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ABSTRACT 

In response to a clear need f o r  a more s ys t emat ic approach to the 

s t udy of the in teract io n  o f  copper with ligands c o n taining the 

sulp hhydryl g ro up, or in t hioamide tautomeric equilibrium with such, 

cuprous, cupric and mixed valence complexes o f  ligand s  c o n taining a 

thiolat e  or t hioamide moiet y have been s y n t hesised and chara c t erised by 

spec t roscopic, mag netic and crys tallographic t echniques. In certain 

cases t heir reactivit y in aliphatic and aromat ic nitro gen base solven t s  

and nitro met hane have been investigated. 

Full names for t he ligand abbreviat io n s  appear at t he end of t he 

abst ra c t  and ligand s truc t ures ma y be found in Figures a t  the beginning 

of the appropria te chap t er. 

The visible, esr and resonance Raman spec t ra o f  t he t yp e  I, copper 

pro tein, azurin from Alcaligenes denitrif icans, have been recorded 

and comp ared wit h o t her t ype I p ro tein s . Through compariso n  with t he 

spec t ral fea t ures o f  a series o f  clus ter complexes 

(where Y � C H3CN or H2o, and X � BPh4, 

II I [ C u 6cu 8(mea ) 15l) Cl 5 . 7H2o, t he so-called 

•unusual• spec t ro scopic fea t ures o f  t he t yp e  I p ro t ein s have been 

re-in terpreted a s  being normal phenomena o f  a Cu(II ) -thiola te intera c t ion 

coupled wit h specific geometrical requiremen t s . 

Inves tigation o f  the mbtH ligand s ys t em has led t o  the reformula tion 

o f  a n umber of incorrec tly formula ted copper complexes as [ C u(mbt H ) 2Cl) 

or [ C u(mbt ) )  f o llowing succes s f ul remo val o f  a disulphide con taminan t. 

In support of such, similar cuprous compounds o f  genera l formula 



[ Cu(LH ) 2X] (LH = etmbtH, X = Cl, Br, I; LH = mbtH,  X = Br, I; 

LH = mmi mH, X =  Cl ) ,  [ Cu(LH ) X] . xH20 (LH = mbimH, mpyH, p hmtzH, Ph2PS2H, 

X =  Cl, Br; LH = mmimH; X =  Br ) and [ Cu(L ) ]  (L bimet , d i mt dz, dipmim 

etmbt, mp y, phmtz ) have been p repared f ro m  s i mila r  ligand s y s t ems . The 

intera c t io n  o f  a n umber o f  t hese complexes with p y r i d i ne led t o  o xi da t i o n  

o f  o rgano-sulphur t o  sulp hate with the p roduct ion o f  [ Cu(p y ) 4so4 ] . 2H2o .  

Thi s rea c t i o n  i s  p o s t ula t ed to occur via two o x i d i s ing spec i es 

[ Cu(p y ) OH ) ] o r  [ Cu(p y ) 0] depending o n  whether halides a re p resen t o r  2 2 X 

absent i n  the react i o n  solut io n s . Simila r  sulpha t o  spec ies a re seen when 

quinoline and 3-ethylp y r i dine a re used a s  solven t s . However, compounds 

o f  general f o rmula [ Cu(LH ) 2X] and [ Cu(LH ) X] y i eld t he complexes 

[ Cu(3-Mep y ) 3Cl] and [ C u(4 -Mep y ) 4cl2] . H2o, f ro m  t he solven t s  3-met hyl-

p y r i d i ne and 4 -methylp yr i d i n e  respec t i vely, whi ch have been s t ruct urally 

chara c t er i s ed by X-ra y c ry s t allog raphy . 

The cup r i c  and mi xed valence complexes [ Cu(t t zH ) 3X2] (X = Cl, B r ) ,  

[ C u( t tzH ) 2Br 2] ,  [ Cu
ii

Cu
i 

3 ( t tz ) 5 ] ,  [ Cu IICu I (mmi m )  (mmi mH ) 2c12] ,  

[ Cu IICu I ( mmimH ) 2 C 13] , [ C u  ( mbi m )  2 ( H2 0 )  ( NH3 ) ]  , [ Cu ( mbi m )  2 ( H2 0 )  ] , 

[ C u(d ipmi m ) Cl] and [ Cu(et u ) OH] have been p repared a n d  c ha ra c t er i sed by 

vi s i ble, inf ra red, and es r spec t roscop y .  

When [ Cu(t tzH ) 3sr2] i s  ref luxed i n  n i tromet hane, a new cup rous 

complex [ Cu(tztdz ) Br] i s  p roduced i n  which mod i f icat i o n  o f  t he t tzH 

ligand to p roduce t he new o rgan i c  mo iety tztdz has occur red, con f i rmed by 

X-ray c rystallo g raphy . Simila rly the compounds [ Cu(tztdz ) Cl] , 

[ C u(tztdz ) Cl2] and [ C u(mimmimz ) Cl2] are p o s t ula ted f rom t he in tera c t i o n  

o f  [ C u(t t zH ) 3cl2) a n d  [ Cu11cu1(mmimH ) 2cl3) w i t h  n i t romet han e .  

Wi th reference to well-def ined litera t ure examples t he techn i que o f  



esr spec t ro scopy is shown to discriminate between equatorial dono r  a t o m  

posit io n  o f  f un damental parameters. The n ew compoun d s  s ynthes i sed: 

[ Cu11cu1
2(di metH2 ) (dimetH ) 3C l] ,  [Cu11cu1

3(dimet H2 ) 3(dimetH ) (C l04 ) 4 ], 

[ Cu11cu1
3(dimtolH ) 5 ] ,  [ Cu11cu1 

3(dimprolH ) 5] ,  [ C u(mpoH2 ) (mpoH ) (C l04 ) ] , 

[ C u(phenylglyoxaldt sc ) ] ,  [ Cu(benzild t s c ) ] . H2o and 

[ Cu(3-n-hept o x y-2-oxobut yraldehyded t s c ) ]  have been a s s i gned dono r set s o n  

the bas i s  o f  t hei r respec t i ve esr s ig nals. Sim i la rly t his has been don e  

for a number o f  unisola t ible spec ies p roduced i n  s i tu f rom interac-

tion of various cupric salt s with a number of s ulphhydryl and t hioamide 

cont aining ligands. 

bimet H  
d i mtdzH 
dipmimH 
dimetH 
dimp rofH 
di mtolH2

2 

dt sc 
et mbt H  
e�H 
mbimH 
mbt H  
meaH 
mimmimz 

mmimH 
mpo H2 mp yH 
phmtzH 
Ph2PS2H 
p y  
t t zH 
tztdz 

Ligand abbreviat i o n s  

2-benzi midazoleet hanet hiol 
2 , 5 -dimercap t o -1 , 3 , 4 -thiadiazole 
4 , 5 -diphenyl-2-mercap t o i mi dazole 
1 , 2-dimercaptoethane 
2 , 3-dimercap topropanol 
3 , 4 -d i mercap totoluene 
dit hiosemicarbazide 
6-etho xy-2-mercaptobenzo t hiazole 
2-mercaptothiazoline 
2-mercap tobenzimi dazole 
2-mercap tobenzo t hiazole 
c y s t eamine 
3-(2 , 1-methylimidazolyl ) -2 , 1-methylimidazoline 

thione 
2-mercapto-1 -methylimidazole 
2-mercapto -3-py r i d i no l  
2-mercap topyridine 
2-mercapto-4 -phen ylt hiazole 
diphenylpho sphinodithioic a c i d  
p yr i d i n e  
2-mercap to thi azoline 
3-(4 , 5 -d i hyd ro-2-thiazo lyl ) -2-thiazo lidinet hione 
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1 .  

GENERAL INTRODUCTION 

Chemica l experience indicates that in most cases cupric ions oxidise 

mercaptans to disu lphides irreversibly ( l , 2 ) :  

2RS + Cu ( I I ) � 2Cu ( I )  + RSSR ( A )  

Although the mercapto-copper ( I I )  bond i s  stab le i t  has been postulated 

that a one electron reductive eliminat ion can occur to produce copper ( ! )  

and a neutra l  mercapto radical(2 ) :  

[ Cu l l  - S R ]  +� Cu ( I )  + RS (B) 

Complete reduct ion of Cu ( I I ) is forced by radical coup l ing : 

2 RS . 
____. RSS R (c) 

Nevertheless an increasing number of compounds have been prepared 

in which a thio late-Cu ( I I ) bond has been stab i l i sed in normal o r  

mixed-valence comp lexes ( see Chapters 1 ,  5 and 6 ) .  The intermediate 

pos i tion of copper ( I I ) in the Pearson •hard • and • sof t •  acids and bases 

class i f ication ( 3 )  permits the b inding _ of the soft base RS ; whereas 

with copper ( ! ) ,  regarded as a soft acid , binding to RS i s  preferred.  

In  addition , in one case ( 4 ) react ion ( A )  has been reversed disput ing 

its i rrevers ible nature . 

Two areas of copper ( I I )  thiolate chemistry,  the type I blue copper 

proteins and to a lesser extent chemotherapy, have strong ly inf luenced 

the purpose and di rect ion of research in the last two decades . The 

type I b lue copper proteins are copper ( I I ) contain ing proteins such as 

azurin , plastocyani n ,  stellacyanin , fungal laccases and ceru lop lasmin 

which characterist ically  display a very intense optical absorption in 

- 1  - 1  the 600 n m  region ( e:,.. 3 5 0 0  - 5 0 0 0  l mo l cm ) , extraord inarily 
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I I 
-4 -1 

sma l l  esr copper hyperf ine coup ling ( A11 = 3 3-90  x 10  cm ) and high 

positive reduction potentials (E0> +0 . 2V ) ( 5 ) . The eluc idat ion , 

primarily  by s ingle crystal diffraction techniques , of the essentially 

distorted tetrahedral arrangement of ligands around copper ( I I )  in two 

such p roteins azurin ( 6 )  and p lastocyanin ( 7 ) ,  and the ub iquitous nature 

of the donor groups ( two histidine nitrogens , a cysteine thio lato 

su lphu r and a methionine thioether su lphu r )  has led to many serious 

attempts at producing small  mo lecule thiolate ana logues of  the copper 

site . Great diff iculty  has been experienced in simu lat ing successfu l ly 

both geometrical and spect ra l  features simultaneously,  or either at a l l  

( see Chapter 1 ) . In addit ion the often reactive nature of the 

copper ( I I )  - thio late interaction has led to few of these models being 

comp letely characterised by X-ray crystallography . 

In the field of chemotherapy the success of the thio l containing 

drug D-penici l lamine ( ( CH3 ) 2C ( SH )CH( NH2 )COO H )  in the t reatment of 

Wilson' s disease ( 8 ) ,  where a defect in the mechan ism through which 

copper is excreted into the bile results in toxica lly  high 

concentrations of  copper in tissue; and its use ( along with that of its 

copper comp lex ) as an anti- inf lammatory agent and in the treatment of 

rheumatoid arthriti s ( 9 ) ,  stimu lated great interest in the basic 

chemistry of the copper-D-pen icil lamine interaction ( lO ) .  S imilarly 

with cancer research the discovery ( l l )  that [ Cu ( KTS ) ]  ( KTS = 3-ethoxy-2 -

oxobutyraldehyde bis ( thiosemica rbazone ) )  was a potent antitumour agent i n  

rodents resulted i n  a resurgence o f  interest i n  the copper chemistry of 

thiosemicarbaz ide and its derivatives of a- ketoaldehydes and diketones 

( see Chapter 6 ) . 
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The dictate of  the • mo lecu lar rou lette• approach adopted in the two 

areas out lined above , that is  the pursuit of  compounds which fulf i l  a 

particular function o r  possess special propert ies , has been at the 

expense of a systematic development of copper thiolate chemistry . I t  

was apparent that a more orderly and further reaching approach was 

requi red to fu lly  understand the area . According ly this research has 

been directed towards gaining an appreciation of copper thio late 

chemistry as a who le ,  without the strict confines of bioinorganic 

model l ing requirements . Nonetheless this tack has not deterred us f rom 

invest igating model systems where l igand types p roved suitable . 

Basical l y  our aims were as fol lows : 

1. to p repare new Cu ( I ) ,  mixed valence , and ·Cu ( I I )  compounds of 

ligands containing thiol  functional groups or in tautomeric equilibrium 

with such a g roup : 

R, R, ' N "NH 
11 --=- I 

/C-SH 
R' 

c 
R-(" 

s 

in the hope of establishing trends and patterns for -

( a )  the nature and sto ichiometry o f  the product ( Chapters 2 and 5 )  

( b )  the requi rements for the format ion o f  Cu ( I I )  and mixed valence 

compounds 

( c )  dist inguishing spectral features , particu larly esr ,  for 

compounds containing simi lar donor atoms . ( Chapter 6 ) .  

2 .  to c larify anoma lous resu lts in the literature where they have 

coincided with our area of study . ( Chapters 1 , 2  and 5 )  

3 .  to invest igate the reactive nature of copper thiolate compounds 
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( Chapters 3 , 4  and 5 )  

4 .  to rat ionalise the • unusua l •  spect ra l properties of  the type I b lue 

copper p roteins in terms of  norma l Cu ( I I } thio late behaviour and where-

ever poss ible to p rovide model compounds for the system. ( Chapter 1 ) . 

To achi eve these aims a wide variety of  l igand types have been 

used . A discuss ion of the nature of these l igands and their abi l ity to 

stab i lise the cupric state in relat ion to such factors as the pKa of the 

sulphhydryl g roup , nuc leophi licity , ligand rat io , o rder of mixing , 

so lvents , the p resence of co- ligands and steric bu lk ,  i s  p rovided in the 

conc lusion . 

Fundamental Esr Theory ( 12 - 17 } 

Because of the importance of electron spi n  resonance ( es r )  

spectrometry to this study a n  overview o f  the technique and its 

app l icabi lity to the investigation of cupric complexes is  given here . 

A prerequisite for esr study is  that the compound have a magnetic 

moment ,  that i s ,  it  should possess one or more unpaired elect rons . The 

technique is therefore conf ined to radica l species and some transition 

metal comp lexes . 

When p laced in a magnetic field the degeneracy of  the quantised 

elect ron spin states , m = + 1 / 2  and m 2 - 1 / 2 , is broken , the lower s s 

energy o r  para l le l  state becoming more populated . Acco rding to the 

Planck re lat ionship , E a h v, irradiat ion with the resonance frequency,  v 

will resu lt in an electron transition to the higher energy state . In an 



5 .  

esr experiment the radiofrequency i s  maintained constant at � 9 GHz 

( the so ca lled X band f requency , used in this work ) , ea 3 5  GHz ( Q  band ) 

or ea 3 GHz ( K  band ) ,  whi le the magnetic  f ield is varied . The method of  

detection of resonance invo lves a s ma l l  s inusoida l  variation in external 

f ield . Thus on ly the change in absorption is  detected , not the 

absorption itself . Consequently  esr spect rometers usua lly  plot the 

first derivative of the absorption . 

In  practice , the variable of  interest in an esr experiment is  not 

the resonance frequency , rather it is the 'g' value associated with the 

compound . This  is  related to v by the equation 

where ·� ' is the electron Bohr magneton , 'B' the applied magnetic field B 

and 'g' a proport ionality constan t .  I n  instances where the electron 

spin i s  the only source of magnetism 'g' has the value 2 . 00 2 3 .  Two 

phenomena which perturb the g va1ue f rom the free elect ron value combine 

to make the technique a powerfu l one in the interpretation of transition 

metal geometry. 

The f irst of  these is the interaction of the electron with 

neighbouring nuc le i .  This  causes a deviation as a resu lt of the 

electron experiencing a magnet ic field ,  'BI' ,  aris ing f rom the nuc lear 

magnetic moment ,  as well as the app lied spectrometer field .  Not on ly is  

'g' shif ted but the absorbance signal may also be  sp lit  as a resu lt of  

nuc lear spins s imi larly being quantised.  For a transit ion metal such as 

63 65  copper ( for Cu and Cu the nuclear spin quantum number is  3 / 2 ) with 

nuclear spin states mi a ! 3 / 2  and ! 1 / 2 , the fol lowing energy level 

diagram ma y be drawn . 
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The select ion ru les �ms = + 1 and �mi = 0 al low four transitions as 

shown above . In general for a nucleus with spin ' I' there are 2 I +  1 

equal l y  spaced hyperf ine lines . The spl itting , ' A ' , between adjacent 

lines is refe rred to as the hyperf ine coupl ing constant  and is 

indicat ive of the streng th and type of bonding . 

The second phenomenon,  anisotropy,  refers to the dependence of the 

g value on the orientation of the magnet ic f ield . Conceivably three g 

values g , g or g may arise depending on whether the magnetic f ield is 
X y Z 

oriented a long the x ,  y o r  z axes of the molecule . Associated with these 

wi l l  be the corresponding hyperfine coup ling constants A , A and A • 
X y Z 

Together these values comprise the fundamental parameters obtained f rom 

an esr spect rum.  In pract ice not all may be reso lved as a resu lt of 

symmetry . The majority of examp les examined in this thesis have 

invo lved copper in an approximately axia l l y  symmetric envi ronment where 

consequently gx�gy and Ax�A
Y 

and the terms g1 and A1 are substituted , 

with g 1 1  and A1 1  for the z component .  A1 is often i l l  reso lved i n  the 

spect rum due to its relat ively small s i ze and occurrence in a posi tion of 

maximum absorption . For reference a typical axial copper spect rum is 

shown in Fig 5 . 5a .  
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CHAPTER 1 

SPECTROSCOPIC STUDIES OF AZURIN FROM ALCALIGENES 

DENITRIFICANS AND SMALL MOLECULE ANALOGUES OF ITS COPPER S ITE 

PART 1 :  AZURIN 

Introduction 

Azurins a re relatively small (MW.,. 14 , 000 ) p roteins that contain a 

single copper atom. They are found ma inly in bacteria of genera 

Pseudomonas and A lcal igenes or those closely related ( l8 ) .  

Although the protein is thought to be involved in electron transfer ,  its 

exact cellular function is  not ent i rely c lea r .  I t  is  generally  thought 

that azurin mediates electrons between cytochrome c5 5 1  and cytochrome 

oxidase ( l9 ) .  

Azurins f rom a number of differen t sources have been iso lated and 

studies of the elect rochemica l and spectroscopic properties have been 

carr ied out ( Tab le 1 . 1 ) .  It should be noted that these proteins are not 

identical in structure . For instance , 3 5 %  of amino acid residues in 

Ale . dentrif icans differ from those in P s . aeruginosa 

azurin ( 2 0 ) .  The copper atom in azurin is known as type I .  The three 

characteristic features of this des ignation of the b lue copper proteins , 

that i s  intense b lue co louration , low copper hyperfine sp li tting in the 

esr spectrum and high redox values , have been observed for all  

( Tab le 1 . 1 )  

To date successful sing le crys tal X-ray structura l  studies have 
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Tab le 1 . 1  Spect roscopic and redox properties of various azurins 

Azurin source ( S )  

Ps . aeruginosa 

Ps . f luorescens 

Ps . dentrificans 

Bordetel la bronch ise12t ica 

£ at 62 5nm 

( 1 - 1  - 1  mo l c m  ) 

5 700 

3 500 

10 500 

3 500 

I Au l Eo 

( 10 -4 cm
- 1 ) ( V )  

6 0  0 . 3 30  

58  0 . 2 3 0  

6 0  0 . 2 66 

60  0 . 39 5  



9 .  

been carried out on two azurin types , that isolated f rom 

P s . aeruginosa ( to a resolut ion of  2 . 7  �) by Adman et a l . ( 2 1 )  and 

that from Ale . den i trif ican s  ( to 2 . 0  R) by Baker and co-workers ( 22 ) at 

Massey Univers ity .  In addition the crystal structure of  a related 

type I b lue protein ,  Popu lus n igra plastocyanin , has been done by 

Freeman ' s  g roup ( 2 3 )  ( to 1 . 6  �). The copper s ites of  the a zurins and 

p lastocyanin ( Figure l . l ( a ) ) are simi lar.  Four l igands are common to 

each . Three of  these ,  thiolate sulphur from a cysteine and two histidyl 

nitrogen donor atoms , form an approximate p lane with comparatively short 

bonding distances ( Figure l . l ( c ) ) .  A fourth ligand,  with a long bond to 

copper ,  methionine binding through thioether sulphu r ,  occurs above this 

plane , giving overa l l  a f lattened tetrahedral stereochemistry ( Figure 

l . l ( d ) ) .  A f ifth l igand in Ale . denitrificans , the carbonyl oxygen 

of a g lycine res idue ,  is apparent ly wi thin bonding distance of copper, 

although the bond at 3 . 17 � wou ld be considered very long . A similar 

g lycine interaction was observed in an earlier 3 R map of Ps . 

aeruginosa ( 2 4 ) ,  although at a reso lution of 2 . 7  � only four ligands 

were considered to bind in a tetrahedra l arrangement simi lar to 

p lastocyanin ( 2 3 ) .  A distorted trigonal bipyramidal s tereochemi stry 

would be imposed , were the oxygen considered to be coordinating . 

A lthough characterised by X-ray diffract ion studies very little 

work has been done on the spectroscopic properties of  the 

Ale . den itrificans azurin copper site .  Apart from the desi rability 

of obtaining this  data for comparative purposes with other a zurins , such 

a study could presumab ly indicate whether a simi lar ligand f ield to 

plastocyanin is experienced by copper in the protein ,  or whether the 

possib le f i fth ligand makes any signif icant contribut ion . Acco rding ly  

esr ,  electronic and resonance Raman spectra have been reco rded for 



Populus n igra p la s to cyan i n ( 2 3) 

S (  92 ) 

2 . 90� 

Cu 
2 . � , �-10� 

( 84)S 2 .04� N ( 87) 

N( 37) 

( 84)S� o 12 3 
� 

1320 /J-

9
-:-

7
-

o
-- N ( 87) 

N ( 37) 

0 � 108 1030 
Cu 

( 84)S� 
N ( 37) 

N ( 87) 

10 . 

Alcaligenes den i t r ificans azu r i n ( 2 2 )  

i ( 12 1) 

( 112 )S 3•2 0� 

� 1 . 97� 
2 . o8� /c\\ N{l17J 

2 .05� \3.18� 
\ 

N( 46) 0 

( 112 )S � _ o 

�� ( Cu ---- N ( ll7) 
1 1/--/o

s
o 

N ( 46) 

N( l17) 

Figure 1 . 1 Dimen s ions o f  the copper s i te in azurin and p1as tocyan i n . 



Ale . denitrificans azurin . 

1. 1 EXPERIMENTAL 

1 . 1 . 1  Source of Azurin 

1 1 .  

Azurin i so lated f rom Alcaligenes denitrificans was a generous 

gift from Dr G.E. Norris. The procedure u sed for i so lation and 

purif ication of the protein has been desc ribed e lsewhere ( 2 5 ). 

1 . 1 . 2  Instrumentation 

E lect ronic spectra : In the range 350-900  nm the spectra were 

recorded on a Cary 2 19 spectrophotometer , whi le for the range 

900- 1 10 0  nm a Shimadzu MPS 5000  spectrophotometer was used. 

Resonance Raman spectra : Spectra were obtained by Dr T.M. Loehr 

and D r  J.E .  P lowman , Oregon Graduate Centre , on an automatic Jarrel l  Ash 

25-300  Raman spectrometer using a Spectra Phys ics 164 krypton ion laser 

and an R.C . A. photomultiplier with photon counting capability.  

E lectron spin resonance spect ra : Fro zen solution samples at 110 K 

were recorded using a Varian E- 104A spectrometer equipped with a Varian 

E-2 5 7  variab le temperature accessory. Spectra l  ' g' values were 

ca librated with a diphenylpicry1hydrazyl ( DPPH ) standard. 

1.2 RESULTS AND DISCUSSION 

1 . 2 . 1  Electronic Absorption Spectroscopy 

Samples were run in aqueous solut ion ( pH 6 . 0 ) over the range 

400 - 1 1 00  nm. Extinct ion coef f icients were ca lcu lated on the bas is of 
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moles copper p resen t ,  determined immediately after running the spectra , 

by atomi c  absorp tion . Figure 1 . 2 shows the region of  i nterest , and in 

Tab le 1 . 2  band positions and possible assignments are l isted . Data for 

Popu lu s  n igra plastocyanin and Ps . aeruginosa azurin  are 

included for compariso n .  

An intense absorbance responsible for the vivid b lue co lour of  the 

protein occurs at 6 19 nm f lanked by weaker bands at 4 6 0  nm and 780 nm ( a  

broad shoulder ) .  A long absorption tai l  runs into the near  infrared 

f rom this latter band.  Absorbance assignments are based on those of 

Pen f ield et a l . ( 2 6 )  and So lomon et a l . ( 2 7 ) .  The hypothesis that 

the ma j o r  bands are of d-d origin , the intensities of which have been 

enhanced via •borrowing• mechanisms in a noncentric s t ru cture , has been 

disputed . Detai led studies of  the visible spectra o f  n i ckel ( I I ) ,  

manganese ( ! ! )  and cobalt ( I I )  substi tuted proteins , as well  as small 

molecu le comp lexes ( 2 8-32 ) favour a charge transfer ass ignment . 

Accord ingly the bands at 6 19 and 780  nm are considered to be 

- -
cr ( S )_,_ d x2 -y2 and n ( S  >-- d x2 -y2 l igand to metal charge transfer bands 

respect ively,  arising f rom the copper-cysteine interaction . The 

absorbance at 4 6 0  nm has been ass igned to a 

n(N, f rom histidine )�dx2-y2 charge transfer type . Gaussian ana lysis  

of the ma j o r  6 18 nm peak in Ps . aeruginosa azurin revea led an 

additional band at about 560. nm. This was attributed ( 2 6 ) to another 

o(S
_

) __ dx�y2 charge transfer t ransition rather than 

cr ( S  Methionine )-- d x2 -y2 favoured by McM i l lin and Morris ( 3 3 ) as the long 

Cu-Met bond and the poor o rientation of the dx2-y2 orb ital should resu lt 

in an absorption at higher energ y and presumab ly lower intensity.  Also 

sma ll mo lecu le compounds with long ap ica l copper-thioether bonds have 

been shown to absorb in the range 300-400  nm( 34 , 35 ) .  A d-d absorption 
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Table 1 . 2  Elect roni c  band maximaa f o r  Ale . deni t r i fi cans and Ps . aeruginosa azu rins and 

Populus nigra pla s tocyan in 

Ale . den i t r i f icans azurin 

460 ( 580) 

619 ( 5 100) 

�a 780sh (� 1040) 

ea 9 00 

. . 11 Ps . a e rug1n o s a  azu r1n 

481 ( 19 8) 

567 b ( 5 04) 

631 ( 37 9 8) 

77 9 ( 68 6) 

980 

. 1 . 10 Populu s n1gra p a s tocyan1n 

467 ( 300) 

5 5 9 b ( 1163) 

606 ( 4364) 

749 ( 128 9 )  

8 9 3  

Notes: a. un i t s  nm, ext inct ion coe f f icien t s  ( 1  mol-1cm-1) i n  bracke t s  

b. " i a  Gaus ian analys i s  

c. s h  = s houlder 

As s i gnment 

1t ( N)--d 2 2 
X -y 

a ( s )(ex s + � pz) 
--d 2 2 

X -y 

a ( S  )_,... d 2 2 
X -y 

1t ( s l-- d 2 2 X y 

d-- d band 

...... 
""' 
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has been estimated to be in the region 900  nm, but nea r  infrared C . D .  

and M . C . D .  spectra l  studies are n eeded to help reso lve the spectrum. 

Analys is  of Tab le 1.2 shows that the spectra of the two azurins and 

p lastocyanin are inherently simi lar .  

1. 2. 2 Resonance Raman Spectroscopy 

Resonance Raman spectra were recorded for aqueous samp les of 

approximately 0 . 9  mM concentration at 277 K and 77 K .  The spectrum of  

- 1  
A le .  denitrif icans at 7 7  K in the frequency ranges 5 4 0- 2 4 0  cm and 

- 1  840-640  cm is  shown in Figure 1. 3. A relatively strong set of 

- 1  peaks are observed around 4 0 0  cm , and ,  as has been observed with 

- 1  Ps. aeruginosa( 36 ) ,  a second weak set occurs f rom 7 50 - 8 0 0  cm • 

Thamann et a l . ( 37 )  have conducted a normal coordinate analysis  

of the a zurin copper centre based on data from P s . aeruginosa and 

considered a number of poss ib le stoichiometries inc luding trigonal 

bipyramida l ,  square p lanar , tet rahedra l and trigona l . The latter two 

mode ls proved the most successful in matching theoretical and observed 

bands. To a firs t  approximation the structure of A l e .  denitrificans 

copper s ite can be regarded as trigona l ,  so assignments have been based 

according ly . Band maxima and ass ignments are shown i n  Tab le 1. 3 .  

Ps . aeruginosa a zurin and p lastocyanin data are provided for comparison. 

- 1  For the prinicipal bands a t  3 7 4 , 4 1 0  and 4 2 9  c m  the ca lculated 

ass ignments show mixing of vibrational contributions , to which the Cu-S 

( cysteine ) coordinate a lways donates . The intensity enhancement of the 

observed bands is thus neat ly rat ionali sed on the basi s  that resonance 

is achieved by exci tation within the ( cysteine S- )-..dx2 -y2 charge 

transfer transition ( 3 8 ). Fu rther support for the hypothesis that the 
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Table 1 . 3  Resonance Raman frequencies , relative intensit ies and 

po ss ible ass ignments of the proteins between 2 6 0  and 

- 1  500 cm • 

Ale . denitrificans Ps. aeru2 inosa Tentative ?lastocyanin ( 3 6 )  
azurin azurin ( 3 6 )  assignment ( 3 7 )  

- 1  - 1  - 1  v ( cm ) I rela v ( cm ) I rel v ( cm ) I rel 

273  0 . 3  2 6 0  - 9 2 %  o( S-Cu-N ) 2 6 2  

3 7 4  0 . 6  3 7 3  0 . 4  5 7 %  v ( Cu-S )+35%  v ( Cu-N ) 377  0 . 7  

396 0 . 7  4 00 0.4 ( sh )  3 8 7  0 . 5 

4 10 1 . 0  409  1 . 0  67%  v ( Cu-N )+30%  v ( Cu-S ) 3 9 3  0 . 4  

429  0 . 7  4 2 8  0 . 5  9 3 %  v ( Cu-N )+3%  v ( Cu-S )  4 0 7  0 . 5  

4 4 6  0 . 3  4 4 1  0 . 1 4 2 5  1 . 0  

459  0 . 4  4 5 5  0 . 07 4 4 2  0 . 6  

4 8 0  0 . 1  

Notes : a. The strongest peak in each spectrum is given as 1 . 0 .  

Al l other peak intensities are given as fractions of the strongest peak. 

sh. shoulder 

1-' 
-...1 
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- 1  four v ibrations a t  3 7 4 , 3 9 6 ,  4 10 and 4 2 9  c m  contain a signif icant 

Cu-S ( cysteine } contribution is provided by an analys i s  of the bands in 

- 1  the region 740-860  cm These bands can be assigned as overtone and 

combination frequencies of the v ibrations in the low f requency region , 

as i s  shown in Tab le 1 . 4 .  Norma ll y  overtone bands are only seen for 

fundamental v ibrations invo lving the resonance source . 

- 1  The band at 2 7 3  c m  i s  common to a l l  type I copper proteins so 

far investigated ( 3 7 } .  This has been assigned by Ferris et al . ( 39 }  

to a Cu-S ( Met } vibration . However , the length of the copper-methionine 

0 
bond ( 3 . 2 0A in Ale . denitrifican s } ( 2 2 } ,  the fact that the vibration 

remains when methionine is  replaced by selenomethionine in P s .  aeru-

ginosa azurin ( 3 7 } ,  the presence of  the v ibration in the spectrum of 

stellacyanin whi ch lacks methionine a ltogether ( 37 }  and the inabi lity of 

EXAFS spectra l  s tudies on plastocyanin to detect the copper-methionine 

bond ( 4 0 ) bring thi s  assignment into dispute . Normal coordinate analys is  

proposes a � ( S-Cu-N } v ibration to  account for  this band.  

