_ 

c 6F5 SEt 2 . 9 6 q ( 7 )  1 . 29 t ( 7 )  

NOTES : 

§ 3 . 1  m ea 1 . 3 m 

m = mul tipl et ; t = tri p l e t ; q = quar t e t , 

chemi cal shi ft s are ppm d ovmfi eld  from TJ,� s , 

c oupline c onstant s ar e in par enthe s e s  ( Hz ) , 

i ii )  REA C T IV I�Y STUDIES; EXPEETh:ENTAJ DETA I L S  

Where it wa s p os sibl e ,  either cy c l ohexane or 

n-hexane were u s e d  as s ol v ent s for the foll owinf rea s on s : 

0 0 only m od erate  re flux temp era t ures  ( 7 5  and 69 C 

r e sp e c tively ) are r equire d , 
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the c� J b ony l c ompl ex e s  are � ore stabl e in 

the s e  s olvent s ,  

- sup eri or IR sp e c tral r e s oluti on i s  achi eved . 

All  rea c ti ons were  carri ed out und er an 

a tmosphere of oxyg en-fr e e , d ry dini tror en and IR sp ec tra 

were rec ord ed only for  the  �( C C )  regi on . 

a )  R e flux [v:(co) 5] 2b e t t  in n-h exane 

Ab out 5 C  mg . of  the c ornrl ex � ere  di s s olved  

i n  e c  cm 3 of n-hexan e . 

b )  Re fl ux [·.': ( c o) 5] 2bett  wi t:r. exc e s s  Triphen:yl -ch o s

phine 

A 6 : 1 rati o of fh 3P ( C . 079  g . ) to th e carb ony l 

c ompl ex ( t . C 4 3  g . ) w� s used . The s olvent was cy cl ohexane . 

c )  Reflux [v; ( c o) 5] 2t· ett  wi th exc e s s  Tri r henylphos

phi t e  

[\'i ( C C ) 5] 2t e tt ( C . 1  mmol e , C . 08 6 g . ) wa s re flux ed 

for 2 hour s ( in cy cl  ohexan e )  wi tr. 1 mrr. ol e of  P ( OPh )  3 

( 0 . 3 1 C  g . ) .  Samp l e s  were rem oved for IR analysi s after 

refluxine for 5 ,  2C , 3C , 6 C  and 1 2 C minut es  r e sp e c tively . 

d )  R eflux [w(c o) 5] 2 e t ea wi tt exc e s s  Triphenylpho s

phi t e  

The carb onyl c ompl ex ( C . 065  mm ol e ,  0 . 0 5r g . )  
wa s refluxed ( in cy c l ohexan e ) with  a t en-fold exc e s s  of 

P ( 0Ph ) 3 ( C . 2C2  g . ) .  Samp l e s  were rem oved  for IR analy si s 

aft er 0 . 5 ,  1 ,  2 and 5 h ours r e sp ectively . 

e )  Reflux W(C 0)4 e t ea wi th  exc e s s  Triphenylpho sphi t e  

(w ( c o ) 5] 2 e t ea ( 0 . 065  rnm ol e ,  0 . 050 g . ) was 

r e fluxed  in cy cl ohexane t o  c onvert i t  t o  Vi ( C o ) 4 e t ea . A 

t en-fold exc e s s  of P (  0Ph ) 3 ( C . 2C 2  g . ) was then added  and 

the refl uxing wa s c on tinued . Samp l e s  were r emoved for IR 
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analy si s aft er 5 ,  3C ,  4 C  and 60 mi nut e s . 

In benzen e ,  W ( Co ) 4 etea ( C . 2C  mr.1 ol e )  was r e fl uxed  

with  2 mm ol e of  P ( OPh ) 3 over a peri od of  e hour s . 
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APPEJ\lJ) IX I I I 

i )  INSTRill�ENTS AND RECORDING OF SP�TRA 

Infrared spec tra were record ed on a Beckman IR-2C  

sp ectro�ho t ometer and calibrated wi th p olystyrene fi lm . 

T o  record the spec tra of soluti ons , 0 . 5  mm . NaCl c el l s  

were used . 

Electroni c Spec tra were rec orde d  on a Shimadzu lv�PS- 5 C CC 

sp ectrophotomet er , usinr 1 C  m� . quart z c ell s . The sp ec tra 

were rec ord ed immediat ely aft er the preparati on of each 

s oluti on . 
1 H nmr spectra were rec ord ed using a J E Cl C-60Hl High 

Re  sol uti on mv:R sp e c trometer . T etramethyl si lan e  ( n.�s )  
was used as  an int ernal standard for al l srectra . 