The predominantly Cu-N ( His } vibration,  from norma l coordinate 

analys i s  data , occurs for Ale . den i tirif icans at 4 2 9  nm. This 

ass ignment in the type I copper proteins has proved controversial to 

date as the postulated frequencies ( usua l l y  ea . 4 0 0  cm- 1 ) are thought by 

some ( 3 6 } to be unusually high when it is considered that the vibration 

in the copper proteins haemocyani n  and tyrosinase has been assigned to 

- 1  bands in the frequency region 22 0-32 0 cm ( 4 1 } .  Recently ,  Woodruff  

et  a l . ( 3 6 }  have argued that only  one of the metal- l igand stretching 

modes of the b lue copper chromophore is  actually expected to be near 

- 1  
400  cm , i . e .  v ( Cu-S ) ,  and ass ign the remainder o f  the resonance 

enhanced modes to internal motions of the coo rdinated ligands , inc luding 
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Tab le 1 .  4 Resonance Raman combinat ion and overtone f requencies of 

azurin from Alcaligenes denitrif icans 

Observed frequency Predicted f requency Ass ignment 

- 1 ( cm ) - 1  ( cm ) 

748  748  overtone ( 2  - 1  x 3 7 4  cm ) 

768  770  combination ( 3 7 4  + 3 9 6  - 1  cm ) 

787  784  combination ( 3 74  + 4 10 - 1  c m  ) 

7 9 2  overtone ( 2  - 1  x 3 9 6  c m  ) 

803  comb ination ( 3 7 4  + 4 2 9  - 1  cm ) 

809  806  comb inat ion ( 3 9 6  + 4 10 - 1  cm ) 

820  overtone ( 2  - 1  
x 4 10 c m  ) 

824  8 2 5  comb inat ion ( 39 6  + 4 2 9  - 1 cm ) 

8 4 1  839  combination ( 4 10 + 4 2 9 - 1  cm ) 

858  858  overtone ( 2  - 1 x 4 2 9  cm ) 
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the hist idine imidazole rings . However , support for v{ Cu-N ) i n  the 

- 1  400 cm region comes f rom the resonance Raman spectra of  sma l l  

mo lecule thio late compounds . For instance the mixed valence compound 

I I  I . 2 +  [ Cu 2cu 10 { mm�m > 1 2 {H20 ) 4 ] { mmim = 2 -mercaptomethylimida zo late ) has a 

- 1  band a t  4 3 9  c m  which ma y  b e  ass igned to�Cu-N ) { see p .  39 ) .  An 

elegant analys i s  of  the spectra of  [ Cu { diethyldithiocarbamate ) 2 1 and 

[ Cu i i
6cu

i
8 { o-penici l 1amine ) 12c l ] 5 - by Tosi  and Garnier { 4 3 ) has led to 

- 1  the ass ignment of the band at 4 2 5  cm in the latter to being mostly 

v { Cu-N ) .  S imi larly  in the type I model compound p-nitroben zenethiolato-

{ hydrotris { 3 , 5  dimethyl- 1- pyra zo lyl ) bo rato ) copper { I I ) with an N3s 

coord ination s ite in constrained tetrahedral geometry , the assigned 

- 1  v {Cu-N ) vibrations a t  339 , 3 60 and 3 8 5  cm are a l so app roaching the 

azurin region { 1 ) .  

One o f  the most significant features of  the spec t rum of  

- 1  Ale . denitrif icans is  the presence of a new band at 39 6 cm 

Thi s  vibration has not been p reviously observed in typ e  I proteins, 

although recently a low temperature study by Woodru ff { 3 6 )  revealed a 

- 1  shoulder·at 4 0 0  c m  in the spect rum o f  Ps . aeruginosa . At the 

moment there i s  no satisfactory exp lanation for this new band. 

On inspect ing Tab le 1 . 3  it can be seen that the resonance Raman 

spectra of  the two azurins are very s imi la r  in terms o f  band position 

and intensi t y .  However, the spectrum of  p lastocyanin shows signif icant 

differences , with respect to the intensity profile and the appearance of  

a new band at 387 cm- 1  I f  i t  is  considered that the band positions 

are a ref lect ion of the st reng ths of the respective bond components and 

that their  intensities are a function of the bond dipo le moment ,  the 

differences in the spectra may be interp reted as lending support to the 
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hypothesis that the copper site in azurin and p lastocyanin is signific-

antly different. 

1.2.3 Electron Spin Resonance Spectroscopy 

The esr spectrum of Ale. denitrificans is shown in Figure 1.4. 

The spin Hami ltonian parameters have been evaluated assuming axial 

I I 
-4 - 1  

symmetry giving g1 = 2.0 59 , g 1 1 = 2.2 5 5 and A1 1  = 60 x 10 cm • Data 

for other azurins and plastocyanins is listed in Table 1.5 for com-

parison. It can be seen that the parameters for Ale. denitrificans 

adhere closely to the values found for other proteins. 

Striking features of the spectrum are the low value of I A1 1 I , 

observed in the/region 2800-29 5 0 G ,  and the overal l axial appearance. 

Considering the latter , the first derivative p lot as shown in Figure 1.4 

shows litt le sign of broadening in the g1 region ( 3 15 0- 32 0 0 G ) . This 

lack of rhombic character may indicate that the long bonded axial 

ligands , glycine 4 5  and methionine 12 1 ,  contribute very litt le to the 

copper ligand f ield giving an approximately c2v geometry. Alternatively, 

as suggested by So lomon et al. ( 44 ) ,  an axial symmetry of o2d or c3v 

character is also plausible , derived from a distorted tetrahedron of 

ligands. 

Possible factors contributing to the low value of I A1 11 are 

discussed in Part 2. 

An esr experiment was conducted in order to investigate the 

stability of the copper site to variation in pH . The study revealed 

that it retains its character over quite a large pH range. In the 

alkaline region breakdown was observed above pH 10.9 after which a 
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Tab le 1 .  5 Esr parameters for azurin types 

Source 
I Au l 

Ref 
( 10-4cm- l ) 

g ll  gl 

Alcal i9enes denitrificans azurin 60 2 . 2 5 5  2 . 0 5 9  this 
work 

Pseudomonas f luorescens azurin 58 2 . 2 6 1  2 . 0 5 2  ( 5 )  

Pseudomonas aeruginosa azurin 60 2 . 2 6 0  2 . 0 5 6  ( 5 )  

Pseudomonas denitrif icans azurin 6 0  2 . 2 6 0  2 . 0 5 5  ( 5 )  

Bordete l la bronchisept ica azurin 60 2 . 2 7 3  2 . 04 9  ( 5 )  

Cucumus sativus p lastocyanin 60 2 . 2 2 6  2 . 0 60 ( 5 )  

Cucurbita 12e12o plastocyan in 60 2 . 2 3 0  2 . 0 50  ( 5 )  



I I 
-4 - 1  

spectrum was obtained with parameters A1 1  s 2 2 0  x 10  cm , 

g 1 1  2 2 . 18 and g 1 � 2 . 0 5  indicati ng that copper had moved to a 

2 4 . 

non-specific  site ( 4 5 ) .  I n  the acid region co lour and e s r  s ignal were 

stab le to pH 3 . 4 ,  below which the b lue co lour disappeared, and new 

species were observed for  which the parameters of the ma j o r  were 

I I 
-4 - 1  A = 12 8 x 10 c m  , g 1 1  = 1 1  

2 +  assigned t o  [ Cu ( H2o ) 6 ] ( 4 6 ) .  

2 . 4 3 ,  and g 1 = 2 . 089  a llowing i t  to be 

Summary 

Azurin f rom Alca l igenes denitrif icans shows an electronic 

spect rum with maxima at 460 , 6 19 and 780 nm,  and an esr spectrum with 

parameters g 1 = 2 . 0 59 ,  g 1 1  = 2 . 2 55 ,  I A1 1 1 = 0 . 0 60 cm- l  s imi lar to 

that observed for  Pseudomonas aeruginosa azurin and Popu lus 

nigra p lastocyanin . The resonance Raman spectrum o f  Alcaligenes 

denitrificans azurin shows bands attributab le to copper ( I I ) - ligand 

interactions as well  as comb ination and overtone f requencies of the 

fundamental vibrations . The spect rum is  simi lar to that o f  

Pseudomonas aeruginasa azurin but Popu lus nigra plastocyanin 

shows signif icant dif ferences . 



2 5 .  

PART 2 :  SMALL MOLECULE MODELS FOR THE TYPE I COPPER P ROTEINS 

Introduction 

One of  the mos t  compell ing arguments for the s tudy of  low mo lecular 

weight synthetic analogues of  the b lue copper proteins is that such 

compounds would a llow reactivity and modif ication studies not possib le 

with a molecule as complex and fragi le a s  a metal loprotein ( l ) .  Although 

research into the stru ctural nature of these proteins has met with 

considerable success , questions such as the modes of  action of  the 

proteins and even thei r  role , in some instances , in cel lu lar activity 

remain largely unanswered . Representative model systems wou ld no doubt 

prove of  great use in the elucidation and hypothesi s  testing of  such 

matters . 

From the results of  research on the type I proteins a 

representative model would have to fulf i l  the following requirements : 

( i )  possess a considerably distorted four or  f ive coordinate l igand 

geometry invo lving thiolate and nitrogen base l igands stab l i s ing Cu ( I I ) .  

( ii )  low copper hyperf ine splitting in the esr spectrum 

I I -4 - 1  
( A 1 1  < 100 x 1 0  c m  ) 

( ii i ) an intense absorpt ion in the 600 nm region o f  the visib le 

spectrum.  

( iv )  high positive E0 va lues . 

As was mentioned in the genera l introduction there has been litt le 

success in attempts to meet the above requi remen ts . This is  in contrast 
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to the succes s  achieved in model l ing iron sulphu r  p roteins and 

haemog lob i n .  Solomon ( 4 4 ) has rat ional ised this anomal y  on the basis  

that the latter contaln • extrinsic•  active sites capab le of existing as 

well-def ined entit ies independent of the protein .  O n  the other hand a l l  

known act ive sites i n  copper proteins are • intrinsi c• ;  that is  they are 

formed only through the intimate interaction of the copper ions with the 

ligating protein residues . A copper s ite is  thus generated which 

differs , both in geometry and ligation , f rom sma l l  mo lecu le copper 

complexes . Nonetheless a few ( 1 , 4 7-5 1 )  model systems have succeeded i n  

mimicking a t  least some of  the p roperties of  the protein copper s ite . 

The mo re successful  are listed in Table 1 . 6 ,  and shown in Figure 1 . 5 .  

Barring copper substituted horse l iver alcohol dehydrogenase which 

itself i s  a metalloprotein,  it  can be seen from Table 1 . 6  that the mixed 

valence compound of copper and 2-mercapto - 1-methyl imidazole ( mmimH ) 

fulf ils  most of  the requirements for a type I copper mode l . 

Dobry-Duclaux and Perichon ( 5 3 )  were the f irst to report cupric 

compounds of  this ligand, formu lating two forms o f  comp lex - [ Cu ( mmim ) 2 ] 

and [ Cu i iCui
5 ( mmim ) 6 ] x  ( X � mmim or Cl04 ) - although only the latter was 

iso lated f rom solution . Almost simultaneously  work was being conducted 

in thi s  laboratory leading to the iso lat ion of the postulated products 

[ Cui iCui
5 ( mmim ) 6 ] x  (X s C lo4 , PF6 or CH3C00 ) ( 54 ) .  These mixed valence 

compounds have been reformulated in this work as 

II I 
[ Cu 2cu 10 ( mmim ) 12 C H2o4 J x2 as a resu lt of a t imely  crystallographic 

invest igation by Agnus et al . ( SO )  of the analogous mixed va lence 

II I system [ Cu 2cu 10 ( mmim ) 12 ( cH3CN ) 4 ] ( BPh4 ) 2 • Here also  the series has 

been extended to include [ Cu
i i  

Cu
i 

( mmim ) ( H  0 )  ] ( OH ) and the earlier 2 10 12  2 4 2 

[ Cu ( mmim ) 2 J formu lation of Dobry-Duc lau x ( 53 ) has been reinterpreted 



Table 1 . 6  The best models to date for type I b lue proteins . 

I 

II  

III  

IV 

V 

VI 

Compound 

[ Cu ( HB ( 3, 5-Me2p z ) 3 ( mnb ) 

[ Cu ( SPh2PNPPh2S ) 2 ] 
-

[ Cu ( mpg ) ] 

[ Cu ( cyclam ) ( l -mercaptopropan e ) ] + 

II  I . 2+ [ Cu 2 cu 10 ( mm�m ) 12 ( CH3CN ) 4 ] 

copper-doped horse alcoho l 
dehydrogenase 

Suspected Geomet ry 

elongated tetrahedral 

distorted tetrahedral 

square planar 

square pyramidal 

distorted square 
pyramidal 

distorted tetrahedral 

Notes : a .  ext inction coefficient ( 1  mol cm- 1 ) in parentheses . 

Donor Atoms Band max ( nm )  

N �_s 588 ( 3 900 ) 

54 5 7 5  ( 3 6 1 0 ) 

NS02 605  ( 3 00 ) 

N 4S 364  ( 9 800 ) 

N 3S2 635  ( 3 800 ) 

s2NO 620  ( 2 000 ) 

a I Al l I 
10-4cm - 1  

17 1 

12 1 

82  

-

6 5  

3 0  

Eo/ 
V 

-

-

-

-

-0 . 2 05  

-

Ref 

1 

4 7  

4 8  

4 9  

5 0  

5 2  

N 
-..1 



( I )  

(V) 

N=s • C�s 
\ (! • Cu 

0 

( VI) 
Figu re 1 . 5 St ruc t u r e s  o f  the bes t  typ e  I mode l s . 

28 . 



2 9 .  

The remarkable spectra l  features  of the Cu-2 -mercapto - 1-

methylimidazole s ystem have not been exp loited to fu l l  advantage in the 

light of its suitability as a type I blue copper model .  Accordingly in 

this section a detai led electronic , esr and resonance Raman spectral 

study i s  conducted . The electronic and esr spectra of  one other new 

invest igated . Finally an attempt i s  made to rationalise the physical 

requirements for the unusual spectr-a l  features foun d  i n  the blue 

proteins on the basis of  evidence presented here and f rom other relevant 

compounds in the literature . 

1 . 3  SYNTHESI S  OF THE COMPLEXES 

Ful l  preparative details may be found in the experimental section 

( 1 . 7 . 1 ) .  

an ammoniaca l aqueous solution of  2-mercapto - 1 -methylimidazole to copper 

C , 2 5 . 9 ;  H , 3 . 2 ;  N , l5 . 1 .  

Cu ( N03 ) 2 . 3H2o to 2-mercaptoethylammonium chloride and raising the 

solution pH to 9 with NH40H.  Found ( % ) z  C , 12 . 6 ;  H , 3 . 3 ;  N , 8 . 1 ; Cl , 9 . 7 .  
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Figure 1 . 6  S t ructures and abbreviations of 1 igands appea ring 

in this sect ion . 

2-mercapto- 1-methylimidazo le ( mmimH ) 

4-nitromercaptobenzene ( mnbH ) 

0 0 
H S"- 1 1  1 1 CH-C- NHCH -C-OH 
�c/ 2 

N-2-mercaptopropionyl glycine ( mpgH3 ) 

hydrotris ( 3 , 5 -dimethyl- 1-pyrazo lyl ) borato ( HB ( 3 , 5 -Me2pz ) 3 ) ion 

Note : In conco rdance with common usage,  where appropr iate ligands 
have been named and' drawn in the thio l rather than the thione form,  
although the latter predominates in most cases . This  helps in  
simp l i fying the sys tems and  emphas ises the primal reactive ro le of 
the su lphhydryl group in the coo rdination chemi stry of copper .  
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I I  I · ) 1 ( h ) d d · to the [ Cu 2cu 10 ( mml.m ) 1 2 ( CH3CN 4 BP 4 2 were prepare accor 1.ng 

methods of Kermode ( 54 )  and Agnus ( 50 )  respectivel y .  

1 . 4  RESULTS AND DI SCUSSION 

1 . 4  . 1  Infrared spectra 

expected is very simi lar  to that of the compounds where the hydroxyl 

group is replaced by Clo4 , PF6 or CH3C00 ( 5 4 )  with the excep tion of the 

characteristic bands shown by these anions . A strong v ( OH ) ( 5 5 ( a ) ) 

- 1  vibration is observed a t  3 3 9 0  cm , to which presumably both aquo 

and hydroxy ligands contribute . 
- 1  o( HOH ) ( 5 5 ( a ) ) i s  p resent at 1630  cm 

I I  I For [ Cu 6cu 8 ( mea ) 12c l ] ( N03 ) 2 ( C l ) 5 . 7H2o vibrations attributable 

- 1  to v ( N0 ) ( 55 ( b ) ) stretches are observed a t  14 3 0  and 1340  cm consistent 

with the presence of ionic nitrate . The medium ban d  intensity is also 

confirmation of  the low percentage of nitrate since these bands are 

norma l l y  quite strong . The v ( OH ) absorptions o f  water appear at 3400  

- 1  - 1 cm , the V ( NH ) absorptions f rom the amino group at 3 2 3 0  and 3 100 cm 

- 1  and the NH bending mode occurs a t  1 5 8 5  cm ( 5 5 ( c ) ) .  

1 . 4 . 2  Electronic spectra 

Data for the comp lexes run in so lut ion ,  or where inso lubi lity 

prevented ,  as nuj ol mu lls , are presented in Table 1 . 7 .  

II  I Compounds invo lving the cluster [ Cu 2cu lO ( mmim ) 12 ( Y ) 4 ] x2 ( where 

Y 2 acetonitrile or water,  X • BPh4 , clo4 , PF6 , cH3coo , OH )  show almost 

identical spectral features . A moderately intense band or shoulder 

appearing at 4 10 nm has been assigned as a n ( N ) � Cu ( I I )  charge 



Table 1 . 7  Electronic spectra for small  molecu le analogues . 

Compound 

[Cu 
II  

2cu 1
10 ( mmim ) 12 ( MeCN ) 4 1 ( BPh4 ) 2 

[ Cu I I  I 
2Cu 10 ( mmim ) 12 c H2o ) 4 1 ( Clo4 ) 2 

[ Cu
i i

2cu i
10 ( mmim) 12 c H 20 l 4 1 ( Cl0 4 ) 2 

[ Cu i i
2Cu i

10 ( mmim ) 12 ( H 20 ) 4 1 ( PF6 ) 2 

[ Cu II 
2cu I 

10 ( mmim ) 12 ( H 20 )  4 1 ( PF 6 ) 2 

[ Cu I I  
2cu I 

l O ( mmim ) 12 ( H 20 )  4 1 ( CH 3coo ) 2 • 2H 2o 

[ Cu I I  
2cu I 

10 ( mmim)  12 C H p ) 4 1 ( CH 3COO ) 2 • 2H 20 

Solvent 

CH 3CN 

CH 3N02 

CH 3CN 

CH �0 2 

CH3CN 

CH3No2b 

CH 3CN 

Band max Ass ignment 
( nm )  

4 10 ( 12 0 0 )  �( N )AfCU ( I I ) 
635  ( 38 0 0 ) a( S - ) -+Cu ( I I ) 
880  ( 18 0 0 ) 1t ( S - ) -tCu ( I I  ) 

4 37 ( sh ) ( l 0 7 0 ) 1t ( N ) -tCu ( I I )  
6 2 5 ( sh ) ( 3 5 0 0 ) a( S - ) -tCU ( I I  ) 
693  ( 3 9 10 ) 1t( S - ) -+Cu ( I I )  

4 30 ( sh )  1t ( N  ) -tCu ( I I )  
62 0  a (  S - ) -tCu ( I I ) 

ca7 3 0 ( sh )  1t { S  - ) -tCu ( I I ) 

4 33 ( sh ) ( 1 0 5 0 ) 1t ( N )  -tCu ( I I )  
6 2 5 ( sh ) ( 3 3 0 0 ) a( S -) -+Cu ( I I )  
695  ( 3 6 8 0 ) 1t ( S - HCu ( I I )  

4 3 0 ( sh )  n ( N ) -+Cu ( I I )  
638 ( br )  a( S - ) -+cu ( I I ) 
7 3 0 ( sh )  n ( S  - ) -+Cu ( I I ) 

625 ( sh ) ( 2 8 0 0 ) a( S -) -tCu ( I I ) 
698  ( 3 12 5 )  �( S -HCu ( I I ) 

4 10 1t ( N ) -+Cu ( I I ) 
634  a( S -) �Cu ( I I )  
7 3 0 ( sh )  n ( S  -) �Cu ( I I )  

Ref 

( 5 0 )  

( 5 4 )  

( C )  

( 5 4 )  

( C )  

( 54 )  
w 
N 

( C )  



Compound 

Table 1 . 7  contd 

[ Cu II lu I 10 ( mmim ) 12 ( H20 ) 4 ] OH2.2Hp 

[ Cu (mmimH ) 2C l ] ( resulting blue soln ) 

II I · 
[ Cu 6 cu s(mea ) 12Cl ] ( N0 3) 2 ( C l ) 5 . 7H20 

Solvent 

CH 3CN
b 

nujol mullb 

H2ob 

nujol mull 

Band max 
( nm )  

62 5 
735 ( sh )  

630 
750 ( sh , br )  

62 5 ( 2 850 ) 
750 ( sh )  ( 2 5 5 0 ) 

597 

Notes a . extinction coefficient bracketed (u�its l mol- 1cm- 1 ) 

b . band at ea 400nm obscured 

C. this work 

sh . shoulder 

Assignment 

a< s·- Hcu·( I I )  
'lt ( S- ) �Cu ( I I )  

a ( S- HCu ( I I  ) 
n ( s -HCu ( II ) 

a ( S- HCu ( I I ) 
n ( S- ) +Cu ( I I )  

( S - ) 7Cu ( I I ) 

Ref 

( C )  

( C )  

( c ) 

( C )  

w 
w 
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transfer .  The absorbance responsible f o r  the intense b lue colour at 

about 650  nm is actually  two bands which show some so lvent dependence 

for their pos ition and intensity . Thi s  property i s  a feature of charge 

transfer transitions and has been observed in the spectra of copper 

pheno late compounds ( 5 6 ) .  In  nitromethane a distinct band at ea . 700  

nm is observed f lanked by a shoulder at 6 2 5  nm, whereas in acetonitrile 

a reversal occurs , the main band appearing about 630 nm and a shoulder 

at 730  nm. The intense nature of these bands and their so lvent 

dependence are supportive of a charge t ransfer ass ignment .  The 

absorbance is most likely O( S - ) � Cu ( I I ) ,  with the 7 3 0  nm transition 

ass igned as 1t ( S- ) -- Cu ( I I ) .  Comparison with the electronic spectrum o f  

Ale . denitrificans azurin ( Table 1 . 2 ) shows a remarkable simi larity 

between band positions , which may denote the similarity  of  the 

environment of  the copper atom in both cases . 

When the white so lid [ Cu
1

( mmimH ) 2C l ]  ( see Chapter 2 )  is dissolved 

in water,  a strikingly intense blue co lour develops within seconds which 

has a spectrum identica l  to the above cluster compounds lending credence 

to the suggestion that a new so lub le compound [ Cu
1 1

2cu
1

10 ( mmim ) 12 ( H2o ) 4 ] 

c12 is being formed . 

The . 1 1 1 t f [ I I  I nuJo mu spec rum o Cu 6cu 8 ( mea ) 12cl ] ( N03 ) 2 ( C l ) 5 . 7H2o 

showed a single band at 597  nm which has been ass igned as a S � Cu ( I I ) 

charge transfer transition . 

1 . 4 . 3  Esr spectra 

Parameters for the comp lexes may be found in Tab le 1 . 8 .  An almost  



Table 1 . 8  Esr parameters for the complexes 

Compound 

I I  I [Cu 2cu 10 ( mmim ) 12 (cH3CN ) 4 ] ( BPh4 ) 2 

II  I [ Cu 2cu 10 ( mmim ) 12 ( H2o ) 4 ] ( Cl04 ) 2 

[ C  II I . p u 2Cu 10 ( mm�m) 12 ( H20 ) 4 ] (  F6 ) 2 

[ Cuii
2cu i

10 ( mmim ) 12 ( H2o ) 4 ] ( CH3C00 ) 2 . 2H20 

II  I [ Cu 2cu 10 ( mmim ) 12 ( H20 ) 4 ] ( 0H ) 2 . 2 H2o 

II  I 
[ Cu 6cu 8 ( mea ) 12cl ] ( N03 ) 2 ( C l ) 5 . 7H2o 

So lvent 

CH3No2 

CH3CN 

CH3No2 

CH3No2 

CH3No2 

CH3No2 

H2o 

Notes : a .  second species b .  third species c .  

e .  91 f .  A1 

9 1 

2 . 0 6 7  

2 . 0 8 1  

2 . 0 6 9  

2 . 0 69  

2 . 07 4  

2 . 08 2  

c 2 . 0 74 d ca2 . 0 54 

92 d.  9 3 

9 I 1 -4 - 1  
1 1  A1 V ( 10 cm ) 

2 . 2 8 1  64 
2 . 2 38a 64a 

2 . 2 8 1  
2 . 2 3 8a 

2 . 2 8 1 
2 . 2 38a 

2 . 2 8 1  
2 . 2 38a 

2 . 2 8 1  
2 . 2 3 8a 

2 . 2 8 1  a 2 . 2 38b 2 . 2 7 4  

2 . 247e 

64 
64a 

64 
64a 

64  
64a 

64  
64a 

64 
64a 

179b 

18l 

w 
V1 
. 
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I I  I identical lineshape is  p roduced for compounds of  the type [ Cu 2cu 10 

( mmim ) 12 ( Y ) 4 ] ( X ) 2 ( where Y 2 CH3CN , H20 and X 2 BPh4, C l04, PF6 , cH3COO 

and OH ) . Henry et a l . ( 5 7 )  were only able to obtain a quasi 

isotropi c  lineshape for • [ cui iCu
i

5 ( mmim ) 6 ] ( Cl 04 �· 

( [ Cu
11

2cu
i

10 ( mmim ) 12 ( H2o ) 4 J ( Cl04 ) 2 ) .  Agnus et a l . ( S O ) succeeded in 

reso lving the spectrum of [ Cu i i
2cui

10 ( mmim ) 12 ( cH3CN ) 4 J ( BPh4 ) 2 , however 

the interpretation of it as being due to a single axial l y  symmetric 

species is  in retrospect too simplistic . Figure 1 . 7  shows the spectru m  

of  the compound run i n  nitromethane . The copper hyperf ine peaks are 

clearly  asymmetric and an extra hyperf ine absorbance occurs at 2743  G .  

I t  appears that the spectrum i s  composed o f  two species which have 

simi lar parameters . An attempt has been made to substi tute parameters 

for these ( Table 1 . 8 ) ,  however, a computer s imu lation experiment is 

requi red to p roperly evaluate those with best f i t . Nonetheless the 

I I -4 - 1  p redicted A1 1  value of  64xl0 cm for the species mimicks that of  the 

type I b lue proteins ( �60xl0-4cm- 1 ) extraordinari ly  wel l . 

I I  I On ageing of [ Cu 2cu 10 ( mmim ) 12 ( H2o ) 4 J ( CH3Coo ) 2 . 2 H2o ,  but even for 

I I  I f reshly  p repared [ Cu 2cu 10 ( mmim ) 12 ( H2o ) 4 ] ( 0H ) 2 . 2 H2o ,  a third species 

was observed in the esr spectru m .  This  showed a number of  nitrogen 

superhyperf ine lines suggesting that the compound may have a disu lphide 

ligand with ligating nitrogens, resulting f rom o xi dation of the c luste r .  

The spectrum of the in s itu species [ Cu ( mmim ) 2 J of Henry 

et a l . ( 5 7 )  generated by addition of cupric acetate to ligand in 

I I  I ethano l shows a simi lar spect rum to that of the [ Cu 2cu 10 ( mmim ) 12 
2 +  

( H2o > 4 I c luster supporting the suggest ion that i t  be better formulated 

I I  I 
as [ Cu 2cu 10 ( mmim ) 12 ( H2o ) 4 ] ( CH3coo ) 2 • Such a compound has been 

iso lated f rom a so lut ion of this compos ition . ( 54 ) .  
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rhombic  character - two absorbances appearing in the g l region . Bencini 

et a l . ( 58 )  have observed s imi lar behaviour in the spectrum of square 

pyramida l comp lexes . 

1 .  4 .  4 Resonance Raman Spectra 

The resonance Raman spectrum of the 
[ I I  I ( . ) compound Cu 2cu 10 mm1m 12  

' - 1 200  to 6 0 0  cm in 

- 1  nitromethane, and f rom 1 100 t o  1 5 0 0  c m  i n  acetonitri le . A 676 . 5  nm 

laser was u sed as the exci tation source . Regions of  interest are 

presented in Figure 1 . 8 .  - 1  An absorbance at 330  cm has been ass igned 

- 1  to v ( CuS ) ,  with the band at 4 3 9  cm interpreted a s  v ( CuN ) .  The 

- 1  peak a t  4 7 8  c m  i s  due to solvent and the remaining bands i n  this 

reg ion are unass igned . For the high frequency area, bands at 

- 1  1 145 , 12 8 3 , 13 18, 1 3 6 1 , 14 13 and 1452  c m  are a l l  associated with ring 

stretching modes of the mmim l igand . - 1 The peak at 1 3 7 4  cm is due to 

the CH3CN so lvent . 

1 . 5  STRUCTURE OF  THE MODEL COMPLEXES 

( BPh4 ) 2 was repo rted by Agnus et a l . ( 50 ) .  The two Cu ( I I )  atoms of 

the c luster occupy ident ical s ites, the geometry of  which is shown in 

Figure 1 . 9 .  

Around copper there is  a trans s2N2 dono r set with Cu-N bond 

distances of 1 . 960  and 1 . 9 34  � and Cu-S bonds of 2 . 4 6 4  and 2 . 4 66  �;  

N-Cu-N and S-Cu-S ang les are 175 . 4° and 150 . 9° respec t ively . A fi fth 
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ligand,  CH3CN binding through nitrogen , has a longer Cu-N bond of 

2 . 2 9 5  R and occupies an axial position . I t  i s  possible to interpret the 

copper environment in three ways . First ly,  as described by Agnus et a l .  

( 50 ) ,  the s2N 2 donor set forms a n  approximate equatorial plane , 

leading to an overall  distorted square pyramidal s tereochemistry when 

the axial acetonitrile ligand is taken into account .  However , on closer 

examination the structure may be interpreted i n  terms of two other 

geometries based on a trigonal ligation approach . I n  this way the three 

nitrogen ligands can be seen to occupy a p lane , with the two sulphurs 

in distorted axial positions . Alternatively a simi lar trigonal outlook 

can be achieved by p lacing the two su lphur ligands and the acetonitrile 

in a p lane having long bonds ; with the two remaining nitroge� ligands 

occupying short bonded axial positions . 

I I  I The simi larity of  the spectra l  features of  the compounds [ Cu 2cu 10 

same structural framework is presen t ,  with l igating acetonitrile 

mo lecules rep laced by water molecu les . 

on the basis of  the structure revealed b y  Birker and Freeman ( lO )  for the 

comp lex formed with the ligand penicillamine ( pen ) with copper . X-ray 

I I  I 5 -analysis showed a structure invo lving the cluster [ Cu 6cu 8 ( pen ) 12c l )  

with the Cu ( I I )  atoms corodinated by s2N2 chelates i n  a s quare p lanar 

stereochemistry . In  solution a solvent l igand may coordinate in an 

equatorial position to give the apparently 5-coordinate esr spectrum. 
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1 . 6  AN INTERPRETATION OF THE STRUCTURAL REQUI REMENTS NECESSARY FOR THE 

PRODUCTION OF THE DISTINCT SPECTRAL FEATURES OF THE TYPE I BLUE 

COPPER PROTEI NS 

An attempt i s  made here to exp lain which features are essential in 

both p rotein and model to p roduce the intense charge t ransfer absorption 

I I 
-4 - 1  

at ea 6 0 0  nm and the low value of A1 1  
� 60  x 1 0  cm for the esr 

spectrum.  

As  more Cu ( II )  thiolate compounds are s yn thesised evidence seems to 

suggest that the two p roperties are separab le . Bands which may be 

assigned to a( S ) � Cu ( I I ) charge t ransfer t rans itions occur over a wide 

range of energies in the visible spectrum ,  f rom 3 3 0  nm in biscysteinato 

( 5 0 ) .  However for a number of Cu ( I I )  and mixed valence thiolato 

compounds the bands are observed in the region 5 0 0 - 6 5 0  nm ( 10 , 60 , Table 

1 . 6 )  where the type I proteins p redominantly  absorb . The b lue bands 

observed for the proteins then should not be regarded as a phenomenon of  

the particu la r  nature and geometry of the ligands found i n  the type I 

site .  Compounds have been prepared ( See Table 1 . 6 )  which can 

satisfactorily match elect ronic band position and intensity,  but which 

have distinctly different esr properties . Rather the t ransition should 

be interp reted as being a normal i nteraction of Cu ( I I )  with a thiolate 

ligand . 

The p roblem of interp reting esr parameters is more complicated and 

much effort has been di rected towards p roviding an exp lanation based on 

structural considerations . The paucity of  well characterised compounds 

exhibiting low copper hyperfine < I A1 1 1 < 100  G )  has p roved a severe 
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hindrance in the development o f  ideas . The g 1 1  and g 1 parameters of  

the type I pro teins a re considered • norma l •  in  that they can be matched 

by model compounds wi th similar ligands ( l )  however the wide range of g[l 

values ( 2 . 19 -2 . 3 1 )  is g reater than has yet been observed for syn thetic 

analogues with a con stant ligand set ( l ) .  

Early attempts at rationalis ing the low values of  I A1 1 1 
attributed them to the tetrahedral nature o f  the copper s ite . I t  has 

been observed for some years that distortion from a square p lanar 

stereochemistry to a more tetrahedra l one invariably results in a 

decrease in the value of  I A1 1 I ( 6 1 , 62 ) .  I t  was thought that 

suff icient distort ion towards tetrahedral coordination could lower I A1 1 1 
to the • b lue• reg ion . Indeed studies of  y irradiated [ Cu ( CH3CN ) 4Cl04 ] 

( 6 3 )  and Cu ( I I ) doped c rystals of  [ ZnHg ( SCN ) 4 ] ( 64 ) ,  both imposing 

N4 tetrahedra l geometries resulted in I A1 1 1 values of 80 and 7 8  

x l0-4cm- l  respectively . The crystal structure of  p lastocyanin{ 2 3 ) 

indicating a pseudotetrahedral ligand arrangement was consistent with 

this theo ry .  However inconsistencies in this trend , such as in 

[ Cu { HB { 3 , 5-Me2p z ) 3 ) ( mnb ) ] { l ) ,  where although the geometry is thought to 

be elongated tet rahedra l ,  • normal•  I A1 1 1 values were observed; but more 

particu larly that geometries other than tetrahedral could g ive rise to 

I I I I  I 2 +  appropriately low values o f  A1 1  ( 4 8 )  ( e . g .  [ Cu 2cu 10 ( mmim ) 12CH3CN)41 , 

( 50 )  and [ Cu ( mpg ) ] ) { 4 8 ) ,  indicated that the problem was more complex . 

A p lausible mechanism for copper hyperf ine reduction was proposed 

by Bates et a l . { 6 5 , 66 )  and Sharnof f ( 67 ) ,  who investigated a series 

of complexes of copper { I I )  with distorted tetrahedra l environments . The 

I I -4 - 1  reason for the low values o f  A1 1  observed ( � 5 0 x 1 0  c m  ) ,  if  

hyperfine was seen at all , was attributed to admixture of a 4p 



contribution into the 3d ground state wave funct ion ( f rom hole xy 

44 . 

formalism )  of copper . I t  was thought that j A1 1 1 is lowered as a result 

of the small total magnetic f ield experienced a t  the nucleus . This 

arises because the magnetic moment from the p distribution produces a z 

magnetic field at the nucleus which is in the opposite direction to that 

of the d distribut ion . Provided that a sufficient amount of p-type xy 

wave function is built into the ground state, it is possible to have 

such a low total magnetic  fie ld at the nucleus that a co l lapsed magnet ic 

hyperf ine structure results . The f igure below shows schemat ically the 

distribution of spin angular momentum over d and p wave function s ,  xy z 

and the resultant cancel l ing effect of  the fields Hd and H
P 

at the 

nucleus . 

s 

t I 
I 

Furthermo re Sharnoff ( 6 7 )  suggests that the greater the covalency in 

comp lexe s ,  the more admixture of  4p orbitals into p rimarily 3d 

wavefunctions will occur .  Thiolate ligands which are considered to have 

highly covalent interactions ( 68 )  are therefore presumably wel l  favoured 

in their abi lity to promote j A1 1 1 reduct ion . 
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I t  should be noted also that mixing of  p orbitals can give rise to 

enhanced I A1 1 1 values when a particu lar geometry is presen t .  For 

instance in copper doped zinc oxide ( 6 6 ) ,  copper ( I I )  i s  p resent in a 

trigonal l y  distorted tetrahedral environment ,  that i s ,  one of  the Cu-0 

bond distances i s  shorter than the other three . Here the sp in 

contributions f rom the p and d wavefunctions to the total magnetic 

I I 
-4 - 1  

moment add , contributing to the enhancement o f  A1 1  to 1 9 5  x 1 0  cm 

Recently,  however, Bencini and Gatteschi ( 69 )  have inferred that 

covalency effects , in particu lar a relatively s ma l l  Fermi contact term, 

are responsible for the low value of I A1 1 1 in the pseudotetrahedral 

cs2 [ cucl4 ] comp lex , rather than 4p  metal orbital mixing into the ground 

state.  

Turning our  attention towards the b lue pro teins and their synthetic 

analogues again;  if mixing of  d and p orbitals is a requi rement 

a .priori for the reduct ion of  I A1 1 l , structures promoting mixture 

are favoured . Immediately a regular octahedral f ield i s  ru led out , as 

mixing is forbidden for such stoichiometries ( 6 5 ) .  Furthermore from 

Tab le 1 . 6  it is evident that a regular elongated tetrahedral system with 

c3v symmetry i s  also incapable of  providing the right environment .  

What then are the cosmopolitan structural and geomet rica l features 

present in compounds exhibiting low I A1 1 l ? A promising stratagem would 

be to compare the st ructures of compounds g iving rise to this property 

in the hope of finding the prerequ isite requirements . 

A feature common to each , if a l l  possible ligands are cons idered, 

is a high deg ree of irregularity or  rhombicity in their structures . The 

proteins azurin , plastocyanin and horse liver alcoho l  dehydrogenase 
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contain one o r  mo re axial ligands bound a t  irregular ang les to an 

approximate p lane containing 3 l igands , one of which i s  different . In  

I I  I 2 +  
[ Cu 2cu 1 0 ( mmim ) 12 ( C H3CN ) 4 1 a buck led trans-orien ted p lane containing 

four donor atoms is axially bound by a fourth hetero- l igand . 

Ano ther structura l theme , that of trigonal ligation , is  evident if  

only  the strongly binding ligands are considered . For instance in both 

azurin and p lastocyanin the three strongest ligands , the two hist idines 

and the cysteine are found in an approximate p lanar a rrangement .  

Similarly with a lcohol dehydrogenase two cysteines and a histidine form 

a p lane of  strong ly interacting ligands , and this i s  so also , as has 

S ( Cys ) 

I 
Cu 

/ ""'  ( Cys ) S  N ( His ) 

( A )  

N ( His ) 

I 
Cu 

/ �  ( His ) N  S ( Cys ) 

( B ) 

( CH3CN ) N  

I 
( mmim )  N-- Cu --N ( mmim ) 

( C ) 

Trigonal ligation for ( A )  horse liver alcoho l dehydrogenase 

( B )  azurin and p lastocyanin  

I I  I 2 +  ( C ) [ C u  2cu 10 ( mmim ) 12 ( CH3CN ) 4 ] 

From the above diagram it  can be seen that in each case c2v 

symmetry,  or c2 if  copper i s  out o f  the plane , can be  assigned. 

Just if ication for the neglect of  the axial ligands in azurin has been 

discussed previously ,  but it is also interesting to note that in a 

recent study of  the system trans [ Cu ( cyc lam) ( SC6F5 ) 2 ] ( 7 0 ) ,  in which 

pentaf luorothiopbe�ate ligands b ind axially with bond lengths of 2 . 94  R, 
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comparab le with the axial methionine i n  p lastocyanin and azurin , litt le 

effect was produced on the characteristic optica l  and esr spectra of 

2 +  
[ Cu ( c yc lam ) ] • 

The postulation that c2v symmetr y ,  or a lternatively a symmetry 

of C if all  ligands are considered, is  important in promoting d-p s 

mixing i s  at first g lance apparently in conten tion with what are 

general l y  regarded as the more authoritative symmetry models for the 

type I proteins . A theoretical approach based on ligand f ield calculat-

ions for p lastocyanin conducted by So lomon et al . ( 2 7 ) favoured a 

higher s ymmetry, that of  o
2d corresponding to a tetragonally 

f lattened tet rahedron . Elongated and compressed trigonal bipyramidal 

symmetry ( D3h ) and a compressed four coordinate pseudotetrahedral 

structure with C symmetry were discounted because of poor agreement s 

of theoretical and observed g values . 

Further calculations are required for the f ive coordinate structure 

of the a zurin from Ale . denitrificans incorporating C symmetry, s 

and a lso the limi ting trigonal structure with c2v symmetry. 

Penfield and coworkers ( 2 6 ) have a lso performed spect roscopic studies on 

p lastocyanin sing le crystals and favour a description corresponding to 

elongated c3v with signif icant rhombic di stortions . I t  sould be 

noted that the g round state for this symmetry is not d xy 

it is a lso for o
2d . 

Summary 

but d 
2 2 ' 

X -y 
as 

1 .  X-ray crystallographic , resonance Raman and esr evidence favour an 

essentially trigonal coo rdination sphere fo r copper in the active site 
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Figure 1 . 1 0 Relat ion of copper geometry and the s i ze of the 
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1 1 1 esr parameter 

S t ructures produ c ing low values 

of I A 1 1
1 ( < 1 0 0 x l o -4 cm- 1 ) 

s 
long bond 

Cu 
N/ �""s 

C5 symmetry 

(7) 
0 l l o n g  bond 

Cs sym metry Cu 
s/ 1 "'s N (52) 

u __ N Cs sy mmetry 

(50) N"" /s 
Cs sym metry Cu 

(48) o / ""-o s l long !Jond 

S"' (U_N Cs symmetry 

N/ �ong bond our work 

0 
c l  ( l 

""' / 
o2d symmetry [u 
(67) C l/ � l 

S t ruc ture s producing high values 
of I A

1 1 1 ( > 1 5 0x lo - 4 cm- 1 ) 

s 
lo ng b ond 

· Cu � 
I 
""" c3v sym metry 

N N N (1) 

0 lsho r t  b ond 

C\ c3v sy m m etry 

o/� o (66) 



49 . 

of Ale . denitrificans . 

2 . The intense b lue absorption in the e lectronic spectrum of  the 

type I proteins can be attributed to a normal phenomenon of the 

thio late-Cu ( I I )  interaction , and is not a unique feature of the type I 

site.  

3 .  The low I A1 1 1 values observed for the type I copper proteins 

results f rom mixing of p orb ital character into the d o rbitals of 

copper . Perfect or distorted tetrahedral ,  trigona l  c2v or a 

symmetry of  C appear to promote this mixing , with subsequent s 

reduction of  the magnetic field at the nucleus and collapse of  A1 1 • 
c 3v symmetry results  in an increase o f  the nuclear magnetic field 

with resulting enhancement of A1 1 •  

4 .  These s tudies indicate that pert inent small models for the copper 

azurin s i te ma y  be based on a t rigonal p lanar geometry with c2v 

symmetry . Such systems , up to this t ime , have been imposs ible to 

synthesise as coordination number three is unknown in s imp le copper ( I I ) 

chemistry . However,  five coordinated models with long axial bonds may 

be useful alternat ives . 

1 . 7  EXPERIMENTAL 

1 . 7 . 1  Instrumentation 

Instruments used were as for part 1 except that the Shimadzu MPS 

5000  onl y  was used for e lect ronic spectra . Solid state e lectronic 

spectra were often run as nuj o l  mul l s  on Whatman fi lter paper , with a 

nujol  f i lter paper b lank in the reference compartment . A Pye Unlearn 
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SP3-3 00 was used t o  record infrared spectra which were run as nuj o l  

mu lls on Csl p lates . A Cahn Farraday balance No . 7 55 0  was used to 

determine magneti c  susceptibilities . 

1 . 7 . 2  P reparation of  the complexes 

3 To 2 5  cm o f  a 1 %  aqueous solution o f  mmimH was added 14 drops 

concentrated NH40H or a lternatively n-butylamine. Thi s  so lution was 
' 3 added dropwi se to Cuso4 . sH2o in water  ( 2 0cm ) .  A b lue-black precipitate 

apeared almost immediately which was co l lected and washed with water . 

Yield 0 . 09g  ( 60 % ) . 

3 Cu ( N03 ) 2 . 3H2o ( 1 . 2 g ,  5mmo l ) in water ( 20cm ) was added dropwise to 

2-mercaptoethylammonium chlo ride ( O . S lg , 7mmo l ) in  water ( 2 0cm3 ) upon 

which a white compound was p recipitated . The pH o f  the so lution was 

slowly raised to 8-9 with 2M NH40H during which the white precipitate 

changed to a red colour and finally a b lue-purp le .  This compound was 

co llected and washed with water and acetone . Yield s 6 0 % .  
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CHAPTER 2 

THIOLATE AND THIOAMI DE COMPLEXES OF COPPER ( ! }  

Introduction 

In most cases where a cupric salt interacts with a su lphhydryl 

containing ligand , reduction to copper ( ! }  occurs with oxidation of 

ligand to the disu lphide . Excess ligand may then stabi lise the cuprous 

state by formation of a comp lex . Where the coordinating sulphur atom is  

in  the thio late form ,  po lymeric spec ies involving c lu sters of bridged 

2-copper atoms are commonly observed such as in [ Cu 4 (C6H 5S }  6 1 ( 1 }. 

2 - -
[Cu 5 ( c6H5s > 7 1 ( 2 }  and [ Cu5 ( ( CH3 } 3Cs } 6 ] ( 3 } .  However where tautomerism 

between thio l and thioketo forms is  poss ible for the l igand ( see Figure 

2 . 1 }  neutra l  thione su lphu r  may coordinate in conjunct ion with an 

anion , particularly when the anion is a hal ide 

C7H Y�S 

thiol form thioketo or thione form 

Figure 2 . 1  Thiol- thioketo tautomerism for imidazo le ( Y=NH } and thiazole 

( Y=S } skeletons 

The ability  for the ligand to form such a tautomeric equi librium is 

conferred when the thio l group is attached to an imidazole or thiazo le-

type skeleton . In most cases the thioketo form predominates for the 

free l igand in the solid state ( 4 ) .  In the thioketo form the ligand i s  

referred to a s  a thioamide compound . 
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Thioamide compounds are norma l l y  solids at room temperature , and for 

the mos t  part odourless , making them popular choices as ligands with 

which to study the interaction of  copper with sulphu r .  Studies , 

particu larly in the case of the ligands 2-mercaptothiazo line( 5 , 6 ) ,  

2 -mercaptoimidazo line ( 7 )  and 2 -mercaptobenzoxazo le , ( 8 , 9 , 10 )  have often 

been extensive , nonetheless there has been little attempt to elucidate 

emerging trends in compound synthesis . In addition , in some instances , 

results  for copper- thioamide systems exist in a state of disarray due to 

conflict ing and contradicting formu lations f rom di fferent authors . 

Such a case is typif ied by  the 2 -mercaptobenzothiazo le system.  The 

ligand itself is of great industrial importance , tonnes being used 

annua l l y  in the vulcanisation of rubber ( l l ) .  In the f ield of corrosion 

inhibitors 2-mercaptoben zothiazole has p roved especia l l y  suitable for 

protection of metals such as copper ( 12 ) .  I t  i s  also important 

medicinally ,  through its abi lity  to cause part ial reversal of the 

Crabt ree effect , that i s ,  it discourages excess ive g l ycolytic oxidation 

in tumour cells ( 1 3 ) .  All of these processes are believed to be promoted 

by met a l  l igand interactions , and although copper may not be 

spec i f ically  involved in each case , it is essential that the true nature 

of the interact ion be documented for legitimate comparisons between it 

and more app licable metals . 

The formu lations that have been presented to date for the addition 

of neutra l  ligand to cupric salt are presented in Tab le 2 . 1 . As will  be 

demonstrated only two specific compounds [C u ( mbtH ) 2 Cl ) and [ Cu ( mbt ) ) ,  

are formed , depending on the solvent used . 

To support these formulat ions and to further extend knowledge on _the 



Year 

1935  

19 7 5  

19 7 7  

19 7 7  

19 79 

19 82  

1983 

Table 2 . 1  Proposed formulations of the Cu-2 -mercaptobenzothiazole ( mbtH ) system 

Cu ( I I )  source 
CuX2 

G .  Spacu and M .  Kuras x .. �so4 

I .  Kuhllar and X = Cl 
u .  Agarwala 

M . F .  El-Shazly et al . X • Cl 

F .  Pruchnik et al . x .. �so4 

T.  Yoshida et al . x .. �so� , No3 
C l , CH3 00 

X .. Cl 

S . E .  Livingstone et al . X .. Cl 

This work X • Cl , �S04 

X = Cl 

Solvent 

aqueous 
ethano l 

ethanol 

ethanol 

aqueous 
ethano l 

aqueous 
ethano l 

ethanol 

aqueous 
ethanol 

aqueous 
ethano l 

ethano l 

Formulation 

[ Cu ( I I ) ( mbt ) 2 1 

[ Cu ( I I  ) ( mbt ) 2 1 

[ Cu ( I I ) ( mbt ) 2 1 

[ Cu ( I I  ) ( mbt ) 2 1 

[ Cu ( I )  mbt { mbt-mbt ) � 1 

[ Cu ( I ) ( mbtH ) 2 ( mbt-mbt ) �C l 1  

[ Cu ( I ) ( mbtH ) ( mbt ) 1  

[Cu ( I ) mbt 1 

[ Cu ( I ) ( mbtH ) 2Cl 1 

Ref 

14 

15 

16  

17 

18 

13 

U1 
CD 
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nature of the cuprous- thioamide-thio late interact ion , the react ions of 

copper ( ! ! )  salts , with compounds structurally analogous to 

2-mercaptobenzothiazole , have been studied ( See Figure 2 . 2 ) .  

2 . 1  SYNTHESI S  OF  THE COMPOUNDS 

Details  for the preparation of the comp lexes found in this  chapter 

may be located in the experimen tal sect ion . The proposed empirical 

formu lae and microanalytica l resu lts , consistent with these 

formu lations , are presented in Tab le 2 . 2 .  

The reaction stoichiomet ries for  the synthes is of the compounds can 

be represented by three g enera l equations . 

( 1 ) CuX2 + 3LH_,_ [ Cu ( LH ) 2X ]  + �L-L + HX 

( LH = mbtH , etmbtH ; X = C l , Br :  LH=mmimH ; X Cl ) 

( 2 )  CuX2 + 2LH� [ Cu ( LH ) X ]  + �L-L + HX 

( LH = mbimH , mpyH , phmt z H ,  Ph2 Ps2H ;  X 

( 3 )  CuX2 + 2LH-- [ CuL ] + � L-L + HX 

Cl , Br :  LH mmimH ; X 

( LH = mbtH , etmbtH , phmt z H ,  mpyH , dimtdzH , dipmimH , bimetH ; 

Br ) 

In all cases , as well  as  the desired compound , a disu lphide 

eo-product ( L -L )  and an acid ( HX )  are produced. The latter does not 

part icipate in any further reaction , but has been used in instances to 

verify the number of ligands coordinat ing via its t itrat ion with 

base ( 5 ) .  The disulphide , howeve r ,  poses a rea l threat as a contaminant 

for the legitimate product if it lacks solubility in either the 
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Figure 2 .  2 Structures of the l igands used in this Chapter and 
their abbreviat ions 

2 -mercaptoben zothiazole 
( mbtH ) 

H 
2 -mercaptoben zimidazo le 

( mbimH ) 

2 -mercapto- 1-methylimidazole 
( mmimH ) H5�1� �sAsH 

2 -mercapto-4 -phenylthiazole 
( phmtzH ) 

� �SH 
2 -mercap topyridine 

( mpyH )  

2 , 5-dimercapto- 1 , 3 , 4 -
thiadiazole 
( dimtdzH ) 

6-ethoxy-2 -mercaptobenzothiazole 
( etmbtH ) 

J_SH 
2-mercaptoben zoxazole 

( mboH ) 

4 , 5-diphenyl-2-me rcaptoimidazole 
( dipmimH ) 

2 -mercap tothiazo l ine 
( tt zH )  

2 -benz imidazo leethanethio l 
( bimetH ) 

n �SH 
2-mercapto imidazoline 

( etuH ) 

· P-SH H5c( \GJHs 
dipheny1phosphinodithioic 

acid 
( Ph2 PS2H )  



Table 2 . 2  Analytical data for the comp lexes 

Compound Colour %C %H %N Other 

[ Cu ( mbtH ) 2Cl ] pale yel low 3 9 . 3  2 . 7  6 . 7  8 . 4a 

( 38 . 8 )  ( 2 . 10 )  ( 6 .  5 )  ( 8 . 2 ) 

[ Cu ( mbtH ) 2Br ] yel low 34 . 2  2 . 2  5 . 7  
( 3 5 . 3 )  ( 1 . 9 )  ( 5 .  9 )  

[ Cu ( mbtH ) 2 I ]  buttercup 33 . 0  2 . 3 5 5 . 3  2 3 . 6b 

yel low ( 32 . 0 )  ( 1 .  9 )  ( 5 . 3 )  ( 2 4 . 2 )  

[ Cu ( mbt ) ] e 
orange 36 . 7 5  1 . 9  ( 6 . 1 )  

( 3 6 . 6 )  ( 1 .  8 )  ( 6 . 1 ) 

[ Cu ( etmbtH ) 2C l ] tan 42 . 4 5  3 . 7 5 5 . 4  5 . 5 5a 

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

[ Cu ( etmbtH ) 2 Br ] cream 38 . 3  3 . 6  4 . 7  14 . 8c 

( 38 . 2 )  ( 3 .  2 )  ( 4 . 9 5 )  ( 14 . 1 )  

[ Cu ( etmbH ) 2 I ]  pale yel low 37 . 7  3 . 0  4 . 8  22 . 2b 

( 3 5 . 3 )  ( 3 . 0 )  ( 4 . 6 )  ( 2 0 . 7 )  

[ Cu ( etmbt ) ]  orange 39 . 3  3 . 0  5 . 1  
( 39 . 3 )  ( 2 . 9 ) ( 5 . 1 )  0\ 

...... 

[ Cu ( nunimH ) 2C l ]  white 29 . 5  4 . 0  17 . 3  
( 29 . 35 )  ( 3 .  7 )  ( 17 . 1 )  

[ Cu ( IMlimH ) Br ]  yellow 18 . 1  2 . 5  1 0 . 7  
( 18 . 6 )  ( 2 . 3 5 )  ( 10 . 9 )  



Compound 

( Cu ( phmt zH ) C l ] . l /2H2o 

( Cu ( phmtzH ) Br ] . H20 

( Cu ( phmtz ) ]  

( Cu ( mpyH ) C l ] 

( Cu ( mpyH ) Br ] . 1 /2H2o 

( Cu ( mp y )  l f 

( Cu ( Ph2Ps2H ) C l ]  

( Cu ( Ph2PS2H ) Br ]  

( Cu ( mbimH ) C l ] . l/2H2o 

( Cu ( mbimH ) Br ] . l/2H2o 

Table 2 . 2  contd 

Co lour 

yellow green 

yellow green 

white 

orange yellow 

orange 

yellow 

white 

white 

off white 

off  white 

%C 

35 . 4  
( 3 5 . 9 )  

30 . 4  
( 3 0 . 55 )  

42 . 4  
( 4 2 . 2 5 )  

29 . 5  
( 2 8 . 6 )  

22 . 7  
( 2 2 . 8 )  

3 4 . 3  
( 3 4 . 6 )  

4 1 . 0  
( 4 1 . 3 )  

3 6 . 7  
( 3 6 . 6 )  

32 . 5 5 
( 32 . 6 ) 

28 . 5  
( 27 . 8 ) 

% H  % N  Other 

2 . 4 4 . 6  1 1 . 8a 

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

2 . 3 3 . 8  24 . 4c 

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

2 . 2 5 . 4  
( 2 .  4 )  ( 5 .  5 )  

3 . 0 6 . 5  17 . 76 

( 2 .  4 )  ( 6 .  7 )  ( 16 . 9 )  

2 . 2 5 5 . 3  32 . 6c 

( 2 . 3 )  ( 5 . 3 )  ( 3 0 . 3 )  

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

3 . 7 5 8 . 6d 9 . 2a 

( 3 .  2 )  ( 8 . 9 )  ( 1 0 . 1 5 )  

3 . 3  - 7 . 2 d 

( 2 . 8 )  ( 7 .  9 )  
(7\ 
N 

2 . 9  10 . 5  12 . 6a 

( 2 . 7 )  ( 10 . 8 5 )  ( 13 . 7 )  

2 . 6  8 . 7  
( 2 . 3 )  ( 9 . 3 )  



" 

Tab le 2 . 2  contd 

Compound Co lour 

[Cu ( dimtdz ) )  yellow brown 

[ Cu ( dimtdz ) ]  yellow brown 

[ Cu ( dipmim) ) yellow 

[ Cu ( bimet ) )  light green 

Notes : a .  %Cl , b .  % 1 , c .  %Br , d .  % P , 

f .  prepared previously Ref . 2 0  

%G %H %N 

1 1 . 8  0 . 8  13 . 7 5 
( 1 1 . 2 ) ( 0 .  9 )  ( 13 . 7 5 )  

11 . 8  0 . 8  13 . 7 5 
( 1 1 . 2 )  ( 0 .  9 )  ( 13 . 7 5 )  

57 . 2  3 . 8 5  8 . 6  
( 57 . 2 )  ( 3 .  5 )  ( 8 . 9 ) 

43 . 0  3 . 3  10 . 8  
( 4 3 . 3 )  ( 4 .  0 )  ( 1 1 . 2 ) 

e .  prepared p reviously Ref . 19  

Other 

0\ 
w 



64 . 

reaction or wash so lvents . Fai lu re to acknowledge this fact may lead to 

erroneous analys is  resu lts and has largely contributed to the number of 

anomalous formu lat ions for the 2 -mercaptoben zothiazole s ystem ( Tab le 

2 . 1 ) . Idea l l y  the so lubi l ity propert ies of  each disu lphide should be 

evaluated , requi ring thei r  p reparation or iso lation . This has been the 

approach taken in this work for compounds where formu lat ion or infrared 

inconsi stencies indicated that contamination was possible or where 

literature evidence did not preclude this  possibi lity . ( Mass spectral 

detai ls of the disulphide species iso lated f rom the reactions of the 

ligands 6-ethoxy- and 2 -mercaptoben zothiazole and 2 -mercapto-4 -phenyl

thiazole are presented in the Appendi x ) . 

Chloroform was found to be a so lvent in - which most disulphide 

species have high solub ility  and for dibenzothiazo l - 2 - y l  disulphide , 

experimen ts in which the amount of disulphide extracted was weighed 

indicated that the wash process was quantitat ive . According ly 

chloroform has been used as a wash so lvent in a l l  the p reparations 

listed . 

The enigma surrounding the mbtH system is  simp l i f i ed when it is  

considered that in no  p revious preparation has any  author effectively 

removed the contaminat ing disulphide . Details of  e lemental analys is  for 

anoma lous p roposed formu lat ions and for alternat ive formu lat ions where 

disu lphide is removed are p resented in Table 2 . 3  

As is  evident from Tab le 2 . 3 the only possible compounds from the 

starting materials are [ Cu ( mbtH )2 C l ]  and [ Cu ( mbt ) ] .  Yoshida 

et a l ( 18 )  have acknow ledged the overall  stoichiometry of  the 

react ion with formu lat ions containing disu lphide , howeve r ,  the authors 



Table 2 . 3  Elemental analys is f igures for various Cu ( I I ) -2 -mercaptoben zothiazo le ( mbtH ) preparations 

Cu� So lvent Formulation Analyses a Ref Formulation Ana lyses Ref 
without CHC1 3 wash c H N 

with CHC1 3 wash c H N 

X=Cl ethanol II  [ Cu ( mbt ) 2 ] 4 2 . 4  1 . 9  7 . 2  15  
( 4 2 . 5 ) ( 2 . 0 ) ( 7 . 1 )  

X=Cl ethanol I b [ Cu I ( mbtH ) 2 c 1 ]  39 . 3  2 . 7  6 . 7  [Cu ( mbtH ) 2 ( mbt-mbt ) �C l ] 42 . 4  2 . 2  7 . 0  18 c 
( 4 2 . 1 )  ( 2 . 3 )  ( 7 .  0 )  ( 3 8 . 8 )  ( 2 . 1 )  ( 6 .  5 )  

I 
X a Cl aqueous [ Cu ( mbtH ) ( mbt ) ]  42 . 6  2 . 2  7 . 1  13  

ethano l ( 4 2 . 4 )  ( 2 .  0 )  ( 7 . 0 )  

x .. cl I b aqueous [ Cu ( mbt ) ( mbt-mbt ) � ] 42 . 3  2 . 0  7 . 1  
ethano l ( 4 2 . 5 )  ( 2 . 0 ) ( 7 . 1 )  18 [ Cui ( mbt ) ]  36 . 7 5 1 . 9  6 . 1  c 

( 3 6 . 6 )  ( 1 .  8 )  ( 6 .  1 )  
X= so4 aqueous [ cuii  ( mbt ) 

2
] - - - 14 

ethanol 

Notes : a .  calcu lated values given in parenthes is 

b .  ( mbt-mbt ) is the disu lphide 

c .  this work 

"' 
V1 
. 



66 . 

were mi staken in believ ing that the disulphide is  coord inated . 

As well as quantitative product ion of disu lphide , p roof that 

the copper is in the cuprous state comes f rom X-ray photoelectron 

studies ( l8 ) .  

S imi lar product contamination w i th disu lphide was encountered in 

trial reactions of the l igands 6 - ethoxy-2 -mercaptoben zothiazo le and 

2 -mercapto-4 -phen ylthiazo le where our initial [ Cu ( LH )  LCl ] and 
X 

[ CuL2 ] formu lations were adjusted to [ Cu ( LH ) xCl ] and [ Cu L ] 

respectively once an efficient wash so lvent was adopted . The 

probable removal of disu lphide has a llowed the reformu la tion of 

[ Cu ( mp yH ) 2Br2 ] prepared by Wilkinson and Evans ( 2 1 )  as [ Cu ( mpyH ) Br ]  

and the obtention of satisfactory analytica l  f igures for  [ Cu ( mpyH ) Cl ] . 

Special mention should be made at this stage of the compounds 

[ Cu ( Ph2Ps2 H ) C l ]  and [ Cu ( Ph2Ps2H ) Br ] . The l igands here do not fal l  into 

the thioamide category , however , it  is  likely that st ru ctural s imi lar-

ities wi l l  occur , due to a thione sulphur moiety being p resen t .  The 

comp lexes are unusual in that this i s  the f irst recorded instance of a 

dialkyldithiophosphinic acid l igand coordinat ing to copper ( ! )  in the 

neut ra l stat e .  More common ly compounds of the form [ R2 Ps2cu ] 4 in which 

the ligand is deprotonated , are observed ( 2 2 ) .  

2 . 2  INFRARED S PECTRAL ANALYS I S  

1 0  Because the cuprous state has a 3 d  conf igurat ion the 

techni ques available to the coordination chemist to aid in the struct-
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ura l deduction of his product are l imited . In the ideal situat ion an 

X-ray c rystal s t ructure provides definitive evi dence . However , with the 

exception of [ Cu ( etmbt ) ] ,  all  compounds p repared in this chapter proved 

amorphous and inso luble in a wide variety of so lven ts ,  precluding the 

growing of suitable crystals . In such a s i tuation one of the few 

spect roscopic techniques availab le ,  infrared spectro scopy ,  assumes a 

special significance for the assignment o f  structures . 

The presence of  a v ( N H )  stretching vibration in the range 3 0 5 0 - 3 3 0 0  

- 1  cm for compounds containing the thiazo le group , and postu lated as 

LH, is  confirmat ion that the ligand is  indeed neutra l  and that the 

thione tautomeric form is  p resen t . Where the ligand i s  thought to be 

deprotonated this absorbance is absent as is expected . Authors who have 

misformulated [ Cu ( mbtH ) 2C l ] ( l5 , 16 )  have often mi ssed the v (NH )  

vibration , or a lternatively if p reparing • [ cu ( mbtH ) ( mbt ) ] . ( l3 )  have 

- 1  confused a sharp band occuring at ea 3 0 6 0  cm (v ( CH ) ) in the 

disu lphide for v( NH ) . 

Organic compounds containing the thioamide H-�-C=S chromophore have 

been attributed a number of vibrat ions ( 2 3 ) .  Where the thioamide is  

secondary,  as  is  the case for  the ligands used here , four  principal 

- 1  bands are observed i n  the reg ion 1 6 0 0 - 6 5 0  cm These bands are not 

often ass ignab le to any s ing le vibration , rather they are a combination 

of the various modes present in the thioamide skeleton . According to 

the termino logy o f  Rao et a l . ( 2 3 ) the bands have been designated as 

I-IV with decrease in frequency . The p roposed consti tut ions ( 2 4 ) and 

the i r  approximate positions are : 
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Band I - � ( CH ) + � ( NH )  + v ( CN )  
- 1  ( near 1500  c m  ) 

+ a ( NH )  + a ( CH )  ( �  1 2 0 0 - 1 3 0 0  - 1  
Band I I  - � ( CH )  + V ( CS )  cm ) 

Band I I I  - V ( CN )  + V ( CS )  - 1  ( near 1 0 0 0  cm ) 

Band IV mainly v ( CS ) ( between 6 5 0 - 8 5 0  
- 1  cm ) 

The vibrations tend to be b road and s trong fac i l itating their 

identification . On binding of  a thioamide ligand to a metal atom, 

shifts observed for these bands have p roved useful in identifying 

coo rdinating atoms ( 7 , 2 5 )  , as conceivabl y  binding may occur through 

su lphu r  or nitrogen or both atoms simu ltaneous l y .  

Interpretations o f  the effect o f  coordination o n  the individual 

components of the various bands has led to the fol lowing conc lusions 

( 2 4 , 2 5 )  summarised in Tab le 2 . 4 .  

One other vibration associated with the thioamide entity , the pure 

v( NH ) mode is a lso usefu l in p inpointing binding atoms . However , 

interpretation of band movement s  i s  comp licated by  hydrogen bonding 

effects ( lO ) .  When the ligands are run in the solid state hydrogen 

- 1  bonding causes bands around 3 1 0 0- 3 2 0 0  c m  t o  be observed , whereas 

for a di lute so lut ion of ligand in an aprotic so lvent such as 

chloroform,  this effect is minimi sed and the V( NH ) vibration is seen as 

a sharp peak at � 3 3 0 0  cm - 1  ( 4 ) . The broad peaks seen in the 

spectra of the comp lexes indicate that hydrogen bonding is occu ring 

there also , making comparison with the f ree vibrations unrea listic . An 

admittedly approximate comparison with the so lid state ligand ( i . e . 

nuj o l  mu ll ) value may p rove mo re valid for dist inguish ing trends on atom 

coo rdination . In a simlar  vein , then , coordination through su lphur only 

should see a b lue shi ft of  V ( N H )  whereas in the case of simu ltaneous 
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Tab le 2 . 4  Infrared spectra l  changes with respect to the free ligand 

on coordination of  sulphur and nitrogen ( 2 4 , 2 5 ) .  

Atom(  s )  coordinating 

Thioamide Band s N S and N 

I Blue Shift  Red Shift Reda shift  

I I  Blue shi ft  Red Shift B lue b shift 

I I I  Red shi f t  Slight b lue Sma l l  blue 
shifts  or shift and/or 
none at a l l  considerable 
are l ikely lowering of 

intensity.  

IV Red shift  as above Red shift 

Note ( a )  S ingh and Thakur ( 2 4 ) favour a red shift fo r this band, however 

Jeannin et al . ( 2 6 ) caution that although coordinat ion through 

nitrogen should resu lt in a f requenc y  decrease , the increased e---N 

double bond character caused by  sulphur binding should have a converse 

effect . It  is  difficult to determine which of  the two effects wi l l  

prevai l .  