D e c omp ositi C'n probl ems w ere o ft e::1 enc ount eTed  and 

these wer e  minimi s ed , or even eliminat ed , by fi lt erine 

each soluti on under  N2 • 

R e s onanc e s  v;ere assi gned for b o th the l i gand s and 

their c ompl exes  by a c onsid erati on of int egrat ed  p eak 

areas , exp ec t ed spin-spin c oupling effe ct s  and symmetry 

effects  ( for bmtt and bett ) . 
1 3c nmr spe ctra ( proton d ec oupl ed ) were rec ord ed on a 

JEOJ� Jl-i'M-FX60 Fouri er Trans form sp ectrometer , using Tr/S 

as an int ernal standard . Each carb onyl s oluti on was 

filtered b efore use . 

R elatively hi gh c oncentrati ons ( ea 5C- 1 00 mg . cm- 3 ) 

of the carb onyl c ompl exes  were used  in  order t o  minimi s e  

the data c ollecti on time . F or each c ompl ex ,  the ligand 

resonance s  were rec orded first . For the 1 3c o  r e s onanc e s  

1 -2 mg . o f  the inert , paramagneti c , relaxati on r eagent 
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( ) 25 7 Cr  acac 3 were added  t o  the soluti on s t o  give a 

rati o of ab out 1 : 1 00 Cr ( acac ) 3 : sub st;rat e /58 

The re sulting d ec rea s€d relaxati on tim e s  enabl e d  the 

data to be c ol l e c t ed in a short er time ( ea 30 minut e s ) . 

The l onger spin-latti c e  relaxati on tim e s  ( T 1 ) of  

n on-prot onat ed carb on a t oms 258 enabl e the sub s ti tut ed 

aryl carb on at oms  ( C 1 , C 3 ,  C4 ; s e e  Tabl e 1 1 b )  of bm t t  

and bett t o  be  ea si ly d i s tingui shed fr om the other 

( C 2 ,  C5 , C 6 )  aryl carb on at om s . The f ormer hav e 

relatively l ow int en s i ti e s . C 1  ha s b e en t entatively 

a s signed by c ompari s on wi th  the sp ec tra o f  some 

th l hi ( 2 3 4 ) l . 
.:l 259 

n-m e  y t o t oluene n = , , l ganl. s . 

r:a s s  spec t ra ·· .. ere r e c ord ed on an A . :S . I . �.� S 9  

instrument . 

i i ) S OI.VE1\TS 

a )  Spe c tr o s c opi c Invest!gati ons : All  s olvent s 

were of Sp ectr o s c opi c G rad e . Ni tr omethane wa s st ored over  

m ol ecular si eve s . 

b )  Preparative W ork : All  hydrocarb on s olven t s  were 

r edi sti l l ed before  use .  

A c e t one  was A . R .  grade .  

T etrahydr o furan was dri ed  wi t h  anhy d r ous cal cium 

chl ori d e  before i t  wa s di sti l l ed over Na wir e . Cuprous 

chl ori d e  was add e d  t o  the s ol uti on b eing di s ti ll e d  t o  

d e s tr oy expl o si v e  p er oxi d e s . Care wa s al s o  tak en t o  ensure 

that the  s oluti on b eing di s t i l l ed d l d  not  d r op b e l ow a 

v ol um e  o f  ab out 2 CO cm3 • 
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APPEND IX IV 

�:: I SCEllANEOUS REACTIONS  

i )  React i on of t e traethyl thi uramdi sulphid e  wi th Cr i..Q.Ql6 
On addine the ligand t o  irradiated Cr ( Cc ) 6 ( in THF ) 

there i s  immediat e di s c ol ourati on and d e c omp osi ti on 

gradually o c cur s  thr ough several stage s . A stable  

carbonyl-fre e ,  vi ol e t  c ompl ex , ( probably Cr ( Et2Dtc ) 3 ) 

was i s olated  from benzene extract s . 

11 . P/°C IR/cm- 1 REF . 

Vi olet c omp l ex 2 5 3-2 5 5  1 487 Tr.ti s work 

Cr ( Et 2Dt c ) 3 2 5 C ( d ec ) 1 54 2- 1 4 8 (  <I> Tv' • P ; R e f . 2 6 2 

I . R ; R e f .  