( b )  as for ( a ) , but a b lue shift i s  favoured ( 2 4 ) .  
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coo rdination through su lphur and nitrogen , or b inding through nitrogen 

onl y ,  red shifts should be observed . 

Band ass ignments for the thioamide ligands and the new positions 

observed on coordination are presented in Table 2 . 5 .  I t  should be 

emphasised that due to the error involved in assigning f requencies to 

- 1  - 1  bands ( ! 2  cm ) only differences g reater than lOcm can be 

considered as significant . Also to achieve internal consistency bands 

recorded in Table 2 . 5  for the ligands were exact ly  as they appeared in 

the spectra , although where possible literature references were used to 

locate the approximate position of the absorp t ion . Evaluation of band 

movements has a l lowed the fo llowing proposals . 

Comp lexes of 2 -mercaptopyridine and 2 -mercapto- 1 -methylimidazole a l l  

show a dist inct blue shift of their broad v ( N H )  band on complexation 

suggesting nitrogen is not bound . Confirmation of thi s is seen in 

compounds of the former ligand where thioamide I moves s ignif icantly to 

higher f requency .  Conversely red shifts of  thioamide IV for both 

systems implicate coo rdination by su lphur atom. According ly ligation by 

thione sulphur only is proposed for the comp lexes of  these ligands . A 

simi lar coordination is predicted for compounds of  

2-mercaptoben zimidazole although interpretation of  v ( NH )  band shifts are 

comp l icated by  the presence of additiona l V ( N H )  and v ( OH )  vibrations in 

the mo lecules . Nonetheless sulphu r  coo rdination i s  intimated by red 

shifts of bands I l l  and IV . 

The remaining compounds have proved a litt le more difficult to 

determine, due to the insensitive nature of some of the thioamide bands 



Table 2 . 5  Thioamide band pos itionsa 

Compound . Thioamide I Thioamide I I  Thioamide I l l  Th ioamide IV V { NH ) 

- 1  { cm ) - 1  { cm ) - 1  { cm ) - 1  { cm ) - 1  { cm ) 

2 -mercaptobenzothiazole 1495b 1 3 19b 1043b 6 7 5  3050  

[ Cu { mbtH ) 2Cl ] 1485  1330  1028  665  3 1 10 

[ Cu { mbtH ) 2 Br ] 1492  1330  1039  6 7 5  3 1 0 5  

[ Cu { mbtH ) 2 I ]  1493  1333 1043 6 7 6  3 1 10 

6 -ethoxy-2 -mercaptobenzothiazole 1487  1225  1 0 2 0  695 { sh )  3 100  

[ Cu { etmbtH ) 2Cl ] 1480  1220  1020  6 8 7  3 1 0 0  

[ Cu { etmbtH ) 2 Br ] 1490 { sh )  1230 1 0 1 5  682  3 1 3 0  

[ Cu { etmbtH ) 2 I J  1480 1225  10 10  690 3 1 00  

2 -mercapto-4 -phenylthia zole 1480 1335  1030  692  3040  

[ Cu ( phmt zH ) C l ] . l/2H2o - 1 3 10 1 0 2 6  6 9 0  3080 { sh ) d 

[ Cu { phmt zH ) Br ] . H2o 1479  1305  1 02 5 { sh )  682  3050d 
-..J 
...... 
. 2 -mercaptopyridine 1460 { sh )  1 2 7 0  980  7 4 0  3 1 4 0  

[ Cu { mpyH ) Cl ]  1 5 1 0  1 2 7 0  1 0 0 2  7 2 0  3 1 6 5  

[ Cu { mpyH ) Br ] . 1 / 2H2o 1506  1264  1000  7 2 5  3 1 6 0  



Table 2 . 5  ( contd ) 

Compound Thioamide I Thioamide I I  

2 -mercapto- 1-methyl imida zole 

[ Cu ( mmimH ) 2 Cl ) 

[ Cu ( mmimH ) Br ) 

2 -mercap tobenzimidazole 

[ Cu ( mbimH ) C l ) . 1 / 2 H20 

[ Cu ( mbimH ) Br ) . 1 / 2H20 

- 1  ( cm ) 

1 4 5 7c 

1450  

1500  

1 4 9 0  

1 4 9 8  

Notes : a .  nuj ol  o r  hexachlorobutadiene mul ls 

b .  ref . 1 5  

c .  ref . 2 7  

d .  band comp licated by vOH absorpt ion 

e .  two v( NH )  vibrat ions occur i n  this molecu le 

sh . shoulder 

- 1  ( cm ) 

1 2 7 7c 

1 2 8 2  

1 2 7 8  

1 1 7 6  

1 1 7 3  

1 1 7 7  

Thioamide I I  I Thioamide IV 

- 1  ( cm ) - 1  ( cm ) 

1 0 8 0c 7 70 c 

1 0 8 0  7 5 4  

1 0 8 0  7 4 8  

10 1 7  7 1 0  

1 0 0 5  6 7 5 ( sh )  

1 0 1 0  688  

v ( NH ) 

- 1  ( cm ) 

3 1 1 5  

3 19 0  

3 2 2 0  

3 1 60e 

3 10 0d , e  

3 10 0d , e  

-..1 
N 
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to change on coordinat ion . Nonethe les s ,  some tentative assignmen ts can 

be made for shifts  which were observed . Complexes of  2-mercaptobenzo

thiazo le and its 6-ethoxy derivative show some simi larity in spectra l 

changes as might be  expected . A signif icant move of thioamide IV to 

lower f requency in the comp lexes of  the latter and in [ Cu ( mbtH ) 2C l ]  

i s  consistent with su lphur coordination . Thi s  is  conf i rmed by  a red 

shift in thioami de I l l  for some of the compounds . Blue shifting of  

thioamide I I  i s  suggestive of  a f ree imino group , however , v ( NH )  values 

do not appear at s ignif icantly  higher f requencies . Coord inat ion by 

thione sulphur only is  p robab ly favoured for these systems , although 

simu ltaneous nitrogen-sulphur binding cannot be di scounted . 

2 . 3  STRUCTURAL ASPECTS OF  THE PREPARED COMPOUNDS 

2 . 3 . 1  Cuprous thioamide compounds 

X-ray crystallographic studies of cup rous compounds of thioamide 

ligands and their thiolate analogues are not common. Nonetheless those 

compounds which have been studied show a number of  dif ferent types of 

binding modes which p rovide usefu l models for the potential structures 

of the new compounds . 

For thioamide ligands , a t rigonal p lanar stereochemistry is  commonly 

observed . Honomeric structures in which three thione su lphurs bind to 

copper in this  arrangement have been found for [ Cu { mp yH ) 3 ] ( N03 ) ( 2 8 )  and 

[Cu ( etuH ) 3 ] 2so4 ( 2 9 ) ,  whereas in Cu [ ( N , N , - dimethylimidazo l idine -2-

thione ) 2Cl ] ( 30 )  a chlo ro group substitutes one of  the su lphurs . For the 

dimeric species [ Cu 2 ( 6-mercaptopurinium ) 2c l4 ] ( 3 1 )  an essentia lly 

trigonal copper is  bound by  two chlorines and a thione su lphur with a 
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long fourth bond ( 2 . 7 3� ) between copper and sulphur of adj acent 

mo lecu les . 

A tetrahedra l coordination geometry · is  also seen for this ligand 

type . For instance in [ Cu ( etuH ) 4 ] ( N03 ) ( 32 ) four thione su lphurs bind to 

copper in a regular t et rahedral arrangement . S imi larly  this 

stereochemistry is  found in the c luster [ Cu4 ( etuH ) 9 ] ( N0 3 ) 4 ( 3 3 )  where 

again thione su lphur is the sole l igating atom. Here four su lphur atoms 

bridge two coppers ,  four are non-bridging and one cen tra l su lphur atom 

bridges a l l  four copper atoms . In the dimer [ Cu2 ( etuH ) 4cl2 ] one thione 

su lphu r bridges t rigonal and tetrahedra lly  coordinated coppers . The 

latter has a ligand sphere of three su lphurs and one ch lo rine and the 

former two su lphu r and one chlorine ( 32 ) .  

These examp les , then , show exc lus ive binding of thione su lphu r ,  the 

endocyclic  nitrogen of the thioamide ligand p laying l i t t le part in 

coo rdinat ion . W ith po lymeric spec ies the su lphurs may bridge copper 

superceeding the bridging role of the hal ides . Tab le 2 . 6  summaries the 

cystallographic informat ion for cuprous thiomide comp lexes . 

Considering the structures of the new cup rous thioamide comp lexes 

prepared in this chapter , on the bas is  of infrared evidence ,  and 

crystallographic info rmation to hand , coup led with knowledge of the 

compounds inso lub i lity ,  the fo l lowing structures are considered 

plausible for the various comp lex types : 



[ Cu ( mpyH ) 3 ) N03 

[ Cu ( etuH ) 3
l so4 

Table 2 . 6  

Compound 

[ Cu ( N , N ' -dimethyl imidazol idine -2-
thione ) 2cl 2 ] 

[ Cu2 ( 6-mercap topurin ium ) 2cl4 ) 

[ Cu ( etuH ) 4 ) N03 

[ Cu4 ( etuH ) 9 ( N03 ) 4 

[ Cu2 ( etuH ) 4 ( Cl ) 2 ) 

The geometry of various cuprous thioamide complexes 

Character Stereochemi stry Coordinating atoms /Cu 

monomeric trigonal planar three thione su lphurs 

monomeric trigonal planar three thione su lphurs 

monomeric trigonal planar two thione su lphurs 
one chlorine 

dimeric trigona l p lannar one thione su lphur 
two chlorines 

monomeric tetrahedra l four thione su lphurs 

tetrameric tetrahedral four thione sulphurs 

dimeric l . tetrahedra l three thione su lphurs , 
one chlorine 

2 . trigonal two thione sulphurs , 
plannar one chlorine 

Bridging Ref 
atoms 

- 2 8  

- 29  

- 3 0  

sulphur 3 1  

- 32 

su lphur 33 

sulphur 32 

su lphur 32 

-....J 
U1 
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compounds of  the type 

X =- Cl  o r  Br 

Compounds of  the type 

[ Cu ( LH ) X ]  

X = C l  o r  Br 

or 

2 . 3 . 2  Cuprous thiolate compounds 

To date there has been only one structural analys i s  of a cuprous 

thio late compound derived f rom a thioamide ligand,  occuring in the mixed 

I I  I 2 +  valence cluster [ Cu 
2

cu 10  ( mmim ) 12 ( cH3CN ) 4 ] ( 34 ) .  Two geometries are 

observed here - a linear arrangement where copper is  bound by two 

nitrogens , and two forms of  tetrahedral geometry where copper is either 

bound to an s4 donor set or one invo lving SN3 • In all  cases the ligands . 

bridge different copper atoms . Crystals of  [ Cu ( 6etmb t ) ]  have been grown 

and are awaiting diffraction studies . I f  successful the compound would 

provide a bas i s  for interpretation of  many of  the [ Cu L l compounds 

prepared here . In the meantime it is  necessary to consider structures 

with central metal atoms other than copper to obtain a full  picture of 

the potential modes of  coo rdination for deprotonated thioamide ligands . 
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The mbtH system has been well characterised in this  respect and 

Figure 2 . 3  i llustrates a number of ways in which the thiolate form of  

mbtH may coordinate . 

2 . 4  TRENDS I N  THE FORMATION O F  COMPLEXES 

In conj unction with one of the fundamental aims of this study of  

thiols , an  attempt i s  made here to elucidate t rends and patterns for the 

synthesis of cuprou s  complexes f rom cyclic  thioamide ligands and their 

thio lato-form analogues and to rationalise any particular requirements 

for their formation . The compounds prepared in thi s  chap ter have 

largely invo lved the thioamide entity contained in an unsaturated 

( ben zo ) thiazo line or ( benz ) imida zoline skeleton . On the other hand 

most literature studies have been based on the saturated imidazolidine 

and thiazo lidine structures . Thus a wide range of  compound types are at 

hand for comparative purposes .  

Tab le 2 . 7  lists  the proposed compound stoichiome t ries for the 

reaction of neutra l ligand with the specified copper salt in ethanol  o r  

methano l .  O n  its  inspection the following generalisat ions can be made : 

( 1 )  When a cupric halide salt i s  used the halide ion i s  incorporated 

into the comp lex structure and the ligand remains neu t ra l ,  coordinating 

normally in a Cu- ligand ratio of  2 : 1 . · 

( 2 )  The interaction of the unsaturated thioamides with salts containing . 

more weakly coordinating ions such as c1o4 and N03 resu lts in the 

fo rmation of [ CuL ] type compounds . Conversely with the saturated 
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I I  

c m  

IV 

[ Ru2 ( mbt ) 2 ( py ) 2 ( C0 ) 4 ] ( 38 

[ Co ( mb t ) 2 ( py ) 2 ] ( 39 )  

[ Ru ( mbt ) 2 ( py ) 2 ( C0 ) 2 ] ( 37 )  

[ Re2 ( mbt ) 2 ( C0 ) 6 ] ( 35 ) 

[ Zn ( mbt ) 3 ( 0H ) 2 ] ( 36 )  

Some coordinating modes of the mbt ligand . 



Table 2 . 7  Nature of tne product formed f rom tne interaction of a tnioamide l igand and the reapect ive cup r ic a a l t  

General formula X R
l 

R
2 Product f rom Cu ( No3 ) 2 . 2 H20 Ref . 

for ligand ( LH ) CuBr 2 
CuC1 2 • 2 H20 Cu ( C l0

4
) 2 . 6 H20 

CH2 Cu ( L H ) 2C l  Cu ( L H ) 2 Br Cu ( L H ) 3No 3 6 

�s 
0 Cu ( L H ) 2C l  Cu ( L H ) 2 Br Cu ( L H ) 3No 3 6 

NH Cu ( LH ) C l  Cu ( LH ) Br Cu ( LH ) 2No 3 7 , 6  

NCH3 Cu ( LH ) 2C l  Cu ( LH ) 2 Br Cu ( L H I 3 No3 7 , 6  

H NCH2C H3 Cu ( LH ) 2C l  Cu ( LH ) 2 Br Cu ( L H ) 3No3 7 , 6  

s Cu ( L H ) 3C l  Cu ( L H ) 3Br Cu ( LH ) 3N03 5 , 6  

Cu ( L H ) 2C l  Cu ( LH ) 2Br 

R�x s H Cu ( LH ) 2C l  Cu ( LH ) 2 Br CuL c 

s OCH2C H3 Cu ( LH ) 2C l  Cu ( L H ) 2Br CuL c 

"�S NH H Cu ( LH ) C l  Cu ( LH ) Br - c 

H 0 H b Cu ( LH ) 2 Br CuL 8 , 9 

�� s C6H5 H Cu ( LH ) C l  Cu ( LH ) Br CuL c 

N C
6

H 5 C
6

H 5 b b CuL c 

H s N SH CuL " CuL" CuL c 

NCH 3 H H Cu ( L H )  C l  Cu ( L H ) Br " CuL " c 

Notea o . . vater of crysta l l isat ion exc luded f o r  clarity b .  Cu ( I I )  compound f o rmed 
-.1 
\0 

c .  this vork 
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ligands the neu t ra l  thioamide form is  mantained norma l l y  in a ligand to 

copper ratio of 3 : 1 .  

Cons idering t rend ( 1 ) ,  the binding o f  halide ion can be 

rationa li sed on the basis  of the Pearson ( 40 )  concept o f  hard and soft 

acids and bases . Copper ( ! )  is  regarded as • soft•  in such a 

c lass i fication and binds preferentially to • soft • l igands in which 

catego ry chloride and bromide fa l l .  S imi larly the adopt ion o f  the 

formu lation [ Cu ( LH ) 2C l ]  instead of the possible [ CuL ] a l lows , as has 

been shown crystallographically and f rom infrared evi dence , also 

coo rdination o f  the • soft•  thione g roup . 

With respect to trend ( 2 ) there is  c rystallographic evidence to 

suggest that copper in the saturated compounds can attain a stable 

trigonal p lanar envi ronment invo lving three thione sulphu r  atoms . That 

such a form i s  not adopted for the less saturated l i gands may be due to 

factors such as solubi lity,  increased nuc leophi loc i t y  o f  coordinating 

atoms and resonance stabi lity.  

It  will  be noticed f rom Tab le 2 . 7  that there are occasional 

exceptions to the listed trends particularly in the case of the ligand 

system 2 -mercaptoben zimida zole . Dev i llanova et a l ( S )  postulate that 

the different b ehaviour of such ligands may be due to diffe rent packing 

determined by the hydrogen bonding avai labi lity among H ,  N ,  the 

thioketonic su lphu r ,  the g roup X and the halogen . Another possibi lity 

is  raised by Evans and Wi lkinson ( 2 1 )  who suggest that in some cases 

reduct ion of copper may well occur after coordinat ion of the ligand to 

the metal ,  so that the stoichometry adopted by the complex ref lects more 

the reaction of  a Cu ( I I )  species . Certainly in the case of the 
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cuc12 -mbimH reaction cupric species can be detected p rior to 

obtention of the cuprou s  complex ( see Chapter 5 ) .  

Summary 

1 .  Interaction of  the ligands ( L H )  mbtH , etmbtH , mmimH , mbimH , mpyH, 

Ph2Ps2 H and phmt zH with cupric chloride or bromide salts in ethano l 

produced compounds of  the form [ Cu ( L H )  X ]  ( x=l or  2 ) .  X 

Use of  cupric nitrate o r  perchlorate resulted in the formation o f  

comp lexes of the type [ CuL ] f o r  the l!gands mbtH , etmbtH , phmt z H ,  mpyH ,  

dimtdz H ,  dipmimH and b imetH in ethanol .  

2 .  Fai lure to remove the disu lphide eo-product in the above reactions 

has led to the postulation of erroneous formu lations in the literature . 

New stoichiometries have been presented where the disu lphide contaminant 

has been effectively removed . 

3 .  Infrared spectra l analysis of  compounds containing the thioamide 

entity suggests that for such ligands binding through thione su lphur 

onl y  i s  prevalent . 

2 . 5  EXPERIMENTAL 

2 . 5 . 1  Instrumentation : Thi s  was as described in 1 . 7 . 1 .  

2 . 5 . 2  Preparation of the complexes : 



Compounds of the type [Cu ( LH )2!1 

( LH = mbtH , X =  C l , Br ;  LH = mmimH and etmbtH , X =  C l ) .  

These compounds were prepared by  adding CuX2 ( 5  mmo l )  in 

( X  = C l ,  3 5 0  cm ; X = Br , 100  3 cm ) dropwise to the appropriate 

3 3 mmimH , 150  mmo l )  in ethano l ,  ( mbtH , 100  cm ; etmbtH , 350  cm ; 

8 2 . 

ethano l 

ligand 

3 cm ) • 

products were co l lected and washed tho roughly with ethano l then 

( 1 5 

The 

chlorofo rm .  [ C u ( etmbtH ) 2Br ] was simlarly  prepared excep t the ligand to 

copper ratio was adjusted to 6 : 1 . Yields were typica l l y  about 7 0 % . 

Compounds of the type [ Cu ( LH ) X ] . xH2o 

( LH = mpyH,  phmt z H ,  mbimH ; X =  C l , Br ) .  

cux2 ( 2 . 5  mmo l )  in ethano l ( X = C l , 5 0  3 cm ; 3 X = Br , 8 0  cm ) was 

added dropwise to the ligand ( 5  mmo l )  in ethano l ( mp yH , 5 0  3 cm ; mbimH , 

3 3 100 cm ; phmtz H ,  2 5 0  cm ) .  The compounds were recovered on quantitative 

addition and washed thoroughl y  with ethanol and chloro fo rm .  

Cu ( mbimH ) C l . �H2o deco lourised o n  drying i n  vacuo . 

CuX2 ( 5  mmo l )  in ethano l ( X  = C l , 5 0  3 cm ; X = Br , 3 100  cm ) was 

added dropwise to a so lution of ligand ( 12 . 2 5  mmo l ) in acetone/ethano l 

3 3 ( 100 cm acetone and 150  cm ethano l ) .  The resulting p recipi tates were 

washed thoroughl y  with ethano l ,  acetone and chloroform. 

( LH m mmimH , X = Br ) 

3 mmimH ( 14 . 6  mrnol )  in ethano l ( 100 cm ) was added dropwise to 

3 CuBr2 ( 10 mmo l )  in ethano l ( 100  cm ) .  The resu lting yel low product was 

washed with ethano l and chlo roform.  Yields for the compounds 

[ Cu ( LH ) X ] . xH2o were in the range 40 -7 0 \ • 
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[Cu ( mpy ) ]  

3 
Cu ( N0 3 ) 2 . 3H2o ( 0 . 7 2 5  g ,  3 mmol )  in ethano l ( 100  cm ) was added 

dropwise to mpyH ( 0 . 67 g ,  6 mmo l ) in ethano 1/DMSO ( 2 0 0  cm � 3 0  cm 3) upon 

which the o range p roduct p recipitated and was co llected and washed with 

ethano l and DMSO . Yield 0 . 2  g ( 50 % ) .  

[Cu ( etmbt ) ]  

3 Cu ( N03 ) 3 . 3H2o ( 0 . 7 2 5  g ,  3 mmo l ) in ethano l ( 10 0  cm ) was added 

dropwise  to etmbtH ( 1 . 2 7 g ,  6 mmo l )  in ethano 1/DMSO ( 2 0 0  cm � 3 0  cm 3) ,  

after whi ch the so lution was s t irred for 1 hour . The resulting solid 

was co llected washed with DMSO and ethano l and dissolved in  CH2c 12 • On 

slow evaporation of  thi s  solut ion over a period of  days , orange crystals 

of product were deposited which were carefully i so lated f rom a 

disulphide eo-precipitan t .  

[ Cu ( mbt ) ] 

mbtH ( 1 . 6  g ,  1 0  mmol )  in ethanol  ( 12 0  cm 3) was added dropwise to 

3 Cuso4 . 5H2o ( 1 . 2 g ,  4 . 5  mmo l ) in  water ( 40 cm ) .  A t ransient green 

precipitate appear ing initially changed to a more orange colour as the 

stoichiometric amount of l igand was added. The precipi tate was 

co llected and washed with wate r ,  ethano l and chloroform. Yield 0 . 2 2 3  g 

( 2 0 % ) .  

[ Cu ( phmt z ) ]  

[Cu ( CH3CN ) 4 1 ( Cl04 ) ( 1 . 0  g ,  3 mmo l ) in acetonitrile was added 

3 dropwise to ligand ( 0 . 6  g ,  3 mmo l )  in ethano l ( 1 50 cm ) .  The white 

precipitate was col lected and washed with acetonitri le and ethano l .  

Yield 0 . 58 g ( 7 8 % ) . 
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[ Cu ( dipmim ) ]  

3 
Cu ( C l04 ) 2 . 6H2o ( 0 . 37 g ,  1 mmol )  in ethano l ( 50 cm ) was added to a 

3 solution containing dipmimH ( 0 . 50 g ,  2 mmo l ) in ethano l ( 50 cm ) .  The 

resulting yel low precipitate was recovered and washed with ethanol .  

Yield 0 . 28 g ( 80 % ) . 

[ Cu ( bimet ) ]  

3 Cu { CH3coo ) 2 . 3H2o { 0 . 40 g ,  2 mmo l ) in methanol ( 40 cm ) was added 

3 dropwise to a solution o f  b imetH ( 0 . 3 5 6  g ,  2 mmo l ) in  MeOH ( 50 cm ) .  

The resulting product was washed with ethano l .  

[ Cu ( dimtdz ) ]  

3 CuBr2 ( 0 . 50 g ,  2 . 2  mmo l ) in ethanol ( 100  cm ) was added dropwise to 

3 ligand ( 1 . 0  g ,  6 . 6  mmo l ) in ethano l { 100 cm ) .  The yellow precipitate 

appearing was washed thoroughly with ethano l and chlo roform. Yield 

0 . 42 g { 84 % ) . 

[ Cu { LH ) 2C l ]  { 1  mmol )  was aaded to a so lut ion of  K I  { 5  mmo l ) in 

3 water { 50 cm ) .  The s lurry was ref luxed for 2 -3 hours during which time 

the co lour o f  the original comp lex perceptibly grew more intense . The 

compounds were co l lected and washed with water , ethanol  and chlorofo rm .  
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CHAPTER 3 

REACTIVITY STUDIES OF CUPROUS THIOAMI DE AND THIOLATE 

COMPLEXES I N  ORGANIC BASES 

Introduction 
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With a few exceptions the compounds prepared in Chapter 2 were 

exc lus ively insolub le in the t radit ional organi c  solven t s . However 

El-Sha z ly et a l . ( l ) have noted that • [ cu ( mbt ) 2 ] •  ( more correct ly 

[ Cu ( mbtH ) 2C l ] ) is so luble in pyridine and picol ines and postu lated 

the format ion of the adduct • [ cu ( mbt ) 3py ] •  for the product from 

pyridine . Simi larly Kuchen ( 2 ) has observed that the tetrameric cuprous 

dialkyldithiophosphinato . comp lexes have some solubi lity  in pyridine an� 

that new compounds corresponding to the formulation • [ R2 P ( S ) S . Cu ( OH ) . 

( py ) 4 ] •  can be produced . Initially  our interest was drawn to the 

compound • [ cu ( mbt ) 3py] • as its  suspected s 3N coordinat ion , deep blue 

colour and c rystal l ine properties augured wel l  for a valuable cupric 

thiolate crysta l lographic study . However our subsequent re-examinat ion 

of the react ion revealed that the compound represented as [ Cu ( mbt ) 3py ]  

had been serious ly misformu lated , and that a far more extensive series 

of react ions were occurring in which a product comp letely divorced from 

the original start ing material had been produced - namely 

[ Cu ( py ) 4 so4 ] . 2H2o .  Intrigued by the unusual nature o f  the react ion a 

range of simi la r organic nitrogen bases were used as so lvents for 

[ Cu ( mbtH ) 2C l ] .  A surpri sing ly diverse range of compounds , in which 

the thioamide ligand has been substi tuted by so lvent mo lecu les of 2- , 3- ,  

and 4-methylpyr idine , 2 - and 3-chlo ropyr idine , and 1 , 2 -diaminoethane to 

give bo th cupric and cuprous comp lexes with su lphate ,  chloro and even 
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2-mercaptoben zothia zolato counter ions , has been observed . Simi larly 

surpris ing , has been the observation that such reat ions are not 

restricted to [ Cu ( mbtH ) 2C l ) a lone , but may occur for a wide variety of 

copper ( ! )  complexes involving a thiolate or thioamide ligand . 

This  chapter , then , is concerned with the reactvity of cuprous 

thio late and thioamide compounds in pyridine and its  pico line analogues , 

and the characterisat ion of the result ing products .  

3 . 1  RESULTS AND DISCUSSION 

3 . 1 . 1  React ions in neat pyridine 

On dissolution of [ Cu ( mbtH ) 2C l ] in pyridine a transient yellow 

product ,  att ributed by its f luorescent propert ies to [ Cu ( py ) 3C l ] ( 3 )  

quickly disappeared to give a yel low-green solutio n .  Within 12 -36  hours 

vivid b lue needles were produced . From a s imlar experiment E l-Shazly 

et  a l . ( 1 )  iso lated the product ass igned as • [ cu ( mbt ) 3p y ] • .  

Suspicions were raised as to the p lausibilty  of  this formu lation from 

inconsistencies appea ring in both the pub l i shed and our own infrared 

spectra . This  and subsequent reanalysis of the compound proved critica l 

to its  reassignment as [ Cu ( py ) 4 so4 ] . 2H2o .  Microana lys is parameters were 

found to differ s ignif icantly f rom those found by E l-Sha z ly et a l . ( 1 ) 

and were no longer tenab le with a formu lat ion of • [ cu ( mbt ) 3py ] •  ( see 

Tab le 3 . 1 ) .  

The inf rared spect rum of the compound the 1650  -1  over range cm to 

400  - 1  is shown in Figure cm 3 . 2a .  The intense broad band appearing in 

the 1 10 0  - 1  region is  diff icu lt cm to rationa l i se on the basis of the 
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Figure 3 . 1  Structures and nomenc lature for Chapter 3 ligand 

X y z 

H H H 

z C l  H H 

H H H 

H CH2cH3 H 

H Cl  H 

H H C l3 
J 

quinol ine 

� N  �N 
2 , 2 ' -bipyridyl- ( bipyridy l ) 

1 , 2 -diaminoethane ( en )  

The remain ing ligands can be found in Figure 2 . 2 

Name 

pyridine ( py )  

2 -chloropyridine ( 2 -C lp y )  

3-methylpyridine ( 3-Mep y )  

3-ethylpyridine ( 3-Etpy ) 

3-ch lo ropyridine ( 3-Clp y )  

4-methylpyridine ( 4 -Mep y )  

F 

F 
SH 

pentaf luorothiophen o l  
( pftpH ) 

1 , 4 , 8 , 1 1 -tetraazocyclotetra
decane ( cyc lam ) 
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Tab le 3 . 1  Analytical Figures for the Compounds Produced f rom 

Reactivity Studies 

Compound %C %H %N Other Refc 

[ Cu ( 3-Mepy ) 3C l ]  5 7 . 1  5 . 6  1 1 . 3  8 . 6a 3 
( 57 . 1 }  ( 5 . 6 }  ( 1 1 . 1 }  ( 9 .  4 }  

[ Cu ( 3 -C lpy } 2cl2 ] 33 . 7  2 . 4  7 . 5  
( 3 3 . 2 }  ( 2 .  2 }  ( 7 . 5 }  

[ Cu ( 2 -Clpy } 2Cl 2 ] 34 . 0  2 . 2  7 . 8  6 
( 3 3 . 2 )  ( 2 . 2 }  ( 7 . 5 }  

[ Cu ( 4 -Mepy } 4cl2 J . H20 54 . 0  6 . 3  10 . 7  12 . 6a 

( 5 4 . 9 }  ( 5 . 8 }  ( 1 0 . 7 } ( 12 . 6 )  

[ Cu ( � -Mepy ) 2c 12 ] 4 5 . 5 4 . 4  8 . 6  6 
( 4 4 . 9 )  ( 4 .  4 )  ( 8 . 7 )  

[ Cu ( py ) 4 so4 ] . 2H2 0 4 6 . 7  4 . 5  10 . 7  7 
( 4 6 . 9 )  ( 4 .  7 )  ( 1 0 . 9 ) 

[ Cu ( py ) 3so4 ] . 2 1 /2H20 40 . 5  ' 3 . 5  9 . 5  7 
( 4 0 . 8 )  ( 4 . 6 )  ( 9 . 5 )  

[ Cu ( 3-E tpy ) 2so4 ] . 2 H2o 40 . 8  5 . 4  7 . 0  
( 4 1 . 0 )  ( 5 . 4 )  ( 6 . 8 )  

. [ Cu ( qu ino line ) 2so4 ] 5 1 . 9b 3 . 9b 6 . 8  7 
52 . 0  3 . 7  6 . 8b 

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

[ Cu ( qu i no line ) 2 so4 ] . 3 1 /2H2o 4 4 . 5  3 . 9  5 . 8  7 
( 4 4 . 9 5 ) ( 4 . 4 )  ( 5 . 8 )  

[ Cu ( 3-Mepy ) 2so4 ] . 2H2o 38 . 1  4 . 9  7 . 4  
( 37 . 7 )  ( 4 . 7 5 )  ( 7 . 3 )  

[ Cu ( en ) 2 ( mbt } 2 ] . H2o 4 0 . 9  4 . 6  15 . 7  
( 4 0 . 5 )  ( 4 .  9 )  ( 1 5 . 7 )  

[ Co ( 3-Mepy ) 2 ( mbt ) 2 ] 5 3 . 8  3 . 9  9 . 7  
( 54 . 1 ) ( 3 .  8 )  ( 9 . 7 )  

Notes : a .  %Cl ,  b .  compound prepared from Cuso4 . 5H20+ quinoline , 

c .  reference to a previous p reparat ion . 
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1600 1400 1200 1000 800 (crih 

1600 1400 1200 1000 800 (cm )  

Figure 3 . 2  Infrared spectra of ( a )  [ Cu ( py ) 4so4 ] . 2 H2o and 

( b )  [ Cu ( py ) 3so4 ) . 2 �H2o in nuj o l .  

( a )  

( b )  
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proposed l igands for • [ cu ( mbt ) 3py] • .  Furthermore ,  on exposure to moist 

air ,  within one day the dark b lue crystals became light b lue in colour 

and amorphous . The infrared spectrum of  this new comp lex showed a 

- 1  dist inct sp litt ing of the broad band a t  1 10 0  c m  , a s  is  shown in Figure 

- 1  3 . 2 b .  Intense broad bands in the reg ion 1 4 0 0 - 1 100  cm are 

characterist ic of  inorganic anions such as nitrate , sulphate and 

perchlorate . This  spl itt ing behaviour and the pos ition of the bands is  

typica l of  sulphate coordinat ion and lends credence to the reformulation 

compound as [ Cu ( py ) 3so4 ] . 2 �H2o .  Elimination o f  one pyridine molecule 

by elemental analysis data ( Tab le 3 . 1 )  and weight loss studies . 

The dif ferences in infrared spectra of compounds containing 

su lphate are wel l  established and have been discussed by Nakamoto ( 4 ) and 

Chia et al . ( 5 )  The su lphate radicle may be present as  a free ion or as 

a coo rdinated group . The types of  l inkage ,  and the symmetry assignment 

associated with each mode are disp layed below . 

Free ion : Td 

Bidentate 

Unidentate : c 3v 

M M 

""' / 

X

o 

. 

. o ' ·o 

Bridging 
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Free sulphate ion belongs to the high symmetry point group Td , 

but of the four fundamentals predicted by Group theory , only the 

- 1  
vibrations v

3 and v
4 occuring at ea 1 100 and 6 10 cm respectively 

are infrared active . On coordination of the sulphate ,  symmetry is 

lowered and sp litting of the degenerate modes occurs , with new bands 

also appearing in the spectrum corresponding to Raman active bands in  

the f ree ion . The change in selection ru les and the removal of  

degeneracy are shown in  Table 3 . 2 .  

Table 3 . 2  Inf rared and Raman active bands for various symmetries 

2 -o f  so4 radicle 

v l v2 v3 v,. 
point symmetric symmetric asymmet ric asymmetric 
group stretch bend stretch bend 

Td Al ( R )  E ( R )  T2 ( I , R ) T2 ( I , R )  

c 3v A1 ( I , R )  E ( I , R ) A1 ( I , R ) +E ( I , R ) A1 ( I , R ) +E ( I , R )  

c2v A1 ( I , R ) A1 ( I , R ) +A2 ( R )  A1 ( I , R ) +B1 ( I , R ) +  A1 ( I , R ) +B1 ( I , R ) +  

B2 ( I , R )  B2 ( I , R ) 

I � Infrared active R = Raman active 

Considering Figure 3 . 2 ,  although some f ine structure due to 

pyridine ligand vibrat ions complicate the spectrum,  the single band ( v3 ) 

- 1 occurring over the region 9 8 0 - 1 1 2 0  cm is consistent  with ionic 

su lphate for [ Cu ( py ) 4 so4 ] . 2 H2o .  Splitting of  this mode to give two 

- 1  -1  bands at 1050 cm and 1 1 6 0  cm , and the infrared act ivation of v 1 , at 

- 1  9 0 5  cm i s  indicative of  un identate sulphate coo rdination in 
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Further conf i rmat ion that su lphate is indeed the new counter-ion in 

the product was p rovided by the independent preparat ion of  [ Cu ( py ) 4so4 J .  

2H2o by addit ion of pyridine to an aqueous so lution of  Cuso4 . sH2o .  The 

product has identical spectral  p roperties to the compound produced on 

reaction of [ Cu ( mbtH ) 2C l )  with pyridine.  

The production of [ Cu ( py ) 4so4 ] . 2 H2o f rom reaction in pyridine is 

not restricted to [ Cu ( mbtH ) 2C l )  alone . The compound has been similarly 

prepared and identif ied f rom [ Cu ( etmbtH ) 2Cl ) ,  [Cu ( phmt zH )C l ) , 

[Cu ( etuH ) Cl ] , [ Cu ( mbimH ) C l ] . � H2o and [ Cu ( Ph2Ps2H ) Cl ] . W ith [ Cu ( mbt ) )  

and [ Cu ( pftp ) ] ,  where the compounds are less solub le , the complex is 

produced more s lowly.  These compounds represent a cosmopolitan 

selection of cuprous thiolate and thioamide complexes , and p rovide 

support for the contention that the reaction is one of a general nature 

for such compounds . 

The source of  sulphur in the p roduction of su lphate ion clearly 

must originate f rom the thiol o r  thio late ligand . I t  i s  apparen t  that 

as well as [ Cu ( py ) 4so4 ] . 2 H2o ,  new organic compounds with a deficiency in 

su lphur must also be p roduced . The key to their identif ication was 

provided in an experiment where [ Cu ( etmbtH ) 2C l ]  was di ssolved in 

pyridine . The sulphate complex ( 40 %  yield ) was p roduced within 2 4  

hours , but continued t o  appear s lowly over some weeks . S low evaporat ion 

of the mother liquo r  over a period of months allowed the crystallisation 

of needles of an organic p roduct . The mass ( see Appendix ) and infrared 

spect ra indicated that the compound was di-6-ethoxyben zothiazol- 2 -yl 

su lphide . I t  is thus possible to draw a reaction stoichiometry for 

compounds of  the type [ Cu ( RS H ) 2C l ] z 

[ Cu ( RSH ) 2Cl ] + 4 pyridine + 4 • o•---===-· [ Cu ( py )  SO ] + R-S-R + 2HC 1  4 4 



Table 3 . 3  Su lphate complexes and principal infrared bands 

Compound V ( OH )  Su lphate v( CuN ) Proposed coordinat ion 
vl v3 

of su lphate ion 

[ Cu ( py ) 4so4 ] . 2 H20 3380 ( br )  980  l080 ( br )  2 4 5  Ionic  

[Cu ( py ) 3so4 ] . 2 1 /2H2o 32 00 ( br )  9 1 0  1 1 60  2 7 5  Unidentate 
1040  

[ Cu ( 3 -Etpy ) 2so4 ] 3 180 ( br )  937  1 1 5 7  - Bridging or Chelat ing 
1096  
1 0 50 

[Cu ( qu inol ine ) 2 so4 ] 3 4 0 0  930  1 2 0 0  2 7 5  Bridging or Chelating 
1 1 3 0  
1 0 2 0  

[Cu ( 3 -Mep y ) 2so4 ] 3 150 ( br )  955  1 1 50  2 7 0  Bridging o r  Chelat ing 
1 1 1 0  
1060  

Note : br . broad 

\t) 
(1\ 
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3 . 1 . 2  Reactions in neat quinoline and 3-ethylpyridine 

Similar sulphato product s  may be iso lated u sing quino line, 

3-ethylpyridine and 3 -methylpyridine as the nea t  bases . When 

[ Cu { mbimH ) C l ) . �R2o was added to 3-ethylpyridine blue-green crystals of a 

compound with microanalys is figures corresponding to 

[ Cu { 3-ethylpyr idin e ) 2so4 ) . 2 H2o were produced . L ikewise [ Cu ( mbtH ) 2C l )  

disso lved in quinol ine p roduced blue crystals analysing a s  

[ Cu ( qu inoline ) 2 so4 ] .  This was identical to the p roduct obtained by 

dissolving crushed cuso4 . sH2o in neat quinoline . Three fold splitting 

of the v
3 sulphate vibration in the infrared of these compounds 

indicates that the su lphate is bridging or chelating { see Table 3 . 3 ) .  

Interesting ly,  on immediate contact of [ Cu ( mbtH ) 2C l ]  with quino line 

a brown p roduct is p roduced with an infrared spect rum consistent with 

[ Cu { mbt ) )  - so in actual fact the reactant may be [ Cu ( mbt ) ] in this case 

rather than [ Cu ( mbtH ) 2Cl ] .  [ Cu ( mbt ) ] also reacts with 3-methylpyridine 

giving the chelating/bridging sulphato complex [ Cu { 3-Mep y ) 2so4 ] . 2H2o .  

3 . 1 . 3 Reactions in neat 3 -methylpyridine 

On ref luxing [ Cu ( mbtH ) 2C l )  in neat 3-methylpyridine for fifteen 

minutes yel low green crystals were seen to appear on cool ing . Elemental 

analyses indicated that a formu lat ion of [ Cu { 3 -Mep y ) 3C l ]  was likely 

for the compound ( see Tab le 3 . 1 ) .  Fortunately the crystals proved 

sui tab le for X-ray diffraction studies and the structure was according ly 

invest igated by Or K . G .  Brown , DS I R ,  Wellington . 

The crystal structure revealed that copper was tetrahedrally 

coo rdinated by the three 3-methylpyridine and s ing le chlorine ligands . 

The stereochemistry of  the compound is shown . in Figure 3 . 3  and bond 



� 
Figure 3 . 3  Structure of [ Cu ( 3-Mepy ) 3Cl ] 

C (4 )  

\0 
CO 
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Table 3 . 4  Bond lengths ( � )  and angles ( 0 )  for [ Cu ( 3-Mepy) 3Cl ] 

with estimated standard dev iat ions in parentheses 

( a )  Bond lengths 

Cu -Cl  2 . 4 58 ( 2 )  

Cu -N ( l )  2 . 0 2 1 ( 5 )  

N ( l ) -C ( 2 )  1 . 3 38 ( 8 )  

N ( l ) -C ( 6 )  1 . 3 2 9 ( 9 )  

C ( 2 ) -C ( 3 )  1 . 3 6 6 ( 10 )  

( b )  Bond ang les 

C l  -cu -N ( l )  

N ( l ) -Cu -N ( 1 )  

Cu - N ( l ) -C ( 2 )  

Cu -N ( l ) -C ( 6 )  

C ( 2 ) -N ( l ) -C ( 6 )  

N ( l ) -C ( 2 ) -C ( 3 )  

10 5 . 4 ( 1 ) 

1 1 3 . 2 ( 3 )  

12 4 . 6 ( 4 ) 

12 0 . 0 ( 4 )  

11 5 . 4 ( 6 )  

12 5 .  2 ( 6 )  

M.A.�;s:.:Y LJN IVERSITY, 
L ! S". ' .f: 'f 

C ( 3 ) -C ( 4 )  1 . 389 ( 13 )  

c < 3 > -c < 7 )  1 . 507 ( 1 1 )  

C ( 4 ) -C ( 5 )  1 . 3 4 5 ( 1 3 )  

C ( 5 ) -C ( 6 )  1 . 398 ( 1 1 )  

C ( 2 ) -C ( 3 ) -C ( 4 )  1 17 . 9 ( 7 )  

c < 2 > -c < 3 > -c < 7 )  12 0 . 7 ( 7 )  

C ( 4 ) -C ( 3 ) -C ( 7 )  12 1 . 4  ( 8 )  

C ( 3 ) -C ( 4 ) -C ( 5 )  1 18 . 8 ( 7 )  

C ( 4 ) -C ( 5 ) -C ( 6 )  119 . 2 ( 7 )  

C ( 5 ) -C ( 6 ) -N ( l )  12 3 . 6 ( 6 )  
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'lengths and ang les are given in Tab le 3 . 4 .  Interestingly, infinite 

linea r  Cu-Cl---Cu chains are formed f rom the particular stacking of 

the [ Cu ( 3-Mep y ) 3C l ]  units . Thi s  phenomenon is  shown i n  Figure 3 . 4 .  

The coordinat ion geometry o f  the CuN3C l  unit i s  only s lightly 

disto rted f rom tetrahedra l .  The Cu-N bond distances a re within the 

range normally  found for cuprous complexes with pyridine and substituted 

pyridine ligands ( 8 ) .  The Cu-Cl di stance at 2 . 4 58 ( 2 )  R ,  however , falls 

slightl y  outside the expected range of 2 . 2 4-2 . 40 R for  a terminal 

Cu ( I ) -C l  bond ( 9 ) .  A steric factor may contribute to the lengthening of 

this bond , as , in all , nine contacts of  less than 3 R are made between 

each chlorine and surrounding hydrogen atoms . Three contacts are made 

from the o rtho hydrogens H ( 6 )  within the molecu le ,  three others are of 

an inter-mo lecu lar nature f rom H ( 2 ) on an adjacent mo lecu le and the 

f inal three are p rovided by the para hydrogens of ligands on an adjacent 

chain .  A stereodiagram depicting chlorine-hydrogen contacts i s  shown in 

Figure 3 . 5 .  

Discussion 

All compounds of the type [ Cu ( LH ) Cl ] and [ Cu ( LH )2 C l ]  prepared in 

Chapter 2 produced [ Cu ( 3 -Mep y ) 3C l ]  on addition of co ld 3-methyl-

pyridine, suggesting that the reaction is quite genera l for cuprous 

compounds containing a neutra l thiol or thioamide ligan d .  That the 

reaction is one o f  simple subst itut ion was shown in an experiment in 

which the mother liquor of  the reaction invo lving [ Cu ( mbimH )C l ]  • � H 0 2 

was evaporated to near dryness on a rotary evaporator .  On standing a 

whi te crystall ine compound appeared which was shown to be 

2-mercaptobenzimidazole by mas s  and infrared spectroscopy .  The reaction 

then can be represented simp ly as � 
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Figure 3 . 4  Diag ram showing infinite l inear 

Figure 3 . 5  

Cu-Cl---Cu chains in [ Cu ( 3-Mepy ) 3Cl ) 

A stereoscop ic view of [ Cu ( 3-Mep y ) 3Cl ) chains 

showing Cl . . . . .  H di stances less than 3R 



[ Cu ( LH ) Cl ) + 3 ( 3-Mep y )� [Cu ( 3-Mepy ) C l )  + xLH X 3 

( LH � mbtH ,  etmbtH , etuH , mmimH , phmtzH , mpyH , Ph2Ps2H, mbimH ) 

[ Cu ( 3-Mepy ) 3Cl ) is the first compound of the type [ Cu�3X ) 

(where L 2 pyridine or a picoline and X � Cl or Br ) to have been 

102 . 

definitively characterised by X-ray crystallography and it is quite 

likely that analogous structures should exist for other members of the 

set . Prior to this study structural characterisation of such compounds 

had been limited to information obtainable from infrared spectral 

analysis ( lO ) . In fact interest had focussed chiefly on their 

f luorescent properties ( ) ) .  Specifically [ Cu ( 3-Mepy ) 3C l )  disp lays an 

absorption at 360 nm assigned as a 3d1�3d9n •  metal to ligand charge 

transfer transition , the source of an intense yellow fluorescence ( l l ) . 

This property can be used to advantage for quick qualitative tests for 

chloride or bromide in a cuprous thioamide compound prior to elemental 

analysis . On addition of neat 3-methylpyridine to the appropriate 

[ Cu ( LH )  X) complex [ Cu ( 3-Mepy ) 3C l )  or [ Cu ( 3-Mepy ) Br ) is immediately X 3 

formed if halogen is present and facilely detected by their fluorescence 

in ultra-violet light ( 3 6 0 nm ) . 

3 . 1 . 4  Reactions in neat 2-chloro- and 3-chloropyridine 

On refluxing [ Cu ( mbtH ) 2Cl ) in 2-chloro and 3-chloropyridine 

blue green microcrystalline compounds appeared on cooling . 

Microanalysis figures suggested the formulations [ Cu ( 2-Clpy ) Cl ) 2 2 

and [ Cu ( 3-Clpy ) 2c l2 ) ( see Table 3 . 1 ) .  

These were confirmed by infrared spectra which showed vibrations 

attributable to the pyridine ligands . 
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3 . 1 . 5  Reactions in neat 4 -methylpyridine 

A dark b lue amorphous powder was p roduced on ref luxing [ Cu ( mbtH ) 2 -

C l ]  in 4 -methylpyridine , however,  in moist  air  the compound rapidly 

changed to a pale b lue co lou r .  Thi s  latter complex was analysed and a 

fit  consistent  with the formu lation [ Cu ( 4 -Mep y ) 2c l2 ] was obtained ( see 

Tab le 3 . 1 ) .  Using a method in which the compound [ Cu ( ethanethiol )C l ]  

was p repared i n  situ and a llowed to react with excess 4-methylpyridine, 

plate- l ike crystals of the dark b lue compound were grown . The infrared 

spectrum conf irmed that o rganic ligands o ther than 4 -methylpyridne were 

absen t .  - 1  A strong band a t  3 4 0 0  c m  due to v ( OH )  suggested water of 

crystallisation is p resent . The e lectroni c  spectrum run as a nuj o l  mul l  

showed a s ingle band at 62 4  nm and the powde r  esr spectrum displayed two 

g values with g 1 1� 2 . 2 2 8 and gl = 2 . 0 6 3 . The compound was successfu l l y  

ana lysed f o r  C , H , N  and Cl prior t o  turning l ight b lue , however two 

possible basic formu lations may be p roposed based on f igures received i f  

the halogen analys i s  i s  interpreted libera l l y .  They a re [ Cu ( 4 -Mepy ) 4 -

blue crystals were z C ,  5 4 . 0 ;  H ,  6 . 3 ;  N ,  1 0 . 7 ;  C l , 1 2 . 6 .  Calcu lated 

compound ' s  phys ica l  p roperties were unable to  distinguish between the 

two possibi lities . Furthermore Langfelderova et a l . ( 12 )  reported 

the s ynthesis of [ Cu ( 4 -Mepy ) 5c l2 ] f rom addition of  CuC 1 2 . 2 H2o to 

4-methylpyridine in 1 : 9  rat io in aqueous solution . The p roposed 

compound has simi lar e lectronic and esr spect ra l  parameters to the dark 

blue crystals . 

Because of this apparent anoma ly,  and a l$0 due to the fact that 

there have been no crystallographic studies o f  compounds of the type 
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[ Cu ( pyridine o r  p ico line ) Cl ] where x > 2  it  was decided to determine X 2 

the structure b y  X-ray diffractio n .  

S tructure of  [ Cu ( 4-Mepy)4C l� ] . H�� 

The crystal s t ruct ru e  determination was performed by Drs E . N .  Baker 

and B . F . Anderson of Massey University,  with myself assisting in 

refinement of the data . R i s  curren t ly 2 1% .  The structure has not been 

fu lly refined so far ,  because the Cu atoms are located on 

crystallographic 2 - fo ld axes , and although the mo lecules are thus 

required to have 2 -fold symmetry , they do in fact have p seudo-4-fold 

symmetry. Thi s  has so far prevented proper refinement of the positions 

of the atoms in the picoline rings , although it should not affect the 

Cu-N o r  Cu-Cl distances . The structure of  the comp lex i s  shown in 

Figure 3 . 6 .  I t  i s  apparent that the copper is five coordinate .  The 

geometry may best b e  regarded as distorted square pyramida l .  Four 

4 -methylpyridine ligands occupy an approximate p lane with the copper 

atom raised slightly above . A chlorine atom occurs in an axial position 

with a Cu-Cl bond distance of 2 . 49 K. The remaining chlorine atom is 

non-bonding and is found at a distance of 4 . 19 K from copper in the 

alternate axial position.  

Only two other crystallographic examples of a tetrakis monodentate 

pyridine or p ico line copper comp lex with two anionic g roup s  have been 

determined - those of [ Cu ( py ) 4 ] ( CF3coo ) 2 ( 13 )  and [ Cu ( 3-Mep y ) 4 ( H2o ) 2 ] 

( Cl04 ) 2 ( 14 ) .  Both structures were found to involve a tet ragonally 

elongated octahedral arrangement of  ligands , with the four pyridine or  

picoline ligands in a p lane containing copper ( I I )  at  bond distances of 

2 . 03-2 . 0 5  R. The two axial t rif luoroacetate o xygen atoms in 
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0 
[ Cu ( py ) 4 ] ( C F3coo ) 2 were found 2 . 37 A f rom copper ( I I ) ,  whereas the aquo 

0 
Cu-0 bond lengths in [ Cu ( 3-Mepy) 4 ( H2o ) 2 ] ( Cl04 ) 2 were 2 . 4 9  A .  

The pauc ity o f  data for tetrakis systems can most likely be 

attributed to the instabi lty of these complexes . For a more obj ective 

comparison it is necessary to turn to a more stable system such as is 

found for the ligand bipyridyl which acts like a bidentate chelating 

pyridine . The structures of a series of compounds of the type 

[ Cu ( bipyridyl ) 2X ] + ( where X = C l ,  Br and I )  have been determined 

for which [ Cu ( bipyridyl ) 2C l ]  ( 15 )  proves in many respects analogous to 

[ Cu ( 4 -Mepy ) 4Cl ] hav ing a distorted f ive coordinate stereochemistry but 

more nearly related to trigonal bipyramida l than to square pyramidal . 

The structure is  shown in Figure 3 . 7 .  

N 

1 .  9 9 2  A 0 

2 . 092  

2 . 2 9 2  R N� �Cu --------- Cl 

N 2 . 106  R 
1 .  9 8 8  R 

N 

Figure 3 . 7  Ligand envi ronment of [ Cu ( bipyridyl ) Cl ] S 0 . 6H 0 .  2 2 5 6 2 

Where C l  is  replaced by Br and I ( l6 )  the structures are very simi lar 

with Cu-halogen bond lengths of 2 . 4 19 R and 2 . 67 5  R respectively . 

3 . 1 . 6  React ions in neat 1 , 2-diaminoethane 

Yet another facet of react ivity is seen if an al iphatic base is used 

as a neat so lvent . When [Cu ( mbtH ) 2C l ]  is ref luxed in 
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1 , 2-diaminoethane b lue needle-like crystals appear as the solution 

cools . The infrared of these indicate not only the p resence of -the base 

as ligands , but also 2 -mercaptoben zothiazole in the thiolate form. 

Analytica l  f igures are consistent with a formu lati on of  [ Cu ( en ) 2 ( mbt ) 2 ] .  

H2o .  The esr spect rum of  the compound i n  dimethylformamide ( Figure 

3 . 8 )  shows a line shape and parameters representative of  an N4 ( 17 )  

donor system suggest ing that the thiolate ligands are axial and that 

thei r interaction with copper , if any at a l l ,  i s  weak . This is  

supported by the absence of bands attributable to charge transfer 

transitions in the v i s ible spectrum1 there being only a single 

absorbance at 620 nm in the ref lectance spectrum ascribed to a d-d 

absorbance . As was mentioned in Chapter 1 a simi lar compound 

[ Cu ( cyclam ) ( pentaf luorothiopheno late ) 2 ] has been p repared and 

crystallographica lly  characterised by Addison et al . ( 18 ) .  It  was found 

that the pentaf luorothiophenolate ligands , axia lly bound with bond 

lengths of 2 . 9 4  � which were cons idered as weak , s imi lar ly had little 

2 + effect on the characteri stic spectral features of  [ Cu ( c yc lam ) ] . 

3 . 1 . 7  React ions of other transition metal ions 

The cobalt ( I I )  and nickel ( I I )  complexes analogous to [Cu ( mbtH ) 2Cl ) -

[ Co ( mbt ) 2 J and [ Ni ( mbt ) 2 ] display reactions with pyridines and p ico lines 

of a more conventional nature , forming adducts with the base involved . 

For instance Dance and Isaac ( l9 )  interacted [ Co ( mbt ) 2 ) with pyridine and 

obtained the compound [ Co ( mbt ) 2 ( py ) 2 ] .  S imilarly the series of 

compounds [ Ni ( mbt ) 2L2 ] ( where L 2 2-Mepy,  3-Mepy ,  4 -Mepy and 

n-butylamine ) are p roduced when [ Ni ( mbt ) 2 ) was disso lved in an excess of 

base ( l ) . 

The coba lt react ion was extended to include the base 3-methyl-
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pyridine , given the differences in behaviour between it and pyridine in 

the copper interaction . However ref luxing [ Co ( mbt ) 2 ] i n  3-methyl-

pyridine produced brown crystals on cool ing , for which the analyt ical 

figures obtained agreed again with the bis adduct fo rmulat ion 

From these results  it wou ld appear that the reactions seen for the 

copper compounds are related more to the characteristics of the metal 

itse lf in such solvents rather than the nature of the l i gand . The 

access ibi l ity  o f  a lower oxidation state to copper may be a factor in 

rat ionalising such differences . 

Conclusion 

Although there appears litt le relat ionship between the nature of the 
I 

product and the part icu lar base used as so lvent , nonetheless it can be 

shown that a number of common threads exist in the syn thes is of the 

compounds which great ly s implif ies the apparent ly diverse reactivity.  

Firs t ly where the compound i s  of the type [ Cu ( LH )  C l ] ( where LH is a X 

thioamide l igand and x = 1 or 2 ) ,  on dissolution in pyridine or a 

picoline the immediate production of the compound [ Cu ( base ) 3Cl ] may be 

proposed . The f inal product obtained depends on the stab i l ity of this 

compound to oxidation7  o r  if  oxidised, on the react ive nature of the 

oxidised product . Thus for 3-methylpyr idine as solven t ,  [ Cu ( 3-Mepy ) 3C l ]  

i s  iso lated because o f  this compound ' s  inherent stab i l ity  to 

oxidation ( 3 ) .  When the base ,  however is 2-chloropyridine , 

3-chloropyr idine o r  4-methylpyr idine the initial complex  i s  susceptible 

to oxidat ion and stable cupric products [ Cu ( 2 -Clpy ) 2c l2 ] ,  [ Cu ( 3-Clpy ) 2Cl 2 1 
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and [ Cu ( 4 -Mep y ) 2C l2 ] . H2o are iso lated which do not undergo further 

reaction . With solvents pyridine and 3-ethylpyr idine the [ Cu ( base ) 3C l ] 

compound is  presumab ly oxidised to a new reactive species capable of 

attacking the dis lodged thiol ligand to produce sulphate anion . Details  

of the nature o f  this species wi ll  be presented in Chapter 4 .  

Quino line p roved an except ion to this genera l pattern , however the 

difference may be rationa lised on the bas is that [ Cu ( mbt ) ] is the 

initial stab le product on react ion rather than [ Cu ( base ) 3C l ] . 

S imi larly,  1 , 2 -diaminoethane for which the [ Cu ( base ) 3C l ]  compound 

is also not formed may react immediately to deprotonate the thioamide 

l igand and with oxidat ion produce [ Cu ( en ) 2 ( mbt ) 2 ] .  

A further common feature i s  provided by the connect ion existing 

between the reactivity of cuprous thio late compounds of the type [ CuL ] . 

When dissolved in pyr idne , or produced in situ as in the reactions of 

quinol ine , these react to produce [ Cu ( py ) 4so4 ] . 2 H2o o r  [ Cu ( quino l ine ) 

so4 ] .  Again a common reactive species capable o f  attacking a thiol 

substrata may be postu lated ( see Chapter 4 ) .  

Summary 

1 .  Cuprous thioamide and thio late complexes undergo a variety of 

reactions in organic nitrogen bases involving so lvent substitut ion and 

in some cases a lteration of the original ligands . A react ivity scheme 

for [ Cu ( mbtH ) 2C l ] and [ Cu ( mbt ) ]  is shown . 



pyridine 

pyridine 

3-methyl
pyridine 

quino line 

1 , 2 -diamino
ethane 

1 1 1 .  

[ Cu ( en ) 2 ( mbt ) 2 J 

2 . X-ray diffract ion studies of [ Cu ( 3 -Mepy) 3C l ]  show that copper ( ! )  is  

tetrahedra lly coordinated . Preliminary studies of [ Cu ( 4 -Mepy ) 4c l2 ] . H2o 

indicate that a square pyramida l stoichiometry of l igands is  adopted . 

3 .  Cobalt and nickel complexes of 2 -mercaptobenzothiazole do not react 

simi larly to their copper counterpart . This difference may resu lt from 

the ease of accessibi lity of a lower oxidat ion state to copper , and its 

ab i lity to form react ive spec ies in aprotic so lvents . 
' 



3 . 2  EXPERIMENTAL 

3 . 2 . 1  Instrumentation 

Thi s  was as described in Chapter 1 . 7 . 1  

3 . 2 . 2  Preparation of the complexes 

( 1 )  f rom complexes of the type [ Cu ( LH )  Cl ] .  X 

1 12 . 

[Cu ( mbtH ) 2Cl ] . � ( mbt-mbt ) or [ Cu ( mbtH ) 2Cl ] ( 0 . 7 0 g ) ,  [ Cu ( etmbtH ) 2C l ]  

( 0 . 3 1 g ) , [ Cu ( phmt zH ) Cl ] . � ( RSSR ) ( 0 . 4  g ) , [ Cu ( etuH ) C l ] ( 0 . 2 0  g ) , 

[ Cu ( mbimH ) C l ] . �H2o ( 0 . 50 g )  and [ Cu ( Ph2 Ps2H ) Cl ] ( 0 . 4 1  g )  were disso lved 

in 17 , 2 0 , 30 , 6 , 15 and 30 cm3 of pyr idine respect ively and i f  

necessary gently heated t o  dissolve the solid . A t rans ient yel low 

f luorescent p recipitate quick ly dissappeared to yield g reen coloured 

so lut ions . Within a period of 12 hours to two days crystals of [ Cu ( py ) 4 -

so4 ] . 2H2o would appear which were collected and washed with pyridine . 

Yields were normally �40 % .  

( 2 ) f rom comp lexes of the type [ CuL ] 

[ Cu ( mbt ) ]  ( 0 . 50 g )  and [ Cu ( pftp ) ]  ( prepared according to the method of  

Peach ( 2 0 ) )  ( 0 . 40 g )  were disso lved in  co ld pyridine ( 4 0  cm3 and 

30 cm3 respectively ) giving g reen coloured solutions . Within f ive days 

crystals of [ Cu ( py ) 4so4 ) . 2H2o had precipitated which were col lected and 

washed with pyridine . Yield : [ Cu ( pftp ) ] - 30 % ,  [ Cu ( mbt ) )  - 40% . 

( 3 )  f rom Cuso4 . 5H2o and pyr idine 

To Cuso4 . sH2o ( ·3 . 0  g )  disso lved in water ( 8  cm3 ) was �dded dropwise 



1 1 3 . 

3 pyridine ( 15 cm ) .  [ Cu ( py ) 4 so4 ] . 2H2o commenced to p recipitate after 

3 addition of 12  cm pyridine , and was col lected . 

[Cu { mbtH ) 2Cl ] . � { mbt-mb t ) ( 0 . 7 0 g )  was heated gently to disso lve in 

qu ino line ( 2 0  cm3 ) .  After f ive days , during which time the so lut ion 

was f i ltered to remove dibenzothiazol- 2 -yl disulphide , a low yield of 

blue crystals of ( Cu ( qu ino line ) 2so4 ) was observed . These were collected 

and washed with ether and acetone . The compound readily  forms a more 

amorphous hydrated form [ Cu ( quino line ) 2 so4 ] . 3 H2o .  

[Cu ( qu inoline ) 2so4 ] was s imi larly prepared b y  heating c rushed CuS04 . 5H20 

3 ( 3 . 0  g )  to ref lux temperature in quinoline ( 3 0 cm ) .  The compound 

was collected and washed with quino line . 

3 [ Cu ( mbimH ) Cl ] . � H20 ( 0 . 4 0  g )  was dissolved in 3-ethylpyridine ( 4  cm ) 

and the solut ion lef t to stand . Large b lue green crystals of  

[Cu ( 3-Etp y ) 2so4 ] . 2H2o appeared within four weeks .  These were col lected 

and washed with 3-ethylpyr idine . 

[ Cu { mbt ) ]  ( 0 . 7 0 g )  was ref luxed in 3-methylpyridine for  s ix hours , after 

which any undissolved material was f i ltered of f .  On standing the 

solution yielded pale b lue crystals of [ Cu ( 3-Mepy) 2 so4 ] . 2 H2o overnight . 

These were co llected and washed with ether.  
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0 . 70 g [ Cu ( mbtH ) 2Cl ] . � ( mbt-mbt ) was ref luxed in 2 - o r  3 - chloropyridine 

for 1 0 - 1 5  minutes . On coo ling blue green crystals of [ Cu ( 2-Clpy ) 2cl2 ] 

or [ Cu ( 3 -Clpy ) 2cl 2 ] appeared which were collected and washed with ether . 

CuC 1 2 . 2 H2o ( 1 . 7 0 g ,  0 . 0 1  mol ) was added to ethanethiol ( 1 . 55 g ,  0 . 02 5  

mol )  to p roduce a creamy white precipitate . 4 -Hethylpyridine ( 10 cm3 ) 

was added to the slurry , and the mixture left to stand . Over a period 

of one week dark blue lustrous p lates of  [ Cu ( 4 -Hep y ) 4c l2 ) . H2o appeared , 

which were collected and washed with 4 -methylpyridine . On standing in 

moist air the crystals readi ly lost 2 molecu les of 4 -methylpyridine to 

form [ Cu ( 4 -Hepy ) 2cl2 ] ,  a pale b lue amorphous powde r .  

[Cu ( 3-Hepy ) 3C l ]  

[ Cu ( 3 -Hep y ) 3C l ]  cou ld be prepared f rom any o f  the [ Cu ( LH ) xC l ]  

compounds mentioned in Chapter 2 .  The appropriate comp lex ( 0 . 70 g )  was 

added to 3-methylpyridine ( 17 cm3 ) which was gently  heated , if 

necessary , to dissolve the so lid . Almost immediately on dissolution 

yellow g reen microcrystals of [ Cu ( 3-Hepy ) 3Cl ] appeared which were 

f i ltered off  and washed with ether . Yields were typ ical ly 60-10 0 % . 

[Co ( mbt ) 2 ) ( 0 . 7 0 g ) ( a  gift of Dr E .  Ainscough ) was ref luxed for two 

hours in 3-methylpyridine ( 17 cm3 ) during which t ime the original 

green colour of the complex changed to brown . The b rown solid, 

[Co ( 3-Hepy ) 2 ( mbt ) 2 ] was co llected and washed with ether . ( Yield 40 \ ) . 
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[ Cu ( mbtH ) 2C l ]  ( 0 . 70 g )  was disso lved in 1 , 2-diaminoethane ( 10 cm3 ) 

with stirring and the solution f i ltered . 3 Ethanol ( 10 cm ) was added to 

3 the so lut ion coo led in an ice bath , then diethyl ether ( 7  cm ) was added 

dropwise ensuring that a mi lkiness in the solut ion was j ust pers isting . 

Over two days needles of  product wou ld appear which were collected and 

washed with ethano l .  
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CHAPTER 4 

FURTHER ASPECTS OF  THE OXI DATION OF  THIOLATES IN THE PRESENCE OF COPPER 

Introduct ion 

The previous chapter dea lt with the reactivity of  cuprous thiolate 

or thioamide comp lexes in various nitrogen bases . Here a study is  made 

in greater depth of one of the more intriguing examp les ; that invo lving 

oxidation of the sulphhydryl group to sulphate anion in the presence of 

copper { I I )  and neat pyridine .  Although sulphate is  produced in  other 

nitrogen base so lvents , pyridine was chosen because of  the comparatively 

react ive nature of  the system and the fact that comparisons can be made 

with an exten sive body of l iterature relating to copper/pyridine 

promoted oxidation of  other organic  compounds . 