<I> Band in thi s regi on due t o  "-J ( C=10 m ode  o f  t.te 
+ �C=NR2 can oni cal form for di thi ocarbamoto  c ompl ex e s . 

Et 2Dtc  i s  Et2N C - S-
1 1  
s 

2 6 3  

i i ) Reacti on o f  1 , 4 , 8 , 1 1 -tetrathiacycl otetradecane ( TTP ) 

wi th  W(C0) 6 

In an att empt t o  synthesi z e  a bridged-ligand c ompl ex ,  

mrnol e  of  TTP ( 0 . 2 68 g . ) was added t o  2 mmol e of 

i rradiated Vi ( C0 ) 6 ( 0 . 70 3  g . ) in THF . The mixture ha:J. t o  

b e  irradi at e d  for 3 0  minutes  t o  di s s olve m o st o f  the  

ligand and then it  was fil t ered . A pale yel l ow p recipi tate 

(� . P  5 6- 62
°

; Yi eld : C . 1 3C g . ) was i s olated from a c et one  

extrac t s  of  the r eac ti on produc t s . 

The relative c onc entrati ons of the p enta-and t etra-

carbonyl speci e s  of thi s s olid  are unaffected  by att emp t s  

t o  separat e  the speci es on a silica-gel c olumn . 

Although the carbon and hydrogen analys e s  are cl ose 

to thos e  exp ec t ed for w2 ( c o ) 9TTP , the sulphur analysi s 
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i s  t o o  l ow .  

Cal culat e d  for w2 ( c o ) 9TTP : _  C 2 5 . 65% ; H 2 . 27 ; S 1 4 . 44 

Found 2 5 . 5 5  2 . 4 5 1 1  • 9 6  

al s o 1 2 . 06 

The high e s t  p eak in the mas s  sp e c t rurr. of  the 

" c ompl ex"  i s  [w ( c o ) 6]
+

; the ligand i s  ob s erved intact . 

IR Spe ctrum (ni tr omethane s oluti on ) 

v ( C C )  a s si e:;ne d  t o  W (  CO )  4 

v ( C O )  a s si gn ed t o  W ( C c ) 5 
V (  C O )  unas si gn ed 

ea 2C 1 9 ( w )  crn- 1 

2C7 9 ( w ) ; 1 97 5 ( vw ) ; 1 94 C ( s ) . 

1 9 1 6 ( rns ) ; 1 9C 6 ( ms ) ; 1 8 7 2 ( rr: ) ; 

1 8 62 ( m ) ; 1 848 ( m ) . 

iii ) Reacti on s  o f  r,: (CO) 6 (1:=1: o,  Vl) wi th fpt e  

Att emp t s  were  mad e  t o  synthesi z e  r.: ( c c ) 4 fp t e  and 

[w ( c o ) 5] 2 fp t e  r e sp e c tivel y ( fpt e = 1 , 2-bi s ( p entafl uoro

phenylthi o ) ethane ) by the normal me t� o d s . Eowever tt ere 

v:as  no  evi d en c e  for the  f onna ti on of  any c ompl exe s wi t h  

thi s li gand . 
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APPENDIX V 

FORCE CONSTANT CALCULATIONS 

FOR 

CARBONYL CCMPLEXES 

The general solutions for the approxima te secular equations given by C o t ton 

and Kraihanzel 
2 16  a r e  outl ined b e l ow .  For these equations : 

Kl is force constant of CO ' s  trans to the sub s t i tuent ligand (L) 

� i s  force constant of CO ' s  cis to L .  

Ki is an interaction constant. 

A -v2 x 0 . 058890 wher e  V is - 1  - frequency (cm ) o f  absorption. 

� - 0 . 1 4 5 7 6  

- 1  Force c onstants calculated from these equations have units o f  dyne c m  To 

-1 3 conver t to N . m  , mul tiply K by 1 0- • 

NOTE : To s implify the equations , A1 ( I )  is wr i t ten as a' 

ard A1 ( I I )  i s  wr i t ten as a• 

wher e 2 a � - 1 0 �  

b & 

c = 

[Hence 2a z -0 . 4 24 9 1 8 ]  

U s ing K1 , then : 

K � 2 

K .. 2 
wher e a .. 

(-b- A2 - 4ac )/2a 

b = � (3 A - 4A. - 4 A ) . B2 Bl If' 

c z A a' (HBl + A B2 + Aa, )  + ). Bl (2 � - A Bz) 
Using K2 , then : 
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