Al iphatic and aromatic thiols are oxidised by a variety of reagents 

to disu lphides and to higher oxidation products depending on the 

spec i f ic reaction conditions { ! ) .  Figure 4 . 1  shows the compounds 

obtainable through oxidation , which norma l ly proceeds in a stepwise 

fashion as i l lustrated { 2 ) .  Although su lphonic acids are usua lly the 

assumed end products of oxidat ion of su lphhydryl compounds { 2 ) ,  +4  being 

the highest oxidation state achieved without C-S bond c leavage { 3 ) ,  an 

early report of oxidat ion by hydrogen peroxide suggests the formation of 

sulphuric acid { 4 ) .  

Cupric and ferric salts and oxides are observed to oxidise thiols 

only as far as disu lphides { 5 , 6 ) .  Mercury { I )  and si lver { I )  can 

oxidatively c leave disulphides to form su lphinates , RS02 { 7 ) , whereas 
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R-SH 

I t t H2o 
[ R-SOH ] R-S-S-R RSH + [ RSOH ] 

sulphenic ac id disulphide 

j 
RS02H R�-S-R 

H2o 
- [ RSOH ] 

su lphinic acid thio lsu lphinate 

j 1 
RS03H R-�-S-R 

H2o 
[ RSOH ] R-S02H + 

sulphonic acid 

thio lsulphonate 

j 
R-P-R 

H2o 2 R-so2H 

su lphinyl su lphone 

l 
R-H-R 

H2o 
•RS03H + RS0 2H 

a -disu lphone 

Figure 4 . 1  Products of thiol oxidation . 
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gold ( I I I ) reacts with disulphides g iving su lphonates , Rso3 ( 3 )  and 

metallic  gold . There are , however , no reports to dat e  of  a metal 

promoted oxidation of  a thiol group as far as the sulphate ion , as has 

occurred for the Cu ( I I ) - pyridine system. 

The approach to defining and characterising the system has been 

divided into the fo l lowing areas . 

1 .  The nature and exten t of  substrates capab le of  b eing oxidised . 

2 .  The iden t i fication of  proposed reactive species responsib le for 

attacking and oxidis ing sulphu r .  

3 .  Pos s i b le routes for the product ion of these reactive species and 

their relationship to other components of copper pyridine chemistry . 

Thi s  research has revealed that the reaction i s  qui te extensive , 

allowing oxidation of  not only sulphhydryl containing l igands but also 

reactants as  d iverse as elemental su lphu r .  I t  appears that there 'are 

two possible react ive species . A cupric-pyridine-oxo reagent is  

predicted where halogens are present in solution otherw i se a 

cupric-pyridine-hydroxo compound i s  hypothesised . Esr  evidence is  

presented in  proof of these postulations , and the reason for  the 

existence of two active agents related to intermediate compounds 

possible i n  the presence of halogens . 

Fina l l y  an account is  made o f  sulphate producing systems involving 

ethano l rather than pyridine as solven t .  Men tion i s  also made of the 
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Figure 4 . 2  Ligands discussed in this chapter and their 

abbreviations 
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similarity of these reactions to the chemolithotrophic processes 

occurring in sulphur oxidising bacteria such as Thiobaci l lus thiooxidans . 

4 . 1  RESULTS AND DISCUSSION 

4 . 1 . 1  Substrates capable of being oxidised 

The previous chapter mentioned isolation of [ Cu ( py ) 4so4 ] .
2H2o from 

reaction of a variety of cuprous thiolate and thioarnide complexes in 

pyridine . The reaction occurs also for a number of representative 

cupric species which were investigated , that is [ Cu (mboH ) 2c l2 ] ,  

[Cu ( dipmim )C l ] , [ Cu ( ttzH ) 3cl2 ] and [ Cu ( tla ) ] .  

The knowledge that the complex [ Cu ( py ) 3C l ]  was produced as an 

intermediate on contact of cuprous thioamide chloride compounds with 

neat pyridine ( see Chapter 3 )  suggested that a probing approach would 

involve the reaction of independently prepared [ Cu ( py ) 3C l ]  with neutral 

ligand in pyridine . According ly by adding CuCl to pyridine, [Cu ( py ) 3Cl ] 

was generated in situ ( B )  and disso lved . To such a so lution was 

added various thioamide ligands under conditions where atmospheric 

oxygen and water were not removed . In all cases [ Cu ( py ) 4so4 ] .
2H2o was 

produced on standing ( see Figure 4 . 3 ) . Similarly when 

dibenzothiazol-2-yl disulphide was substituted for a thioamide , the 

sulphate compound was again obtained . Even elemental sulphur resulted 

in production of [ Cu ( py ) 4so4 ] .
2H2o .  I n all the above cases [ Cu ( py ) 2cl2 ] 

was obtained as a eo-precipitant . 

[ Cu ( py ) 4so4 ] .
2H2o was also obtained when other sources of copper 

such as cupric oxide , cupric sulphide , and [ Cu ( py ) 2C l2 ] were dissolved 

or used as a slurry ( depending on their solubility in pyridine) and 



- N 

�AsH 

58 j CuCl/py 

+ 

CuCl/py 

"<---- N N -----:el 5)-s-s� 

Figure 4 ; 3 Reaction of CuCl disso lved in pyridine with a 

variety of compounds . 
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reacted with neutral 2-mercaptobenzimidazole ( see Figure 4 . 4 ) .  

CuS + 

SH 
H CuO 

neat py + 

H 'r---�, 

JlSH H 

+ 

�CH2S-SCH� 
Figure 4 . 4 Reaction of cupric species with some sulphur sources .  

[ Cu ( py ) 4so4 ] . 2H2o was not however produced on reaction of 

[Cu ( py ) 2c l2 ] with dibenzyl disulphide or elemental sulphur in neat 

pyridine, suggesting that a substrata capable of reducing [ Cu ( py ) 2Cl2 ] 

is required. 

Considering these ' results , the fact that sulphate could be obtained 

from such a variety of reactants , for which the only common factor was 

the presence of copper , suggested that the reaction may be due to a 

reactive copper-pyridine-oxy entity, rather than the oxidation of a 

specific copper-ligand complex . The key to the unravelling of the 

apparently ubiquitous production of sulphate was achieved through 
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spectroscopic analysis , particularly esr, of the early stages of 

reaction , in an attempt to identify and characterise these postulated 

reactive intermediates . 

4 . 1 . 2 Identification of the proposed reactive species 

On mixing of the reaction solutions depicted in Figures 4 . 3  and 4 . 4  

or before deposition of the sulphate crystals , green or yellow-green 

solutions developed which were found to contain paramagnetic copper . 

Investigation of these solutions via esr spectroscopy showed remarkably , 

that despite the cosmopolitan nature of reactants , only two basic 

signals were generated, one of which was dependent on the presence of 

chloride or bromide . 

Where halogens were absent ( reactions coming under this category 

were those of [ Cu L ]  ( L  • a thiolate ligand ) or CuO + LH , the spectrum 

o f  the intermediate obtained typically displayed a signal with 

I I -4 - 1 parameters gl 22 . 0 6 5 ,  A1 1 � 1 7 5 x 10 cm and g 1 1 � 
2 . 2 68 . In 

addition five nitrogen superhyperfine peaks were discernible in the 

3 100 G region suggesting the coordination of two pyridine ligands per 

copper . A spectrum simi lar in appearance was reported and simulated for 

the postulated N2o2 copper binding site of bacitracin A ( 9 ) .  The visible 

electronic spectrum of these solutions showed only a single weak 

absorbance at ea 700 nm attributable to a d-d transition . Extinction 

- 1 - 1 coefficients were typically � 3 1 mol cm /Cu suggesting that not a l l of 

the copper has been oxidised to a reactive form. 

In reaction solutions containing chloride and bromide ( i . e . those 

invo lving [ Cu ( LH )  X]  ( LH • thioamide ligand, X • Cl , Br )  or n 

[ Cu ( py ) 2cl2 ] +  L H , the esr spectrum showed an intermediate which had 
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I I -4 - 1 parameters g1 .,. 2 . 0 65 , A1 1 "' 183 x 10 cm g1 1 ::s
2 . 2 7 0 . Nitrogen 

superhyperf ine was again observed at � 3 10 0 G, this time seven lines 

being visible indicating the presence at least three pyridine ligands . 

The electronic spectra of [ Cu ( mbtH ) 2C l ]  and [ Cu ( py ) 2cl2 ] + 2mercapto-

benzimidazole in pyridine showed d-d transitions at 790 nm 

-1 - 1 ( E =  1 13 1 mol cm for the latter ) .  

The solution compositions in which such intermediates appeared and 

the similarity of their esr parameters are displayed in Tables 4 . 1  and 

4 . 2 . Representative spectra for the two cases are shown in Figure 

4 . 5  ( a )  and ( b ) . Comparison of the spectra with those of [ Cu ( py ) 4 ] ( BF4 ) 2 

( Figure 4 . 5 ( c ) ) run in neat pyridine and [Cu ( py ) 4 ] ( S04 ) ( 10 )  run in 
2+ aqueous solution eliminated the possibi lity that a [ Cu ( py ) 4 ] entity 

was responsible for the signal of 4 . 5 ( a ) . 

The fact that a basically similar spectrum is obtained in each 

group implies that both intermediates are independent of the original 

ligands . For the case where halides are absent strong support for such 

a hypothesis is provided by the obtention of an identical esr signal 

from ref luxed pyridine so lutions of CuO and CuS . Indeed this 

observation also dispels any notion that the ligand is acting even as a 

counterion , forcing us to consider less conventional anionic species 

such as oxo and hydroxo ligands to maintain charge neutrality . 

4 . 1 . 3  Characterisation of the Reactive Species 

The extensive investigations conducted into the nature of the 

catalytic agents resulting from oxidation of CuCl in pyridine ( ll-17 ) 

have been of great use in aiding the characterisation of what are 



Table 4 . 1  Esr parameters for reaction solutions where Cl and Br- were absenta 

Solution composition 

Reactants 

[ Cu ( dipmim ) ] 

[ Cu ( mpy ) ] 

[ Cu ( mbt ) ]  

I I  I . 2 + ( Cu 2cu 10 ( mm�m ) 12 ( H2o ) 4 J 

[ Cu ( tt zH ) 3No3 ] 

CuS b 

CuOc 

b Cu0 ( 0 . 5 5g ) + 
2-mercaptobenzimidazole ( 0 . 6g )  

Volume of 3pyridine ( cm ) 

saturated solution 

saturated solution 

saturated solution 

saturated solution 

saturated solution 

saturated solution 

saturated solution 

30 

Notes : a .  [ Cu ( py ) 2 ( 0H ) 2 ] may be the common species ; 

d 
9 1 

2 . 0 63 

2 . 0 62 

2 . 0 68 

2 . 0 60 

2 . 0 65 

2 . 0 64 

2 . 0 6 2 

2 . 0 58 

e 
91 1  

2 . 2 68 

2 . 2 67 

2 . 2 7 0 

2 . 2 64 

2 . 2 6 7 

2 . 2 70 

2 . 2 67 

2 . 2 72 

f All 

( 10-4cm- 1 ) 

174 

172 

174 

178 

180 

176 

178 

169 

b. left in solution overnight ; 

c .  ref luxed solution ; d . :t0 . 0 02 ; . e . ;t0 . 0 0 5 ;  f .  -4 - 1  :t4x10 cm 
..... 
IV 
-...1 



Table 4 . 2  Esr parameters for reaction solutions containing Cl and Br- a 

Solution composition c Reactants Volume of 9 1 
pyri�ine 
(cm ) 

[ Cu ( py ) 2Clt ) ]  ( 10mg ) 2 0 2 . 0 67 
+ 2-mercap opyridine ( llmg ) 

[Cu ( py ) 2Cl ] ( 10mg ) 2 0 2 . 066 
+ 2-mercap

t
obenz imidazole ( 15mg ) 

[ Cu ( mpyH )C 1 ] ( 1 6mg ) 5 2 . 0 59 

b [ Cu ( mpyH ) Br ) ( 2 5mg ) 2 0 2 . 0 6 1 

[Cu ( mbtH ) 2C l ] ( 10mg ) 10 2 . 0 68 

[Cu ( mbtH )_2Br ] ( 16mg ) 5 2 . 0 62 

Notes z a.  [ Cu ( py )  O ] ( x)3 ) may be the common species X 

b . s ignal weak 

c . z0 . 002 ; d, ±0 . 0 0 5 ; -4 -1 e , ±4x10 cm 

d gll 

2 . 2 7 2 

2 . 2 7 1  

2 . 2 7 0 

ea 2 . 2 5 

2 . 2 7 4 

2 . 2 6 9 

All 
e 

( 1 0-4cm- 1 ) 

184 

182 

180 

ea 183 

174 

183 

1-' 
N 
Cl) 
0 
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Figure 4 . 5  
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( a )  

( b )  

( c )  

( d )  

2700 2900 3100 3300 
B / G  

E s r  spec t ra o f  ( a )  p ropos ed [ Cu ( py ) i ( OH ) 2 J ,  

( b )  prop o s e d  [ Cu ( py ) xO ] , ( c )  [ Cu ( py ) 4 ( B F4 > 2 J ,  

and ( d )  [ Cu ( p y l 2c 1 2
1 ,  a l l  in pyr idine. 
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assumed to be reactive intermediates in our work . CuCl dissolved in 

pyridine in the presence of oxygen has been known since the 1950 ' s ( 18 )  

to be an active catalyst in the homogeneous oxidative coupling of 

phenols ( Reaction I )  and more recently the cleavage of a-benzoquinones 

and catechols to muconic acid mono alkyl esters . ( Reaction II ) ( l6 ) .  

I 

I I 

\ 
� 

OH 

�y

� 2 0 

0 

2 

OH . COOMe 
OH 

OJCl/py

�OOH 

0 

Demmin et al . ( l7 )  have investigated II and examined the CuCl/ 

o2 ;py catalyst in the presence of nucleophiles such as CH30H, or NH 3 

New reactive species incorporating the nucleophi le are believed to be 

formed. The postulated form for ammonia as nucleophi le is shown z 
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Considering our reaction solutions where halides are absent; that 

the above hydroxy compounds have been attributed with reactivity by 

researchers may allow the hypothesis of the following structure for our 

intermediate : 

Such a structure would prove consistent with the esr interpretation . 

Strong support comes also from the fact that Cu ( OH ) 2 dissolved in 

pyridine shows a simi lar esr spectrum. Conceivably the hydroxo ligands 

could arise from atmospheric water . Certainly when CuO/pyridine 

solutions were ref luxed in conditions where water had been rigorously 

excluded, no esr signal was observed . The following equation represents 

the stoichiometry for the reaction of [ Cu ( px )2 ( 0H ) 2 ] with , for 

instance , a disulphide species : 

pyridine 

When chloride or bromide are present the system becomes a little 

more complex to interpret . Bodek et al ( 1 5 )  have extensively 

investigated the CuCl/02/pyridine catalytic system used in the 

polymerisation of phenols . Through gel permeation chromatography they 

established the fol lowing stoichiometry : 

pyridine 
2CuCl + � 02 ( 1 )  

where the polymeric species [ ( py ) CuO ] is believed to be the active m n 

initiator of polymerisation . The compound was found to be esr silent . 

Also [ Cu ( py ) 2c l2 ] was shown to be an inactive initiator .  
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The reaction conditions for our experiments are so similar to 

those of Bodek et al . that it is quite conceivable that the copper 

reagent responsible for sulphur oxidation is very simi lar to that 

isolated by them. Al l the processes are connected by production of the 

common intermediate [ Cu ( py ) 3C l ] . ( In the instances where [Cu ( py ) 2cl2 ] 

was used as the source of copper , thiol reduction would allow in situ 

synthesis of [ Cu ( py ) 3Cl ] ) .  

The postulation of equimolar production of [ Cu ( py ) 2cl2 ] and 

reactive species [ ( py ) CuO ] and the observation that the latter had no m n 

detectable esr signal ( l4 , 15 )  appear at first in contention with the 

strong esr spectra obtained for our reactive solutions . That these 

species were not [ Cu ( py ) 2cl2 ] was confirmed by the differences in the 

esr spectrum of pure [ Cu ( py ) 2cl2 ] run in neat pyridine ( see Figure 

4 . 5 ( d ) ) .  The spectrum of [ Cu ( py ) 2Br2 ] in pyridine is presented also for 

reference ( Figure 4 . 6 ) .  A plausible fate for the [ Cu ( py ) 2cl2 ] 

constituent is reduction by thiolate ligand which is present in all 

cases in at least 2-fold excess . Furthermore the detection of an esr 

signal may be a consequence of the rapidity with which samples were run 

- normally within five minutes of mixing of reactants . The tendency of 

cupric-oxo intermediates to polymerise has been emphasised ( l l ) .  It is 

quite likely that the compound observed is the monomeric form of 

[ ( py ) CuO ] , that is [ Cu ( py ) 0 ] ( x)3 ) .  Electron superexchange would m n x 

not occur in a monomer to cause co llapse of the esr signal . Such an 

assignment is consistent also with the spectral features , i . e . the 

presence of seven nitrogen superhyperf ine indicating coordination of at 

least three pyridine ligands . 

[Cu ( py )  O] might be expected to react in the following way with X 



a disulphide substrata : 

[ Cu ( py )  0 ] X + RSSR + 
pyridine 

133 . 

+ RSR 

In support of such a mechanism dibenzothiazol-2 -yl sulphide was 

isolated from the reaction of CuCl and dibenzothiazol-2-yl disulphide in 

pyridine . 

4 . 1 . 4  Oxidation of Compounds of the Type CuL3x - A Synthetic 

Route for Production of [Cu (py) O ] 
X 

An understanding of the reactivity towards oxygen of cuprous 

compounds of the type [ CuL3X ] ( where L= pyridine or a picoline and X2 Cl 

or Br ) may well prove advantageous as an aid in interpreting the 

production of the species [ Cu ( py ) xO ] . [CuL3X ] compounds are unexpectedly 

reactive towards oxidation in both solution and the solid state . For 

instance oxidation of [ Cu ( 3 -Mepy ) 3Cl ] in solution is rapid ,  the crystals 

dissolving in a variety of solvents ( e . g . , acetonitri le , nitromethane , 

acetone , dichloromethane and ethanol )  to give orange-yel low solutions . 

The electronic spectra of these ( 4 3 0sh , 7 8 5  and 8 7 5  nm ) pointed to the 

formation of the � -oxo copper tetramer [ Cu4cl60 ( 3 -Mepy ) 4 ] ( 19 ) .  Indeed 

ref luxing [Cu ( 3 -Mepy ) 3C l ] in ethanol produces orange brown crystals of 

[Cu4c l60 ( 3-Mepy ) 4 ] verified by elemental analysis . Simi larly 

[Cu ( 3 -Mepy ) 3Br ] , [Cu ( py ) 3C l ]  and [ Cu (
2-Mepy ) 3Cl ] gave complexes 

identified as [Cu4Br60 ( 3 -Mepy ) 4 ] ,  [Cu4cl60 (py ) 4 ] and [ Cu4cl60 (
2 -Mepy ) 4 ] 

respectively . 

reflux in an unidentified 
+ 

ethanol cupric species 
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[ cu4cl60 ( py ) 4 ] and [Cu4cl60 ( 2 -Mepy ) 4 ] have been structurally 

characterised by X-ray crystallography( 2 0 , 2 l ) .  In each case the copper 

atoms are not entirely equivalent , but all are found in essentially a 

trigonal bipyramidal stereochemistry with varying degrees of distortion . 

The esr solution spectra l profiles of these complexes , recorded for the 

first time , are all very simi lar ( e . g . , Figure 4 . 6 ( a ) )  showing nine 

nitrogen superhyperf ine lines in the perpendicular region and are 

typical of compounds possessing structures intermediate between trigonal 

bipyramid and square pyramidal .  

Signs that oxidation was possible in solid [ CuL3X ] was shown by the 

appearance of weak bands at 700 and 875 nm in the nujo l mul l spectrum of 

even freshly prepared [ Cu ( 3-Mepy ) 3C l ] . That trace amounts of copper ( I I )  

were present was confirmed by the low magnetic moment of 0 . 6  B . M • •  A 

rhombic type esr powder spectrum identical to that of [ Cu4cl60( 3-Mepy ) 4 1 

run in powder form indicated its presence in the copper ( ! )  complex . 

With regard to the problem of oxidation of CuCl in pyridine, the 

addit ional production of [ Cu4cl60 ( py ) 4 ] where organic solvents were also 

present may wel l have caused some confusion in the literature , 

especially with respect to solution studies involving solvents of 

mixtures of pyridine and other organic compounds .  Electronic spectral 

work by Ludwig and Gasser ( 2 2 ) conducted on compounds of the type 

[ CuL2Cl2 ] ( L= pyridine or a pico line ) allowed the authors to state that 

new five coordinate copper ( ! ! )  complexes were being formed . It thus 

seems likely that [ Cu4cl60 ( py ) 4 ] may be prepared by dissolution of 

[ Cu ( py ) 2cl2 ] in dich loromethane .  Such a solution certainly has an 

identical esr spectrum to that of [ Cu4cl60 ( py ) 4 ] in the same solvent . 

Hence if CuCl were to be dissolved in a mixed pyridine/dichoromethane , 

pyridine/chloroform or pyridine/alcoho l solvent 



Figure 4 . 6  

2650 2850 3050 3250 
BIG 

BIG 

Esr spectrum of ( a )  [ Cu4Br60 ( 3-Mepy ) 4 ] in 

nitromethane and ( b )  [Cu ( py ) 2Br2 ] in pyridine . 

135 . 
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( b )  
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the [Cu ( py ) 2c l2 ] produced in the oxidation reaction ( equation 1 )  may 

well be transformed into [ cu4cl60 ( py ) 4 ] with corresponding esr signa l .  

Esr spectra o f CuCl oxidation products were run under such conditions by 

Praliaud et al . ( l3 ) and Ochiai ( 12 ) and this may explain the 

characteristic [ Cu4cl 60 ( py ) 4 ] lineshape obtained but not so interpreted 

by them. 

[Cu4cl60 ( py ) 4 ] may be used as an oxidising agent in reaction ( I )  

( 2 3 ) but is not catalytically active ( 2 4 ) .  However compounds based on a 

simi lar tetrameric copper core containing two oxygen atoms - one 

bridging all coppers and the other terminal - have been prepared and 

found to have much greater activity ( 24 ) .  For instance Davies and 

El-Sayed ( 2 5 )  synthesised the compounds [ Cu4cl4o2 (py ) 3 ] and [ Cu4c14o2 

(py ) 4 ] from reaction of [ Cu ( py ) C l ] 4 with pyridine in nitromethane . 

Their structures are believed to be simi lar to that of the X-ray 

characterised compound [ Cu4cl6oL3H20 . L ]  ( where L = N-methylpyr 

rolidin-2-one ) ( 2 6 )  

The terminal oxo group is attributed high basicity and nucleophilic 

character and is believed to be the site of catalytic activity . 

Treatment of [ Cu4cl4o2 (py ) 4 ] with excess pyridine leads to the formation 

of the original catalytic init iator ( 2 4 ) :  
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+ 
CH2Clj 

npy a- 2 [ Cu ( py ) 2c l2 1 + ( py ) ( CuO ) 2� [ ( py ) CuO 1 n m n 

A reaction scheme may then be drawn for the oxidation of CuCl in 

neat pyridine showing the possible interrelationships of the various 

species encountered . 

b 
excess 

( X•-:/ 
[ CuX 1 
· I 

( X=Cl ) 

pyridine 

[Cu ( py ) 2 ( 0H ) 2 1 
..#' 

pyridine 

a l or pyridine/CH2cl2 

[ Cu ( py ) 3C l 1  

stoichiometric 
pyridine 

stoichiometric 
pyridine/CH2c l2 

or organic solvent 

a 
b [ Cu4cl60 ( py ) 4 1 

+ [ Cu4c l4o2 ( py ) 3 1 

[cu4c14o2 (py ) 3 1 
a/ ! excess pyr:dine 

m n x I \ [ py Cu0 1 --[cu ( py )  0 1  
excess excess 
pyridine b a pyridine 

[ Cu ( py ) 0 1--=- [py Cu0 1 x m n 

a :  reaction confirmed b :  reaction step proposed 

This scheme may then account for the formation of two active 

complexes , [ Cu ( py ) xO ]  and ( Cu ( py ) 2 ( 0H ) 2 ) ,  in our work . [ Cu ( py )  0 1 is X 

postulated to be formed via the tetramer ic copper cluster [ Cu4cl4o2 ( py ) 3 J 

invo lving a framework of bridging halogens .  Such a structure with the 
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ability to allow formation of a reactive copper-oxo entity cannot occur 

when chloride or bromide are not present in the reaction solution . 

Gampp and Zuberbuhler ( ll ) have emphasised this prerequisite : supplied as 

[ Cu ( CH3CN ) 4 ] ( BF4 ) ,  Cu ( I )  autooxidises only after addition of equimolar 

amounts of Cl in pyridine, supporting the above hypothesi s . 

Consequently when the halogens are absent [ Cu ( py ) 2 ( 0H ) 2 ] is presumably 

formed via another route . 

4 . 2 OXIDATION OF THE SULPHHYDRYL GROUP IN SOLVENTS OTHER THAN PYRIDINE 

The production of sulphate from a thiol ligand in the presence of 

copper is not restricted to nitrogen base solvents . Sulphate compounds 

have also been iso lated here from systems reacting in ethanol .  For 

instance Cuso4 . 5H2o has been produced from ethanolic solutions of 

ligand a brownish red prec�pitate attributed to CuS appears . The 

filtered mother liquor retains a blue green tinge , which after one day 
2+ has the esr and electro nic features of [ Cu ( EtOH ) 6 ] . After 3-4 days a 

white compound starts to precipitate , identified as di-triphenyl 

Within 

five weeks of standing at room temperature light blue cystals of 

Cuso4 . sH2o precipitated from solution accompanied by another white 

crystalline product identified as triphenylcarbino l , ( C6H5 ) 3COH . A 

simi lar reaction is observed for CuBr2 with the exception that 

triphenylmethylethyl ether , ( C6H5 ) 3cocH2cH3 , is obtained instead of 

triphenylcarbinol .  

cuso 4. sH2o may also be obtained when thioma lic acid is added to an 
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ethano1ic solution of cuc12 . 2H2o in equimolar ratio . The product 

appears after five weeks . Attempts to accelerate the reaction by 

refluxing the solution or reducing the volume of so lvent were 

unsuccessfu l .  

On slow evaporation over a period o f a year o f a solution 

containing Cu ( Cl04 ) 2 . 6H2o , and the sodium salt of 

4 , 5-diphenyl-2-mercaptoimidazo le ,  Cuso4 . 5H2o and the organic compounds 

4 , 5 -diphenyl-2-imidazolylethyl ether , ( see Figure 4 . 2 ) and benzoic acid 

were produced ( see Appendix for mass spectra ) . 

A product in which the sulphato group is coordinated to copper was 

obtained when [ Cu ( mpyH )C l ] produced in situ from reaction of 

CuC12 . 2H2o was further oxidised by addition of nine-fold equivalent 

cuc12 . 2H2o .  A green solid was obtained from slow evaporation of the 

ethano l .  Elemental analysis was consistent with a formulation of 

[ Cu ( mpyH ) 2so4 ] .  The infrared spectrum shows new strong bands due to 

-1 - 1 sulphate ligand at 127 0 ,  1 18 0 and 1 150 cm (v 3 ) ,  9 40 cm (v 1 ) and 

- 1  640 cm ( v4 ) which is suggestive of bridging or chelating sulphate( 2 7 ) .  

The mercaptopyridine ligand, present in neutral thione form , shows 

- 1 movement of the thioamide moiety vibrations ( V ( NH ) 3 09 5 ( sh ) , I - 147 0 cm 

and IV - 74 0 cm- 1 ) indicative of nitrogen coordination . A band at 

- 1 27 5 cm may be due to V( CuN ) ( 2 8 ) ,  and a shoulder at 3 8 0  nm in the 

nujol mull electronic spectrum may be tentatively assigned to a N--.cu 

LMCT band . The compound' s magnetic moment was norma l at 1 . 9 3 B. H .  

Little can be said about the nature o f the reactions leading to 

the production of sulphate in these systems because the time taken for 

the product to appear , and the interference of [ Cu ( Et0H ) 6 ]
2 + to the 
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spectroscopic probes , made them less amenable to study . A comparison 

can be made however with the oxidation of disulphide species to 

sulphinates as observed by Higashi et al . ( 2 9 )  in the reaction of 

bis ( 2 -pyridyl ) disulphide with Cu ( Cl04 ) 2 in methano l .  As well as a 

copper ( I ) -disu lphide complex a low yield of the complex 

[Cu ( 2 -pyridinesulphinate ) 2 ] ( 2 -pyridinesu lphinate = c5H4Nso2 ) 

was also obtained . S imi larly [ Cu ( 2 - ( 2 -pyridylmethyl ) amino ) ) ethyl 

sulphinate Cl ] ( see Figure 4 . 2 ) has been formed ( 3 0 ) by cleavage of the 

disulphide bond for the corresponding disulphide complex in water . In 

the former case a copper promoted heterolytic cleavage of disulphide to 

give RS and RS+ was envisaged . RS+ may then react with water to give 

RS03 and the thiol RSH by subsequent disproportionation . Such a 

mechanism combined with further oxidation of sulphonate written as : 
2+ - 2- + + Cu + Rso3 + H2o� so4 + 2H + ,( R-R ) + Cu • may well be in 

operation in our systems . A balanced equation incorporating such 

intermediates can be written thus : 
2+ 2- + + 14H+ + .... RSH + R-R 2RSSR + 10 Cu + 8H20_,_2so4 + 1 0 Cu � 

4 . 3  BACTERIAL OXIDATION OF SULPHUR 

A biological reaction related to the studies of this chapter occurs 

in certain chemolithotrophic bacteria , chiefly those of the genus 

Thiobacillus which uti lise the oxidation of reduced inorganic 

sulphur compounds such as hydrogen sulphide , sulphur , and thiosulphate 

as an energy source . The mechanism of sulphur oxidation still remains 

obscure ( 3 1 ) the great reactivity and chemical instabi lity of many of the 

proposed intermediates making biochemical investigations difficult .  

Nonetheless i t i s thought that some of the processes are enzymic and 



that the electrons are transferred via cytochrome ' c ' finally to 

oxygen ( 32 ) .  A hypothetical pathway of oxidation is shown below . 

cel l membrane 

2- 2- 2 -"' 2 -
S203 ----� S203 ----?::;;a.,.. S406--.;;.:--- S306 

2-and s 5o6 

Fe2+ 2cyt c 

3+ 2cyt c Fe 

14 1 .  

In relation to the bacterial mechanism our findings show that 

so 2-4 

copper may promote su lphide , sulphur and disulphide oxidation as far as 

the sulphate form . This leads to the tentative suggestion that a copper 

or perhaps iron containing enzyme may well be active in the bacterial 

metabolism of sulphur and may provide a stimulus for biological 

researchers to locate such an entity . 

' Summary 

Sulphur in a variety of substrates has been oxidised to sulphate in 

the presence of Cu ( I I ) in pyridine . Two reactive species are believed 

responsible for the oxidative process . Where chloride or bromide ions 

are present in the initial reaction mixture the reactive entity 

[ Cu ( py )  O )  is proposed . However when no chloride or bromide is present X 

the species [ Cu ( py ) 2 ( 0H ) 2 ) is postulated . The interrelationship of 

precursors to [ Cu ( py ) O] has provided a rationalisation for the existence X 

of two reactive compounds . 

Oxidation of sulphur has been seen to occur also in ethanolic 

solvents in the presence of copper but the process occurs more slowly _ 
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and appears to involve a different mechanism from that of the pyridine 

reaction . 

Oxidation of sulphhydryl and sulphur substrates is reminiscent of 

the chemolithotrophic process of sulphur oxidising bacteria . Any 

underlying similarity in the two areas remains to be proven . 

4 . 4 EXPERIMENTAL 

4 . 4 . 1  Instrumentation was as described in 1 . 7 . 1 .  

4 . 4 . 2 Synthesis of the complexes 

In each case below [ Cu ( py ) 4so4 ] .
2H2o was confirmed after 

collection , washing with pyridine and drying in vacuo from 

comparison of its infrared spectru� with an authentic sample and the 

precipitate formed with BaC1 2 in water . This was possible in 

mixtures where [ Cu ( py ) 2c l2 ] appeared as a �a-precipitant . The latter 

- 1 compound could b e identified b y the appearance o f a band at 280 cm 

in the mixture infrared spectra attributed to V ( CuCl ) .  Yields were not 

calculated in such instances . 

Reactants cupric thiolate or thioamide complexes 

[ Cu ( ttzH ) 3c l2 ] ,  [ Cu ( mboH ) iC 12 ) ,  [Cu ( tla ) ]  or [ Cu ( dipmim ) C l ] 

3 ( 0 . 4 0  g )  were added to pyridine ( 30 cm ) and stirred . Any inso luble 

material remaining after thirty five minutes was fi ltered off . 

[ Cu ( py ) 4so4 ] .
2H2o appeared overnight . Yields were typical ly 40-60, . 
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Reactants CuCl + thioamide compounds 

CuCl ( 1 . 0  g , 10 mmol )  was added to pyridine ( 3 0 cm3 ) under 

dinitrogen . To this was added LH ( 1 0 mmol )  ( LH 2 2-mercaptothiazoline 

( 1 . 19 g ) 7  2 -mercaptobenzothiazole ( 1 . 6 7 g )  and 2-mercaptobenzimidazole 

( 1 . 50 g ) ) ,  the yellow green solution agitated and left open to the 

atmosphere . Undisso lved solid was filtered after thirty minutes . 

[Cu ( py ) 4so4 ] . 2H2o and [ Cu ( py ) 2cl2 ] were produced overnight or within 

1-2 days . 

Reactants CuCl + benzothiazol-2-yl-disulphide 

Benzothiazo l-2-yl-disulphide ( 0 . 3  g ,  0 . 9  mmo l ) was dissolved in hot 

pyridine ( 2 0  cm3 ) .  To this was added with agitation CuCl ( 0 . 3 6 g , 

3 . 7  mmol )  under dinitrogen . Insoluble material remaining after thirty 

minutes was fi ltered from the yellow green solution [ Cu ( py ) 4so4 ] . 2H2o 

and [ Cu ( py ) 2c12 1 appeared within two days . 

Reactants CuCl + s8 • 

CuCl ( 1 . 0  g ,  1 0 mmol )  was disso lved with heating in pyridine 

3 ( 3 0 cm ) under dinitrogen . Separately sulphur ( 0 . 60 g ,  9 mmo l ) 

3 was dissolved in pyridine ( 30 cm ) and this so lution added to the 

former . After 2 days an amorphous green precipitate containing some 

the same day . 

Reactants [Cu ( py ) 2c l2 ] + 2-mercaptobenzimidazole 

[ Cu ( py ) 2c1 2 1 ( 1 . 0  g ,  3 : 4 mmol )  was dissolved in pyridine ( 7 0  

3 cm ) with heating . To this solution was added 2-mercaptobenzimida-
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zole ( 0 . 5 5 g ,  3 . 7  mmol )  with stirring and the yellow green solution 

fi ltered . Crystals of [ Cu ( py ) 2cl2 ] appeared within hours followed by 

Reactants CuS , CuO and thioamide compounds 

CuS and CuO ( 0 . 5  g )  were added to pyridine so lutions ( 40 cm3 ) 

containing 2-mercaptobenzothiazole ( 0 . 50 g )  and 2-mercaptobenzimidazole 

( 0 . 50 g )  respectively the pyridine so lut ion developing a yellow colour .  

Only a small amount o f the CuS and CuO disso lved, the remaining solid 

being f iltered off after 2 hours [ Cu ( py ) 4so4 ] . 2H2o appeared within 1-2 

days . Yields 0 . 02 5 g ( 1 % ) . A simi lar reaction was observed for CuS 

( 0 . 3  g )  and 2-mercaptobenz imidazole ( 0 . 5  g ) . 

Reaction of cuc1 2 . 2H2o and CuBr2 with trityl thiol 

3 cuc1 2 . 2H2o ( 0 . 4 3 g , 2 . 5  mmol )  in ethanol ( 50 cm ) or CuBr2 ( 0 . 56 g , 

3 2 . 5  mmo l ) in ethanol ( 1 0 0 cm ) was added to tritylthio l ( 1 . 38 g ,  5 mmol ) 

in ethanol ( 1 3 0 cm3 ) .  On stoichiometric addition of copper ( II )  CuS 

precipitated which was f i ltered off .  The filtrate yielded white 

crystals ( Mpt 142- 14 6°C ) ,  analys ing as di-triphenylmethyl trisulphide , 

within 3-4 days ( yield : 0 . 3  g )  ( Found : C ,  78 . 5 ;  H , 5 . 5 ;  S ,  16 . 4 ; Calc . 

precipi tated as blue crystals ( yield from cuc12 . 2H20 : 0 . 0 5 5 g ; from CuBr2 

0 . 1 0 5 g )  identified by infrared spectroscopy . A second organic 

species was obtained simultaneous to deposition of sulphate . For the 

react ion invo lving cuc12 . 2H2o triphenyl carbinol was obtained ( Mpt 

162 - 1 6 3°C L iterature - 1 6 4°C )  ( Found C ,  87 . 2 ,  H, 6 . 1  Calc . for 

c19 H16o :  C ,  8 7 . 7 ;  H ,  6 . 2 ) .  ( Yield : 0 . 17 g )  whereas for CuBr2 , tri-
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phenylmethylethyl ether was isolated . { Found C ,  87 . 2 ;  H ,  7 . 1 .  Calc . 

Reaction of thiomalic acid and CuC12 . 2H2o .  

3 Thiomalic acid { 3 . 0  g ,  2 0  mmol )  in ethanol { 10 0 cm ) was added 

to cuc12 . 2H2o { 3 .
4 g , 2 0 mmol )  in ethanol { 60 cm3 ) .  Within five 

weeks Cuso4 . sH2o precipitated which was col lected, washed with ethanol 

and identified by its infrared spectrum. 

Preparation of [ Cu { mpyH ) 2so4 ] 

3 cuc12 . 2H2o { 13 . 6  g , 8 0 mmol )  in ethanol { 2 0 0 cm ) was added to 

3 2-mercaptopyridine { 1 . 1 1 g ,  1 0 mmol )  in ethanol { 50 cm ) and the 

solution stirred overnight . The precipitate of [ Cu { mpyH )C l ) initially 

produced dissappeared within three or four days . On s lov evaporation 

over a period of weeks cuc12 . 2H2o and a green product precipitated . 

This was collected and the cuc12 . 2H2o contaminant removed with copious 

washing with water, and the product dried in vacuo . { Found : C ,  

7 . 3 ) .  

[Cu { dipmim)C l ) and [ Cu { ttzH )3 �12 1 were prepared as shown in Chapters 

2 and 4 respectively. [ Cu ( mbo ) 2cl2 ) was prepared according to the 

method of Preti and Tosi ( 3 3 )  [ Cu { t la ) )  was a gift of Dr E .  Ainscough . 

[ CuL3X ) ( L • py, 2 -Mepy, or 3-Mepy, X • Cl ; L • 3 -Mepy , X • Br ) 

These compounds were prepared by adding CuX to an excess of the 

appropriate pyridine under dinitrogen fol lowing a method simi lar to that 

described by de Ahna and Hardt ( 8 ) .  
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L = 3-Mep y ,  X 2 Br ) .  

These were obtained by ref 1uxing the appropriate [ CuL3X ]  

. 3 comp lex ( 1 . 0  g )  in anhydrous ethan o l  ( 50 cm ) for  1 5  min ,  followed 

by immediate fltration o f  the hot so lution . On coo ling c rystals of the 

product appea red which were then co l lected and washed with anhydrous 

ethano l .  Yield :  0 . 2 0  g ( 3 5 % )  [ Cu4cl60 ( 3 -Mep y ) 4 ] :  ( Found : C ,  33 . 7 ,  

H ,  3 . 6 ;  N ,  6 . 2 % .  Calc . for c2 4H2 8c l6cu4N40 :  C ,  3 3 . 7 ,  H ,  3 . 3 ;  N ,  

6 . 55 % ) . The other compounds were veri fied by compari son o f  their 

melting ponts with literature values ( given in parentheses ) .  

0 [ cu4cl60 ( py } 4 ] m . p .  2 5 1- 3  c ( 2 5 1  ° C )  [ Cu4cl
6

0 ( 2 -Mepy ) 4 ] m . p .  

0 0 0 ( 2 2 3  C )  [ Cu4Br6o ( 3-Mepy ) 4 ] m. p .  2 43 -4 C ( 2 4 1  C ) .  
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CHAPTER 5 

CUPRI C  COMPLEXES FROM THIOAMI DE L I GANDS 

I n t roduct ion 

Thi s  chap t e r  i s  conce rned w i t h  the s ynthe s i s  and charact e r i sat ion 

us ing spect roscop ic t echn i ques ,  o f  cupric and mixed-va l ence comp l exes of 

copper ,  containing thioamide l igands o r  t he i r  deproton a t ed thio lato 

forms . Al though reduct ion to copper ( ! )  i s  mos t  common l y  observed on 

intera c t ion of such compounds w i t h  copper ( I I ) ,  occas iona l l y  t he l i gands 

may s tab i l i s e  t he cupr ic state suf f i c ient ly to a l low i s o l a t ion o f  

non- lab i le s o l i d  comp lexes . Previous l y  some success h a s  been achieved 

by the u t i li s a t ion o f  certain e xp e r i men t a l  techni qu e s  o r  by l i gand 

mod if ic a t ion . For instance , a rout e  emp lo yed by Dev i l lanova e t  a l . 

( 1 )  to ensure cup r i c  spec ies , invo lved the adop t ion o f  N-alkylated 

imida zo lethiones which e f f e c t i v e l y  p revent thiol-th ioketo tautome r i s m  by 

arres t i ng the l i gand in the t hione f o rm .  I n  this way comp lexes o f  the 

form [ CuL
2

X
2

] were p repared ( where L = N , N�dimethyl- 1 , 3- imida z o l idine-2 -

thione and N , N ' -di ethyl - 1 , 3 - imida z o l idine- 2 -t hione and X z C l  or Br ) 

( see Figure 5 . 1  f o r  s t ructures ) .  P r e t i  and Tos i ( 2 , 3 )  have iso lated t he 

cupr i c  comp lexes of 2 -mercaptoben zoxazo le , [ Cu ( mboH )
3

so
4

] and [ Cu ( mboH )
2 

C 1
2

] . 2H
2

o ,  by combin ing the app rop riate copper s a l t  w i t h  mo lten l igand . 

Nonethe less , app l icat ion o f  such techn iques has not proved 

universa l l y  necessa ry . Indeed one of the f i rs t  documented cup ric 

thiolate spec ies invo lved the rea c t ion o f  the t h ioamide 2-me rcaptoben z i

mi da z o l e  with copper su lphat e  at h igh pH to produce [ Cu ( mbim ) OH ] ( 4 ) .  

S imi la r l y  stab le cup ric comp lexes have been reported f o r  the l igand 
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2 -mercaptothiazo 1 ine.  Geetharani and Sathanyanaryana ( S )  prepared the 

green compound [ Cu ( ttzH ) 2cl2 ] and Dev i l lanova ·and Veran i ( 7 )  have 

commented on the appearance of co loured products in the synthesis of 

cuprous halide complexes of the ligand . With the exception of 

· > 1 . [ I r :  · I < . > < > 1 + [ Cu ( rnb1m ) ( OH and the m1xed valence compounds Cu : 2 cu , 10  rnrn1m 12 X 4 

( 8 )  derived f rom 2-mercapto- 1 -methylimidazole,  there a re few accounts of 

species invo lving Cu ( I I )  and a deprotonated thioamide l igand . In some 

instances compounds so envisaged have on further investigation proved to 

have been mis formu lated . • [ cu ( rnrnim ) 2 ] •  and • [ cu ( rnbt ) 2 ] •  have been 

reformulated already as [ Cui i
2 cu\0 ( rnrnim) 12 ( H2o ) 4 ) ( cH3coo ) 2 and 

[ Cu ( mbtH ) 2C l ]  in Chapters 1 and 2 respectively. S imi larly,  as wi ll be 

shown here , the compound • [ cu ( tt z ) 2 ] •  proposed by Basson and du Preez ( 9 )  

is more p robabl y  [ Cu ( ttzH ) 3No3 ) .  

Acco rdingl y  the moving impetus for this research has been to study 

in a more exhaustive fashion than before the interact ion between 

copper ( I I )  and ligands of cyclic  thioamide origin particularly,  where 

possible,  those involving a thiolate interaction . The pursuit of 

thiolato species has not however , been at the expense of  a complete 

account of any cupric- thioamide aspects encountered . The compounds have 

been characterised by infrared, visible and esr spectro scop y .  Also some 

aspects of the reactivity of selected compounds have been invest igated 

with the subsequent production of new comp lexes encompass ing some 

interesting ligand modifications . The crystal structure of one of 

these , [ Cu ( t ztdz ) Br ]  has been estab lished , al lowing an ins ight into the 

nature of p roducts obtained by  a simi lar route . 
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Figure 5 . 1  L i gands encount e r e d  i n  this chapter and t he i r  abbrevi a ti on s  

r-- N 

S�SH 
2 -mercap toben zothiazo le 

( mbtH ) 

H 
2 -mercaptoben z imida z o l e  

( mb imH ) 

SH 

2 -mercap to - 1-methyl imida zo le 
( mmimH ) 

SH 

4 - mercap top yr i d i n e  ( mpyH ) 

N , N ' - di methyl- 1 , 3 - imida zo l id i n e -
2 - thione 

3- ( 4 , 5 - d i hydro- 2 - thiazo lyl ) - 2 -
thi a zo lid inethione 
( t z tdz ) 

2 - mercap to t h i a z o l i n e  ( tt z H ) 

LsH 
2 -mercap toben zoxazole ( mboH ) 

4 , 5 - dipheny l - 2 - me rcap toimidaz o l e  
( dipmimH ) 

2 -mercap t o i mida zoline ( etuH ) 

N , N ' -diethy l - 1 , 3 - imida z o l idine-
2 - thione 

v-c� . 5-J--N-CH3 
3- ( 2 ,  ! - methyl i .ra. i dazolyl ) - 2 , 1 -

me thylimida z o l inethi one 
( mimmimz ) 
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5 . 1  SYNTHESIS  OF THE COMPOUNDS 

Structures and abbreviat ions for the ligands u sed in Chapter 5 are 

presented in Figu re 5 . 1 . 

A detai led account of the preparation of  the comp lexes is presented 

in the experimental sect ion . For the ligand system 2 -mercaptothiazo line 

the compounds [ Cu ( ttzH ) 3c l2 1 ,  [ Cu ( ttzH ) 3Br2 1 [ Cu ( ttzH ) 2 Br2 1 ,  and 

I I  I [ Cu Cu 3 ( tt z ) 5 ] have been prepared . Where the ligand was 2 -mercapto- 1-

methyl imidazole the complexes [ Cu
1 1

Cu
i 

( mmim ) ( mmimH ) 2c� and [ Cu
1 1

cu
1 

( mmimH ) 2cl 3 ] were synthesised . [ Cu ( etu ) OH ]  and [ Cu ( dipmim )Cl ] were 

obtained from the ligands 2-mercaptoimidazoline and 4 , 5 -diphenyl-2 -

mercaptoimida zole respective l y .  For the s ystem 2 -mercaptobenz imid-

obtained . Also in s itu cupric species are reported for the 

interact ion of the appropriate copper salt  with the ligands 2-mercapto-

ben zimidazole and 4 -mercaptopyridine . 

Reactivity studies in nitromethane ,  in which a gross modification 

of the 2 -mercaptothiazoline ligand occurred in forming 3 - ( 4 , 5  dihydro-2-

thiazo lyl ) - 2 -thiazol idinethione , a l lowed the iso lat ion of  the new 

comp lex [ Cu ( tztdz ) Br ]  from react ion of [ Cu ( ttzH ) 3Br2 ] ;  and the 

postu lated products [ Cu ( t ztdz ) C l ] , [ Cu ( t ztdz ) C l2 l and [ Cu ( mimmimz ) C l2 ] 

from [ Cu ( tt zH ) 3c l2 ] and [ Cu
i i

Cu
i

( mmimH ) 2C l 3 ] start ing materials . 

5 . 2  RESULTS AND DISCUSSION 

Elemental ana lyses and magnet ic resu lts  for the comp lexes can be 

found in Tab le 5 . 1 , se lected infrared data in Tab le 5 . 2 ,  e lectronic band 
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maxima in Table 5 . 3 and esr parameters in Table 5 . 4 .  To facilitate 

discussion and in an attempt to achieve a degree of homogeneity a ligand 

by ligand account for the complexes has been undertaken . 

5 . 2 . 1  Complexes of 2-mercaptothiazoline 

A f low diagram indicating the products formed and their 

interrelationship is shown in Figure 5 . 2 .  

The interaction of cupric halides with 2-mercaptothiazoline has 

been investigated by Devillanova and Verani ( 7 )  who observed that when a 

methanolic solution of Cux2 (where X : Cl or Br ) was added to the 

ligand in methanol at a metal : l igand ratio of 1 : 4  the cuprous species 

[Cu( ttzH ) 3X ]  were obtained . However if these complexes were not 

removed , and a further amount of CuX2 added to bring the ratio to 

1 : 3 , coloured species appeared, which on standing yielded pale yellow 

cuprous complexes of the form [ Cu ( ttzH ) 2X ] . No attempt was made by 

the authors to characterise the coloured intermediates . Nevertheless if 

the ratio of metal : l igand is brought down to 1 : 1 . 54 immediately, green 

and brown complexes , corresponding to the formulations [ Cu ( ttzH) 3Cl2 ] 

and [ Cu ( ttzH ) 3Br2 ] can be isolated . 

It is possible to write a coherent scheme for the reaction 

processes supporting the formulation of the new cupric complexes . At a 

metal to ligand ratio of 1 : 4 ,  copper is reduced and a cuprous complex 

and d�sulphide are produced according to the equation 

I CuX2 + 4ttzH� [Cu ( ttzH ) 3X ] + �( ttz-tt z ) + HX . 

Adding excess cux2 at this stage unti l the ratio is 1 : 3 



I I  I [ Cu Cu 3 ( tt z ) 5 ] 

4 ttzH 

( aq .  EtOH ) 

+ 
( EtOH ) 

� 

CuX2 ( X=Cl or Br ) 

( MeOH ) 

CuX2 ( X=Cl o r  Br ) 

( MeOH ) 

if left in s i tu 

( MeOH ) 

Figu re 5 . 2  Flow diagram for the products derived f rom 

2-mercaptothia zo line . 
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Table 5 . 1  Elemental analyoea and magnetic data tor the comp lexea 

Compound 

( Cu ( tt a H I
3

Cl
1 

( Cu ( t t o H I
3

Br
1

J 

( Cu ( ttaH I
1

Br
1

) 

I I  I 
(Cu CU 

3
( tt a 1

5
J 

I I  I 
(Cu Cu ( mmim l ( mmiRH I

2
C l

2
J 

I I  I 
(Cu Cu ( mm1mHI

2
c l

3
J 

( Cu ( mb1mi
2

( H
2

o i ( HH
3

1 )  

(Cu ( mb 1 m l
2 

( H
2

o I I 

( Cu ( etu iOH) 

I cu ( c!iproim IC 1 I 

( Cu ( t&td a i C l )  

( Cu (  tatda I C 1
2

) 

( Cu ( t a td a i Br )  

( C u ( m1Ddima iC1
2

) 

Notea a a .  l B r ,  b .  \Cl . 

Colour 

g reen 

brown 

brown 

grey 

green 

dark green 

grey blue 

grey 

purple 

dark blue 

brown 

green 

brown 

green 

\C \H '" 

2 1 . 0  3 . 1  8 . 1  
( 1 2 . 0 1  ( 3 . 1 1 ( 8 . 5 1  

11 . 6  2 . 5 5 6 . 9  
( 1 8 . 6 1  ( 1 . 6 1  ( 7  . 1  I 

16 . 3  2 . 8 5  5 . 9 5  
( 1 5 . 6 1  ( 2 . 2 1  ( 6 . 1  I 

2 1 . 9  2 . 7  8 . 3  
( 2 1 .  3 1  ( 1 . 4  I ( 8 . 3 1  

1 6 . 1  3 . 6  1 5 . 6  
( 2 6 . 7 1  ( 3 . 3 1  ( 1 5 . 9 5 1  

2 1 . 4 5  2 . 7  1 2 . 1  
( 2 0 . 8 1  ( 2 . 6 1  ( 12 . 2 1  

4 1 . 7  2 . 9  18 . 3  
( 4 2 . 4  I ( 3 . 8  I ( 1 7 . 7 1  

4 4 . 0  2 . 8  14 . 2  
( 4 4 . 2 5 1  I 3 . 2  I ( 1 4 . 7 5 1  

20 . 0  3 . 2  15 . 7  
( 1 9 . 8 1  ( 3 . 3 1  I 1 5 . 4  I 

5 1 . 4  4 . 1  7 . 5  

( 5 1 . 35 1  ( 3 . 3 1  ( 8 . 0 1  

2 3 . 7  2 . 9  9 . 3  
( 2 3 . 8 1  ( 2 .  7 I ( 9 . 1 1  

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

20 . 5  2 . 5  8 . 0  
( 2 0 . 7 1  ( 2 .  3 I ( 8  . 1  I 

2 8 . 7  3 . 1  16 . 8  
( 29 . 1 1  I 3 . 1  I ( 1 7 . 0 5 1  
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Other 11ett /B . H . 

1 . 1 6 

2 7 . 1
a 

1 . 16 
( 1 7 . 5 1  

1 . 28 

1 2 . 8
b 

1. 39 
( 1 3 . 1 1  

2 3 . 0
b 

1 . 8 5  
( 2 3 . 0 1  

0 . 9 4  

0 . 56 

0 . 70 

10 . 2
b 

1 . 10 
( 10 . 1 1  

2 0 . 2
b 

( 2 0 . 9 1  

2 2 . 2
b 

( 2 1 . 6 1  



Compound 

( tt z H )  

[ Cu { ttzH ) 3c l2 ] 

[ Cu { ttzH ) 3sr2 ] 

[Cu ( ttzH ) 2 sr2 ] 

mmimH 

Table 5 . 2  

v (OH )  

[ Cu
i i

Cu
i

( mmim ) ( mmimH ) 2c l 2 ] 

. I I  I [ Cu Cu { mmimH ) 2cl 3 ] 

[ Cu { mbim ) 2 { NH3 ) { H20 ) ] 

[ Cu ( mbim) 2 ( H2 0 ) ] 

[ Cu ( etu )OH]  

3350  

3 350  

3 160 

Selected principal infrared vibrationsa for the comp lexes 

v( N H )  Thioamide I Thioamide I I  Thioamide I I I  

3 13 0b 15 10b 1 3 4 5  -

3080 1 5 1 5  1 3 4 8  -

3 100 15 18 1348  -

3090  1525  134 5 ( sh )  -

3 1 1 5  - 1 2 7 7 c 1080c 

3 150 - 1280  1073  

3 100 - 12 7 9  . 1080 

3160 

3 160 

Note : a .  vibrations in cm- l  recorded as nuj ol  mulls 

b .  f rom Ref . 7 

c .  assigned f rom Ref . 10 

Thioamide I V  

1085b 

1092 

1092  

1 100 

770c 

770  

762  

1-' 
VI 
0\ 



Table 5 . 3  Electronic spectra for the complexes 

Compound So lvent Band maxima 

[ Cu ( tt z H } 3C l 2 ] 

[ Cu ( ttzH ) 3Br2 ] 

I I  I [ Cu Cu 3 ( tt z ) 5 ] 

[ Cu
1 1

cu
1

( mmim ) ( mmimH ) 2c l2 ] 

[ Cu ( bimt } 2 ( H20 } ( NH3 } ]  

[ Cu ( etu }OH]  

[ C u ( dipmim ) C l ]  

[ C u ( tztdz } C l2 ] 

[ Cu ( mimmimz } C l2 ] 

( state ) 

nujol  mu l l  

acetonitrile a 

nujol  mu l l  

acetonitri le a 

nujol  mul l  

acetonitri le a 

ref lectance ea 

nujol  mu l l  

nuj o l  null 

ref lectance 

nujol  mu ll  

nuj ol  mul l  

nitromethane 

nuj o l  mu ll  

Notes : a .  f reshly prepared solut ion , sh . shoulder 

( nm )  

4 30 ( sh }  
732  
4 4 5 ( sh }  

5 2 0  
7 7 0  
5 3 5 ( sh )  

5 5 5 ( sh )  
7 2 7  
5 4 0  

7 10 

4 3 0 ( sh }  
838  

4 2 5 ( sh }  
837  

685  

5 7 0 ( sh }  

6 2 0 ( br }  

4 2 0 
8 1 5  

384  
770  

157 . 

As s ignment 

Cl�Cu 
d�d 

cl-cu 

Br-?> Cu 
d--:O>d 

Br...;.Cu 

Br�Cu 
d� d 

Br--»Cu 

Cl�Cu 
. d--7> d 

Cl__,.Cu 
d� d 

d-;>d 

S-?>Cu 

S�Cu 

Cl� Cu 
d-?> d 

Cl�Cu 
d..;:. d 



Tab l e  5 . 4  Electronic spin resonance pa rameters for the complexes 

compound 

[ Cu ( tt z H )
3

c l
2

) 

[ Cu ( t t z H )
3

Br
2

) 

[ Cu ( t t z H )
2

sr
2

) 

I I  I 
[ Cu Cu 

3
( tt z )

5
) 

I I  I 
[Cu Cu ( mmim) ( mmimH )

2
c l

2
1 

[ Cu ( etu ) O H )  

[ Cu ( dipmim ) C l ) 

[ Cu ( t t td z ) C l
2

) 

[ Cu ( mimmimz ) C l
2

) 

CU ( I I ) - 4 ( mmimH ) 

Cu ( I I ) - 4 ( mp yH ) 

Cu ( I I  ) -4 ( mbimH ) 

Notes • a .  
- 1  -4 

in units of cm x lO 

solvent 

s t a t e )  

aceton i t r i le
c 

2 . 2 9 6  

aceton i t r i le
c 

2 . 2 9 2  

aceton i t r i le
c 

2 . 3 0 6  

solid 2 . 1 9 6  

powder 

water/acetone 2 . 2 4 4  

s o l i d  

so l i d  2 . 2 6 3  

so lid 2 . 2 65 

n i t romethane 2 . 2 29 

n i t romethane 2 . 2 5 6  

ethanol
9 

2 . 1 2 6  

2 . 0 9 2  

wat e r/ethano l9 2 . 1 2 9  

b .  in un i t s  o f  Gauss 

c. f resh l y  p repared solut ion d .  i s o t ropic value 

f .  g .  compound p repared in s itu 

2 . 0 7 2  

2 . 06 6  

2 . 0 6 1  

2 . 0 6 2  

2 .  1 1 7
d 

2 . 09 7  

2 . 0 6 3
d 

e 
2 . 0 7 6

f 
2 . 0 1 5  

e 
2 . 0 7 3

f 
2 . 0 19 

2 . 0 5 0  

2 . 0 6 2  

2 . 02 3  

2 . 0 1 5  

2 . 02 7  

e .  

1 7 6  

1 7 6  

1 6 7  

1 6 6  

1 5 7  

1 5 6  

1 6 4  

1 5 1  

1 7 2  

1 2 6  

1 5 6  

1 3 2  

158 . 

15 

16 
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effect ively causes oxidation of the cuprous comp lex to the corresponding 

Bringing the ratio down to 1 : 1 . 54 as was done in the p reparation of 

the comp lexes ensures rap id and comp lete oxidation of [ Cu ( ttzH ) 3X) . 

When the reaction was repeated, using ethanol  as solven t ,  [ Cu ( ttzH) 3c l2 ) 

was again the observed product for CuC1 2 , however a new compound, 

[ Cu ( ttzH ) 2 Br2 ) ,  resu lted for the CuBr2 reaction . I f  [ Cu ( ttzH ) 3x2 ) 

is left in solution , it  may then self-reduce to give [ Cu ( ttzH ) 2X)  

according to  the equation : 

I I  I [ Cu ( t t zH ) 3x2 J __,._ [ Cu ( ttzH ) 2x )  + ¥, ttz-tt z ) + HCl 

One other cupric containing thiolato comp lex of 

2-mercaptothiazoline was formed when copper { ! ! )  sulphate was added to an 

aqueous ethanolic so lution of the l igand in a copper to ligand ratio of 

1 : 2 . 5  the pH of which had been rai sed by adding ammonia . The grey 

compound p roduced had elemental analys i s  f i gures indicating the 

empirical formu lation [ Cu4 ( ttz ) 5 ) for which a likely mixed valence 

I I  I formu lation i s  [ Cu Cu 3( tt z ) 5 J .  

Bas son and du Preez ( 9 )  have p repared a compound formulated as 

[ Cu ( tt z ) 2 J f rom the react ion of  2-mercaptothiazo line and cup ric 

nitrate in an ethano l/dimethyl sulphoxide so lven t .  On repeating the 

p reparation , o range crystals of a compound with analytical figures and 

infrared spect rum mo re consistent with [ Cu ( tt zH ) 3No3 ] were obtained . 

This  compound has been prepared previously ( l l ) . S imi lar doubts as to 

the compound ' s  authenticity have been expressed by Preti and Tosi ( 6 ) .  
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s light solubi lity in acetonitrile and nitromethane but were found to 

react in the latter producing new species invo lving modif ication of the 

I I  I l igand ( see later ) .  [ Cu Cu 3 ( tt z ) 5 ] proved insoluble in most organic 

so lvents and was susceptible to reduction . The lack of  so lubility and 

the dep ressed magnetic  moments observed for  the compounds are indicative 

of polymeric structures . 

Infrared spectra 

Considering infrared spectral evidence ( see Table 5 . 2 )  the 

appearance of bands att ributable to the thioamide moiety in [ Cu ( ttzH) 3c l2 ] 

[Cu ( t t z H ) 3Br2 ] and [ Cu ( ttzH ) 2Br2 ] confi rmed that the l igand was present 

in the neutral thione form in these compounds . Conversely their absence 

or diminuition in intensity in [ Cu i iCu i
3( tt z ) 5 ] is supportive of the 

ligand binding as a thio late ( see Chapter 2 ) .  The spectrum of 

I I  r 
[ Cu Cu 3( tt z ) 5 ] is  s imilar to that reported for [ Cu ( tt z ) ] ( 6 )  which 

invo lves the ligand bound as a thiolate . The infrared spect ra of 

I I  I 
[ Cu ( ttzH ) 3c l2 ] and [ Cu Cu 3( tt z ) 5 ] are shown in Figure 5 . 3  and are 

illustrative of the differences observed when the ligand b inds in the 

thioamide ( former case ) and thiolate ( latter case ) f o rm .  

- 1  The V ( NH )  vibration occurring at 3 13 0  c m  in the f ree l igand 

- 1  i s  shi f ted to 308 0 ,  3 100 and 3090  cm for [ Cu ( ttzH )3 c l2 ] 

[Cu ( t t z H ) 3Br2 ] and [ Cu ( ttzH ) 2Br2 ] respectively,  suggesting that the 

ligand coordination occurs through nitrogen ( l2 ) .  Conversely the 

behaviour of the band assigned to primarily v ( CS )  ( Thioamide IV ) in b lue 

shift ing implicates a non-participato ry ro le for thione su lphu r ( l3 ) .  

Nitrogen only coordination has been proposed a lso for cupric complexes 
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of the thioamide ligand , 2 -meraptoben zoxazo le ( 2 ) .  The close similarity 

I I  I of the spectrum of  [ Cu Cu 3 ( tt z ) 5 ] to that of the compound 

[ H ( Os ) 3 ( C0 ) 9 ( tt z ) ] ( 14 )  for which X-ray crystallographic studies have 

conf irmed chelation of the ligand through thiolate sulphur and 

endocyclic nitrogen , a llows the assignment of a simi lar ligand 

coordination for i t .  

E lectronic  spectra 

Electronic band maxima and postulated assignments are given in 

Table 5 . 3 .  

The visible spectra of  the three thioamide comp lexes [ Cu ( ttzH ) 3c l2 1 

[ Cu ( ttzH ) 3Br2 ] and [ Cu ( ttzH ) 2 Br2 ] run as nujol mulls  are dominated b y  

absorbances at re lat ively high energy ,  which can b e  attributed t o  charge 

transfer transition of a ligand to metal variety ( LMCT ) .  

A shoulder at 4 3 0  nm for [ Cu ( ttzH) 3c 12 1 is most l ikely a Cl  � 

Cu ( LMCT ) although a N �Cu ( L MCT )  cannot be excluded since such bands can 

occur near  4 0 0  nm for tetrahedral imidazole type Cu ( I I )  comp lexes ( 15 ) .  A 

distinct band at 5 2 0  nm for [ Cu ( ttzH ) 3Br2 ] and a shou lder at 540 nm for 

[Cu ( ttzH ) 2ar2 ] may be assigned as analogous Br--.cu ( LMCT ) .  The spectra 

of [ Cu ( ttzH ) 3cl2 ] and [ Cu ( ttzH ) 3Br2 ] are shown in Figu re 5-4 . Only 

comparatively small changes are observed when the spectra are run in 

acetonitrile suggest ing that the integrity of the complexes has been 

maintained . I I  I The ref lectance spectrum of  [ Cu Cu 3 ( tt z ) 5 ] shows only a 

broad band at ea 7 10 nm which is p robably of  d-d character . The 

near u . v .  region proved broad and feature less also . 
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Esr spectra 

The esr parameters of  the comp lexes [ Cu ( ttzH ) 3c l2 ] and [ Cu ( ttz H ) 3 

Br2 ] in  acetonitrile ( see Figure 5 . 5 )  are very s imilar suggesting 

that their structures may be closely related . Seven l ines due to 

nitrogen superhyperf ine may be reso lved in the g1 region for 'both 

compounds a lthough in ' r cu ( ttzH) 3c l2 ] they are poorly reso lved . This i s  

the number predicted b y  selection rules f o r  the interaction of three 

nitrogen donor nuclei and provides support for the contention that the 

ligand i s  coordinating via nitrogen . 

I I  I The spectrum of  [ Cu Cu 3 ( tt z ) 5 ] run as a solid ( see Figure 5 . 5 )  

fortunately resolved the copper hyperf ine components . When g 1 1  is 

p lotted versus I A1 1 1 the parameters fall  in the region associated with an 

N2s 2 donor set as def ined by Peisach and B lumberg ( 1 6 ) .  The spectra l  

lineshape i s  a lso cons i stent with this assignment . 

The spect rum of  [ Cu ( ttzH ) 2Br2 ] in acetonitrile displays axial 

character and is not incons istent with a square p lanar or tetragonal 

l igation . 

Assignment of s tructures 

Taking a l l  avai lable spectroscopic and magnetic evidence into 

consideration , it is likely therefore that both [ Cu ( ttzH ) 3cl2 ] and 

[ Cu ( ttzH ) 3Br2 ] invo lve polymeric tetragonal structures in which the 

2 -mercapto thiazoline l igand , in thioketo configuration , binds through 

imino-type nitrogen . Bridging of copper atoms b y  halide ligands may 

I I  I occur . I n  the case of  [ Cu Cu 3 ( tt z ) 5 ] it  appears that the cupric atom 
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is  coordinated by a square p lanar N 2s 2 donor set , with the ligand in 

chelating form binding through thiolato-type su lphu r ,  and n itrogen . The 

cuprous atoms o f  the c luster probabl y  have a simi lar ligation, however 

their geometry is much more l ikely to be tetrahedral as in the c luster 

Evidence for [ C u ( ttzH ) 2 Br2 ] 

also suggests a tetragonal polymeric structure with possibly an 

N2Br2 in p lane donor set . 

Summary 

The complexes [ Cu ( ttzH ) 3c l2 ] ,  [ Cu ( ttzH ) 3sr2 ] [ Cu ( ttzH ) 2Br2 ] and 

I I  I [Cu Cu 3 ( tt z ) 5 ] have been prepared and characterised b y  infrared, 

electronic and esr spectroscopy and their magnetic chemistry. 

Tetragonal  or square p lanar stereochemistries are postulated from 

experimental evidence . When in neutra l  form the 2 -mercaptothiazoline 

l igand is envisaged as binding through nitrogen only,  however sulphur 

nitrogen chelation is  proposed when the mo lecule i s  deprotonated . 

5 . 2 . 2 Complexes of 2 -mercapto- 1-methyl imidazole 

Reaction between cupric salts  and the ligand 

2-mercapto- 1-methylimidazole provides a wealth of cup ri c ,  cuprous and 

mixed valence compounds depending very much on the nature of the salt  

anion , and ,  in  some instances , the order in  which the reactants are 

mixed .  The extensive series of mixed valence compounds o f  the form 

I I  I 2 +  [ Cu 2cu 1 0 ( mmim ) 12 C H2o ) 4 ] formed f rom the interaction of  

perchlorate and acetate sa lts have already been described ( p . 3 1 )  and 

wi l l  not be further considered. New product s ,  however,  are encountered 

when copper ( I I ) chlo ride is  used as the source of  copper .  
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When an ethano lic solution of  cuc1 2 . 2 H2o i s  ad�ed to a so lution 

of  2 -mercapto- 1-methyl imidazole , a lso in ethanol ,  a number of colour 

changes and precipitates are observed as the mole rat i o  of copper to 

ligand increases . At a copper to ligand rat io of  1 : 1 0  an intense green 

co lour is observed which gradually develops into a red solution only to 

disappear as the ratio approaches 1 : 3  and the cuprous thioamide compound 

[ Cu ( mmimH ) 2C l ) ( see Chapter 2 )  precipitates . I f  the comp lex is left i n  

the mother l i quor and a further amount of  cuc 12 so lution added �o 

bring the copper to ligand ratio to 1 : 1 . 54 the f locculent white 

precipi tate redisso lves and a new f ine g reen p recipitate appears for 

which e lemental analyt ical figures were consistent  with a formulation of  

Alternatively i f  the process i s  reversed and ligand i s  added to  

copper,  another green precipitate may be obtained a t  a copper to l igand 

ratio of 1 z 1 . 4 3 .  Elemental analysis  indicated that a p lausible 

I I  I formu lation for this compound was [ Cu Cu ( mmimH ) 2c l3 J .  

A f low chart for the compounds prepared f rom the 2 -mercapto- 1-

methyl imidazole ligand i s  shown in Figure 5 . 6 .  

Infrared spectra 

The appearance of the thioamide quartet and V ( N H )  in the infrared 

I I  I I I  I spectra of  [ Cu Cu ( mmim ) ( mmimH ) 2c l2 J and [ Cu Cu ( mmi mH ) 2c l 3 J confirmed 

the presence of the ligand in the thione form .  Because both copper ( I )  

and copper ( I I )  are thought to be present , it  i s  therefore possible that 

the l igand may adopt two modes of b inding . Consequently  analysis of the 

shifts of thioamlde bands to denote atom coordination may not prove 



Figure 5 . 6  Complexes obtained for various ratios of CuCl . 2H2o 
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meaningfu l . Nonetheless the app ea rance of  additional bands at 12 7 0  

- 1  - 1  I I  I cm and 670  cm in the spectrum o f  [ Cu Cu ( mmim ) ( mmimH ) 2c l2 1 

indicates the presence o f  ligand in  the thio lato form as  well  as  the 

thione . - 1  I I  I Strong bands appearing at  2 7 0  cm for [ Cu Cu ( mmim )  

ass igned t o  Cu-Cl stretches . For instance Lever and Ramaswamy ( l7 )  have 

- 1  assigned V( Cu-Cl ) t o  a band at 3 0 5  cm in [ Cu ( 2 -methylp yridine ) 2c l2 } .  

Electronic spectra 

Although partially so luble in solvents such as chloroform,  

acetonitri le and nitromethane ,  signif icant changes f rom those of  the 

solid state spectra indicated breakdown o f  the comp lexes was occurring . 

I I I I I I .  The nujo l  mu l l  spectra o f  [ Cu Cu ( mmim) ( mmimH ) 2c l 2 1 and [ Cu Cu ( mm1mH ) 2 

c 13 1 show great simi larity suggesting that the environment of the 

cupric atom for both compounds may be quite simi lar.  Both show a 

shoulder at � 4 3 0  nm assigned to a chlorine to copper charge 

transfer transition,  on the tai l of an intense ligand band.  Ligand 

f ield absorbance appear for both compounds at about 840 nm. 

Esr spectra 

I I  I The solid state spectrum of  [ Cu Cu ( mmim ) ( mmimH ) 2c l2 1 disp layed 

only a broad i sotropism a llowing few structural  deductions . The yellow 

green compound prepared in  s i tu appearing at a copper to l igand 

ratio of l z lO ( see p .  proved more amenable to study b y  this method .  

The esr spectrum o f  such a so lution showed an exceptionally  sharp 

lineshape allowing reso lut ion o f  not only the A1 1  but a lso the A1 

component of  the copper hyperf ine . The spectrum i s  shown in Figure 

5 . 7 ( a ) . The parameters are simi lar to those of many compounds 
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containing an s4 donor set ( l8 ) .  63 65 . Cu/ Cu 1sotopic  sp litting 

1 7 1 . 

resolvable on  the lowest field copper hyperf ine does not norma l l y  appear 

when nitrogen i s  bound ( l9 ) .  Further support for an s4 coordination 

sphere comes f rom the s imi larity of the spectra l l ineshape to that of  

the well-characterised diethyldithiocarbamate s ystem( 2 0 ) .  As will  be  

elaborated in Chapter 6 this  lineshape is a general feature of  s4 

ligated copper comp lexes . 

2 -mercapto- 1 -rnethyl imida zo le is not the only thioamide ligand to 

produce such species . On interaction of Cu ( C l04 ) 2 . 6H2o with an aqueous · 

solution of  4-mercaptopyr idine, and CuC 12 . 2H2o with an aqueous ethanolic  

solution of  2 -mercaptobenz imida zo le ,  orange and yel low coloured 

solutions were obtained respect ively with identical esr lineshapes to 

the 2 -mercapto- 1 -methylimidazo le compound, indicating that here a lso 

s4 type compounds a re being produced. The spectrum of t he 4-mercapto

pyridine reaction is shown in Figure 5 . 7 ( b ) . 

A point of  importance i s  that the nature o f  the sulphur donor 

cannot be distinguished f rom the esr spectrum. Both thioether, thioketo 

and thiolate sulphurs interact to give simi lar parameters and lineshapes 

( see Chapter 6 p . l9 8 ) .  However, the appearance of  cuprous thioamide 

comp lexes f rom the reaction so lutions when the ratio of  copper to ligand 

is rai sed suggests that in the above cases the ligand may be binding in 

the thione form .  

Summary 

I I  I I I  I 
The comp lexes [ Cu Cu ( mmim ) ( mmimH ) 2cl2 ] and [ Cu Cu ( mmimH ) 2c l 3 ] 

have been prepared . Infrared and esr spectroscopy has provided little 
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information ,  consequently few inferences have been drawn with regard to 

their s t ructure . An in s i tu comp lex obtained when cuc 1 2 . 2 u2o is 

2 +  present i n  an excess  of  ligand has been ass igned a [ Cu ( mmimH ) 4 ] /S4 

structure on the basi s  of its  characteristic esr signa l .  S imi lar 

comp lexes are proposed for the ligands 4 -mercaptopyridine and 

2-mercaptoben zimidazole . 

5 . 2 . 3  Complexes of 2 -mercaptobenz imidazole 

4 , 5 -diphenyl-2 -mercaptoimidazole and 2 -mercaptoimidazoline 

Adoption of a method employed by Kuras ( 4 )  invo lving the addition of 

an aqueous ammoniacal solution of ligand to copper su lphate a llowed the 

obtained b y  washing with ethano l )  and [ Cu ( etu ) OH ]  to be isolated . The 

comp lex [ Cu ( dipmim ) Cl ]  however , precipitated f rom ethanolic solutions o f  

cuc12 . 2 n2o and l igand i n  the ratio 1 : 2 .  

I nfrared spectra 

Absence , or loss  o f  intensity , of  the thioamide bands again provides 

confi rmat ion that the ligands are in the thiolate form as p ostulated for 

the various formu lations . The spectra o f  [ Cu ( mbim) 2 ( H20 ) ( NH3 ) ]  and 

[Cu ( mbim) 2 ( H20 ) ) are very simi lar ,  with the exception of bands 

attributab le to o ( NH3 ) at � 1 6 0 0  cm - 1  and p(NH3 ) at 8 0 6  cm· l 

( 2 l ( a ) ) in the former.  Further support for  a thiolato ligand comes f rom 

the close resemb lance of  the spectra to that of the compound [ Cu ( 2-thia-

methylbenz imidazole ) Cl 2 ] ( 22 ) .  Here the l igand sulphhydryl group has 

been replaced by -SHe for which there are no thioamide v ibrational 

modes . v ( OH )  is  discernible as  a broad band in both compounds a t  

- 1  3 3 5 0  c m  , and water,  rather than hydroxo l igand is a s s i gned by virtue 

- 1  of the o ( HOH ) vibrat ion at 1 6 1 5  cm ( 2 1 ( b ) ) .  On the o ther hand the 



173 . 

absence of  such a band in  the spectrum o f  [ Cu ( etu ) OH )  has been used to 

implicate the p resence of  hydroxide . - 1  Here V (OH )  appears a t  3345  cm 

Ferraro et al ( 2 3 )  invest igated a series of hydroxo bridged Cu ( I I )  

- 1  complexes and observed v(OH ) i n  the range 3600-3340  cm A band 

- 1  appearing a t  1 0 7 5  cm has been assigned a s  a( OH ) . Finally  a broad 

- 1  band centred a t  5 4 5  cm can probably  be ass igned as a V ( CuO ) stretching 

- 1  vibrat ion .  McWhinnie ( 2 4 )  observed this mode at 5 15 cm in 

[Cu ( bipyridyl ) OH ) 2 ( N03 ) 2 • The simi larity in spectra between [ Cu ( etu ) OH )  

and that o f  [ H ( Os ) 3 { C0 ) 9etu ) ( l4 )  which has been shown t o  have a chelat-

ing ligand simi larly a llows tentative p rediction of  simu ltaneous 

coordinat ion of thiolate su lphur and ring nitrogen in this case . 

E lect roni c  spectra 

The intrigu ing b lue and purp le colours of  some o f  these complexes 

are caused by thiolate-to-copper charge transfer t rans itions which are 

indicative o f  t he binding of sulphur to copper . For the nujo l  mull 

spectra the bands appear at 570 nm ( a s  a shoulder ) for [ Cu ( et u ) OH )  and 

at 62 0 nm for  [ Cu { dipmim ) C l ] . Only d-d bands could be  resolved f rom the 

ref lectance spect rum of [ Cu ( mbim) 2 ( H20 ) ( NH3 ) ] ,  and the spectrum o f  

[Cu ( mbim) 2 ( H20 ) )  tai led into the visible region . Insolub i lity prevented 

the investigation and quantitation of these bands in solution . 

Esr spectra 

Wel l  reso lved spectra were obtained for a l l  compounds except that of 

[ Cu ( dipmi m ) C l ]  which did not show any copper hyperfine sp litting s .  The 

spectrum o f  [ Cu ( etu )OH)  shown in Figure 5 . 8 shows faint resolution o f  

ni trogen superhyperf ine suggest ing that a nitrogen f rom the 

2 -mercap to imidazoline ligand is bound . A simi lar spectru m  was observed 

by Sugiura et a l . ( 2 5 )  for Na [ Cu ( N-mercaptopropionylglyc ine ) ]  to 



Figure 5 . 8  
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Esr spectra of ( a )  [ Cu ( etu ) OH ]  in acetone/water 

and ( b )  [ Cu ( t ztdz ) C l2 ] in nitromethane 

( a )  

( b )  
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which was assigned an SN02 coordination sphere . As discussed in 

Chapter 6 an s2o2 ligation , possible for [ Cu ( etu ) OH }  if thiolato and 

hydro xo ligands were both bridging , shows particularly tight conformit y  

t o  a linear reg ion of  g 1 1  versus I A1 1 1 . I n  this case the parameters fall  

outside the s2o2 line disfavouring such a structure . 

The powder spect ra of [ Cu ( mbim) 2 ( H20 ) ( NH3 ) ]  and [ Cu ( mbim) 2 ( H20 ) }  are 

very s imi lar intimating that the ammonia in the former may not coordinate 

strongl y  to copper . An interesting feature of  the spectra is the 

appearance o f  rhombic character - two absorbances are particu larly 

prominent in the g1 region of  [ Cu ( mbim) 2 ( H20 ) ( NH3 ) ]  run at room temper

ature . Bencini et al . ( 2 6 ) have observed s imilar behaviour in the 

spectru m  of  f ive coordinate comp lexes intermediate in  geometry between 

trigonal bipyramidal and square pyramida l .  

S tructural proposals 

Unfortunately suitab le crystals could not be obtained for any of the 

compounds so structural deductions are necessarily tentative . 

The inso luble character and depressed magnet ic moments are 

indicative of  polymeric structures for the compounds . Evidence for 

[ Cu ( etu ) OH ]  f avours an SN02 donor set with a bridging hydroxo ligand 

suggested by the infrared spectrum.  A s t ructure consistent  with these 

observations is shown in Figure 5 . 9 .  I t  is likely that a simi lar 

structure invo lving chlorine bridges may be presen t for [ C u ( dipmim)C l } . 



Figure 5 .  9 
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A possible structure for [ C u ( etu ) OH ]  
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Po l ymeric structures with bridging 2-mercaptobenz imida zo le ligands 

to han d ,  and a coordination sphere consisting of a p lanar s 2N2 donor 

set f rom the two mbim mo lecules with an axial aquo l i gand may be 

envisaged . I t  is apparent that the NH3 l igand in [ Cu ( mbim) 2 ( H20 ) ( NH3 ) ]  

p lays little part in  coordination . 

Swmnary 

The comp lexes [ Cu (  etu ) OH ]  , [ Cu ( dipmim ) C l ] , [ Cu ( mbim) 2 ( H2o )  ( NH3 ) ]  and 

[ Cu ( mbim) 2 ( H20 ) ] have been prepared and characteri sed by infrared, 

electronic and esr spectroscopy.  Polymeric structures  in  which the 

ligands are bound through thio lato sulphur and imino nitrogen are 

likely .  

5 . 3  REACTIVITY STUDIES IN NITROMETHANE 

The compounds [ Cu ( t t z H ) 3cl2 ] and [ Cu ( ttzH ) 3Br2 ] are partially 

so luble in nitromethan e .  Attempts t o  grow crystals o f  these compounds 

for X-ray diffraction studies f rom this so lvent appeared successful -

sui tab le green and brown needles were obtained respec tively . However 
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the infra red spectrum o f  the crystallised product was markedly different 

to that o f  the starting material ,  with evidence suggesting that the 

thioamide chromophore was no longer present in the ligands , by token o f  

the absence of  v ( NH )  and o ther principal thioamide absorptions . However 

i t  was not unt i l  the structure of  the brown crystals was determined 

through X-ray crystal lography b y  Dr G. Gainsford ,  DS I R ,  Wel li ngton,  that 

the t ru e  nature o f  the considerable rearrangement that had occurred for  

the l igand was resolved . 

The structure of  the complex is  shown in Figure 5 . 10 .  Two 

2 -mercaptothiazo line ligands have reacted in  such a way that one sulphur 

has been lost with the formation o f  a new C-N bond between the ligands 

in p lace o f  the o riginal C-S bond . A new ligand 3 - ( 4 , 5-dihydro-2-

thiazo l yl ) -2 -thiazo lidi nethione ) ( tz tdz ) has thu s  been formed . 

Tztdz effectively chelates through imimo nitrogen and thione sulphur 

atoms . A b romine atom is  the third ligand in a t rigonal p lanar 

arrangement of atoms around Cu ( I ) .  Bond lengths and angles for the 

comp le x  [ Cu ( t ztdz ) Br )  can be found in Table 5 . 5 .  A diagram indicating 

the non-planarity o f  the ligand rings and the f lattened boat character 

of the s i x-membered ring containing copper ( the prows being Cu and N ( 2 ) )  

is shown in Figure 5 . 1 1 .  

A feature o f  the complex is  the length of  the Cu-Br bond which at 

2 . 2 8 0  R is  short compared to other Cu ( I )  comp lexes of  simi lar geometry. 

2-For instance [ Cu ( triphenylphosphine ) Br ] ( 2 7 )  and [ Cu2sr4 ) ( 2 8 ) , both 

trigonal p lanar co� lexes , have terminal Cu-Br bonds of 2 . 34 5R and 

2 . 32 8  R respectively.  
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Bromo-3 - (  4.  5 - dihydro -2- thiazoly l )  - 2 - thiazoli din12thione l copp12r ( I  l 

Figure 5 . 10 Ligand geometry about copper in [ Cu ( tztdz ) Br ]  



Table 5 . 5  Bond lengths e R >  and angles ( 0 )  

for [ Cu ( tztdz ) Br ]  

( a )  Bond lengths 

Cu -Br 2 . 2 80  N ( 1 ) -C ( 4 )  

Cu -S ( 1 )  2 . 19 3  N ( 1  > -c < 6 > 
Cu -N ( 1 )  1 . ,9 80 N ( 2 > -c ( 1  > 
S ( 1 ) -C ( 1 )  1 .  664  N ( 2 ) -C ( 3 )  

s < 2 > -c ( 1  > 1 .  7 3 4  N ( 2 ) -C ( 4 )  

S ( 2 ) -C ( 2 )  1 . 80 5  C ( 2 ) -C ( 3 )  

S ( 3 ) -C ( 4 )  1 .  768  c ( 5 )  -C ( 6 )  

S ( 3 ) -C ( 5 )  1 . 8 0 3  

( b )  Bond angles 

Br -Cu -S ( 1 ) 134 . 2  

Br -cu -N ( 1 )  126 . 9  

S ( l ) -Cu -N ( 1 )  98 . 9  

Cu - s  ( 1  > -c ( 1 > 106 . 4  

Cu -N ( l ) -C ( 4 )  128 . 8  

Cu -N ( 1 ) -C ( 6 )  1 18 . 8  

179 . 

1 . 2 7 1  

1 . 4 7 2  

1 . 3 6 5  

1 . 4 9 6  

1 . 399  

1 . 5 1 1  

1 . 5 2 2  



Figure 5 . 1 1 
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Flattened boat cha racter and non - p lanar rings 

in [ Cu ( t zt d z ) Br ] . 
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The reaction o f  2-mercaptothiazo line o r  its  derivatives to produce 

t ztdz is not unknown in organic chemistry .  For instance Clark and 

Sykes ( 2 9 )  reported its  preparation f rom t reatment of  

2-mercaptothiazo l ine with hydrogen peroxide .  Barrett , Barton and 

Col le ( 30 )  obtained t ztdz f rom the reaction of bis- 1 , 3 -thiazolin-2 -yl-

disulphide with trifluoroacetic acid in chloroform. T z tdz  was a lso a 

product in the reaction o f  [ Tl ( ttz ) ]  with thiophosgene ( 3 1 ) . 

A p lausible mechanism i nvo lving the formation o f  disulphide and 

subsequent intramo lecular loss of  su lphur based on the postulation o f  

Barret e t  al . ( 30 )  may be proposed and i s  shown i n  Figure 5 . 12 . The 

react ion may be i nterpreted as being promoted by copper via the oxida-

tion of 2 -mercaptothiazol ine to the disu lphide . 

Having established b y  crystallography that l igand modification for 

2-mercaptothiazoline can o ccur ,  it  is possible to formulate products 

f rom reaction of [ Cu ( ttzH ) 3c l2 ) in nitromethane taking this into 

account .  Thus the green crystals obtained f rom f resh samples o f  

[ Cu ( ttzH ) 3c l2 ) have been assigned a s  the cupric complex [ Cu ( tztdz )Cl2 ) .  

On ageing, samples of  the normally g reen [ Cu ( ttzH ) 3C l 2 ) are seen to adopt 

a brown co loured coating , and on disso lution in nitromethane an 

addit ional brown crystal li ne comp lex analysing as [ Cu ( t z tdz )Cl ) can be  

obtained . 

A dark-green crysta l line product obtained f rom reaction o f  [ cu11cu1 

I I  I ( mmim ) ( mmimH ) 2c l2 ] or [ C� Cu ( mmimH ) 2c l3 ) in nitromethane may 

conceivab ly have invo lved an analogous modif icat ion o f  the 2-mercapto-

1-methylimida zo le system to produce a compound invo lving the new ligand 

3- ( 2 , 1-methyl imidazolyl ) -2 , 1-methylimidazolinethione ( mimmimz ) i . e . 



3-{4.5-dihjdro-2-tnazolyl ) 
- 2.-tnazolidinflthioncz 

182 . 

C)\-s-s-{J s s 

Figure 5 . 12 A mechan ism for the formation of [ Cu ( t z tdz ) Br] from 
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[ Cu ( mimmimz ) C l2 ] .  

A f low diag ram showing p roposed reaction p roducts for the reaction 

of cupric thioamide starting materials in nitromethane is shown in 

Figure 5 . 13 .  

Spectroscopic  evidence for the cupric compounds [ Cu ( t ztdz )Cl2 ] 

and [ Cu ( mimmimz )Cl2 ] i s  consistent with such formu lations . The esr 

spect ra of  both ( Table 5 . 4 )  have parameters indicating a square p lanar 

or tet ragonal environment about copper . In [ Cu ( tztdz ) C l2 ] ( Figure 

5 . 8 ( b ) ) nitrogen superhyperfine can be distinctl y  resolved confirming 

ligation of a nitrogen atom. C l�Cu ( LMCT ) transitions are prominent 

als o  i n  the electronic  spectra o f  both comp lexes ( see Table 5 . 3 ) .  

Further investigation is  requi red to estab lish the exact role o f  

copper i n  p romoting sulphur extru s ion f rom 2 -mercaptothiazo line and to 

verif y  that mimmimz is indeed the new ligand fo rmed f rom reactions 

invo lving 2-mercapto- 1-methylimida zo le .  

Swmnary 

[ Cu ( ttzH ) 3Br2 ] reacts in nitromethane to p roduce [ Cu ( t ztdz ) Br ]  which 

has been definitively characterised by X-ray c rystallography. I n  the 

reaction two 2-mercaptothiazo line ligands have combined with loss  of  

sulphur to  form a new ligand - 3 - ( 4 , 5-dihydro-2 -thiazo lyl ) -2 -thiazoli-

dinethione . S imi lar reactions a re envisaged to occur in the production 

of  [ Cu ( tzt� ) C l ]  and [ Cu ( tztdz ) C l2 ] f rom [ Cu ( ttzH ) 3c l2 l and 

II I [ Cu ( mimmimz )Cl2 ] f rom [ Cu Cu ( mmimH ) 2c l 3 ] .  
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nitromethane 
I [Cu ( tztdz ) X ]  ( X=Cl or Br ) 

nitromethane 

nitromethane I I  [ Cu ( tztdz ) C l2 ] 

nitromethane 

I I  [ Cu ( ttzH ) 3c l 2 ] ( f reshly  prepared ) 

Figure 5 . 1 3 

nitromethane 

Flow diagram for the reactivity s tudies in 

nitromethane 



5 . 4  EXP ERIMENTAL 

5 . 4 . 1  Instrumentation 

Thi s  was as described in  1 . 7 . 1 .  

5 . 4 . 2  P reparation of the complexes 

[Cu ( ttzH ) 3c l2 ) 

185 . 

3 cuc12 . 2H2o ( l . llg ,  6 . 5  mmo l )  in methanol ( 70 cm ) was added to the 

3 ligand ( 1 . 19 g ,  1 0  mmol )  in methan o l  ( 15 0  cm ) .  The g reen product 

was co l lected and washed with methanol and chloroform.  Yield 1 . 17 g 

( 9 5% ) . 

3 CuBr2 ( 1 . 50 g ,  6 . 7  mmol )  in methano l  ( 100 cm ) was added to ligand 

3 ( 1 . 19 g ,  10  mmol )  in methano l ( 2 5 0  cm ) .  The dark brown p roduct was 

washed with methano l and chloroform .  Y ie ld :  1 . 2 0 g ( 83 % ) . 

' 3 CuBr2 ( 0 . 9 1 ,  4 . 1  mmo l ) in ethano l ( 7 5  cm ) was added to ligand 

( 0 . 7 5 g ,  6 . 3 mmo l ) . The dark brown p ro duct was col lected and washed 

with ethanol and chloroform .  

3 . 
12 cm o f  a 1 \  solution ( in 5 0 % ethanol )  of the appropriate ligand 

containing 7 drops of concentrate� NH4oH was added to 0 . 1  g cuso4 . 5H
_
o 
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in water ( 2 0  cm3 ) .  The resu lt ing products - [ Cu 11cu 3
i ( ttz ) 5 ] ( I )  and 

[ Cu ( bimt ) 2 ( H20 ) ( NH3 ) ] ( I I )  were carefu lly washed with 5 0 %  ethano l 

solut ion . 

Yield o f  ( I ) :  0 . 10 g ( 9 0 % ) ,  Yield of  ( I I ) :  0 . 1 5 g ( 90 % ) .  

absolute ethanol after synthesi s . 

[ Cu ( etu ) OH ]  

A so lution of  2 -mercaptoimidazoline ( 0 . 4 1  g ,  4 . 0 mmo l ) in water ( 50 

3 cm ) containing 2 8  drops concentrated NH40H was added s lowly to 

3 Cuso4 . 5H2o ( 0 . 50 g ,  2 . 0  mmo l ) in water ( 3 0 cm ) .  The very f ine purp le 

precipitate p roduced was co l lected and washed with wat e r .  Yield : 0 . 1  g 

( 3 0 % ) . 

[ Cu ( dipmim ) C l ] 

CuC 12 . 2 H2o ( 0 . 68 ,  2 . 0  mmo l ) in ethanol  was added dropwise to the 

3 ligand ( 1 . 0 g ,  4 . 0 mmo l ) in ethano l ( 3 50  cm ) .  An intense yel low 

solut ion resulted whi ch on standing for 2 hours p roduced a f loccu lent 

blue p recipi tate which was col lected and washed with ethano l .  

3 cuc1 2 . 2H2o ( 1 . 1 1 g ,  6 . 6  mmo l ) in ethano l ( 7 0 cm ) was added 

dropwise to 2 -mercapto- 1 -methyl imidazole ( 1 . 14 g ,  10 . 0  mmol ) in ethano l 

( 1 0 0  cm3 ) .  The f ine bright green precipi tate produced was collected and 

washed with chloroform and ethano l .  
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2 -mercapto- 1-methylimida zo le ( 1 . 67 g ,  14 . 6  mmo l ) in  ethanol ( 15 0  

3 3 cm ) was added to cuc12 . 2H2o ( 1 . 7 2 9  g ,  1 . 0  mmol )  in ethanol ( 100  cm ) .  

The yel low green precipi tate obtained was washed with chloro form and 

ethano l prior to vacuum drying . Over a period o f  four days the yellow 

green colour became progressively more dark . Yield : 1 . 2 5  g ( 55 % ) . 

I I  I I [ Cu ( tztdz ) C l2 ] ,  [ Cu ( tztdz ) Br ]  and [ Cu ( tztdz ) C l ]  

0 . 80 g o f  [ Cu ( ttzH ) 3c l2 ] o r  [ Cu ( ttzH ) 3Br2 ] were dissolved with 

heating in nitromethane ( care should be taken as nitromethane i� 

potentially exp losive on heating ) and the solutions f i ltered to remove 

undissolved starting materia l .  The green and brown respect ive solutions 

were then f i ltered four t imes within the next three hours to remove 

eo-precipitates of cuprous compounds . When aged [ Cu ( t t zH ) 3c l2 ] was 

used , the compound [ Cu i ( tztdz ) C l ]  could be iso lated within one hour o f  

preparat ion as brown needle- like crystals and separated f rom the 

I I  remaining mother l i quor .  The compounds [ Cu ( tztdz ) C l2 ] and 

I 
[ Cu ( tztdz ) Br ]  appeared f rom the appropriate so lution o n  standing 

overnight and were collected and vacuum dried . 

[Cui i  ( mimmimz ) C l2 ] 

A s imi lar procedure to the above preparations was u sed except 0 . 6  g 

I I  I 3 of [ Cu Cu ( mmimH ) 2c l 3 ] and 3 0  cm of  nitromethane were u sed . Crystals 

of product appeared within one week , which were co l lected and vacuum 

dried . 



Cu ( II ) - 4 ( mmi mH ) : 

188 . 

Preparation o f  in situ spec ies . 

3 cuc1 2 . 2H2o ( 0 . 0 1 8  g )  in ethanol ( 2 cm ) was 

3 added to mmimH ( 0 . 2  g )  in ethano l ( 2 0 cm ) to give a b ri ght green 

solution . 

, Cu ( I I ) -4 ( mpyH ) : 

3 added to mpyH ( 0 . 2 2 2  g )  in water ( 50 cm ) to give an o range so lution . 

Cu ( II ) -4 ( mbimH ) : 3 cuc12 . 2H2o ( 0 . 08 5  g )  in water ( 2 0  cm ) was added 

3 to ligand ( 0 . 3 0 0  g )  in 5 0 %  ethanol ( 50 cm ) .  A yel low solution was 

obtained with much eo-precipitation o f  [ Cu ( mbimH ) C l ] . 



189 . 

REFERENCES 

1 .  F . A .  Dev i 1 1anova and G .  Veran i ,  Transit ion Met . Chem . , 19 7 8 ,  

l.· 4 2 . 

2 .  C .  Preti and G .  Tosi ,  J .  Inorg . Nucl . Chem . , 1 97 6 ,  �. 1 1 2 5  

3 .  C .  Preti and G .  Tos i , Spectrochim . Acta . , Part A . , 1 9 7 9 , 3 5  

5 7 7 . 

4 .  M .  Kura s ,  Chem . Obzor . ,  1938 , !!• 9 5 . 

5 .  K .  Geetharani and D . N .  Sathyanarayana , Indian J .  Chem . , Sect . A ,  

1 9  7 6 .  .!.!· 17 0 .  

6 .  C .  Pret i and G .  Tos i , Can . J .  Chem . , 19 7 6 ,  �. 1 5 5 8 . 

7 .  F . A .  Dev i l lanova and G .  Verani ,  Trans it ion Met . Chem . , 19 7 7 ,  

�. 2 5 1 .  

8 .  Y .  Agnus , R .  Louis ,  and R .  Weiss , J .  Chem . Soc , Chem . Commun . ,  

1980 , 8 6 7 . 

9 .  W . D . Basson and A . L .  du Preez , J .  Chem . Soc . , Dal ton Trans . ,  

1974 , 1708 . 

10 . E .  Bunce l ,  A . R .  Norris , S . E .  Taylor ,  and W . J .  Rac z ,  Can . J .  Chem 

1982  • .§.£_, 30 3 3 . 

1 1 . D .  de Filippo , F .  Dev i l lanova , E . F . Trogu , G .  Verani ,  C .  Preti , and 

P .  Vig l ino , Can . J .  Chem. , 1 9 7 3 , �. 1 1 7 2 . 

12 . F . A .  Dev i llanova , F .  Isaia , and G .  Verani ,  

J .  Inorg. Nucl . Chem . , 198 1 ,  i_!, 2 7 4 9 . 

13 . B .  S ingh and K . P .  Thakur ,  J .  Inorg.  Nucl . Chem. , 1 9 7 4 , �. 

1 7 3 5 . 

14 . A . M .  Brodie , H . D .  Holden , J .  Lewis ,  and M . J .  Taylor ,  

J .  Organomet . Chem. , 1983 , 2 5 3 ,  Cl . 

15 . E .  Bernarduci ,  W . F . Schwindinger ,  J . L .  Hughey , K .  Krogh-Jespersen , 

and H . J .  Schuga r .  J .  Am .  Chem . Soc . ,  198 1 ,  103 , 1 6 86 . 



16 . J .  Peisach and W . E .  Blumberg , Arch . Biochem . Biophys . , 1974 , 

1 6 5 , 69 1 .  

17 . A . B . P .  Lever and B . S .  Ramaswamy , Can . J .  Chem . , 1 9 7 3 ,  �. 

1582 . 

18 . U .  Sakaguchi and A . W .  Addison , J .  Chem . Soc . , Dal ton Trans . ,  

19 7 9 , 600 . 

19 . D . A .  Zatko and B .  Kratochvi l ,  Ana l . Chem . , 1968 , !!• 2 12 0 . 

2 0 .  H . R .  Gersmann and J . D .  Swa len , J .  Chem . Phys . , 1 9 6 2 , �. 

3 2 2 1 .  

190 . 

2 1 .  ( a )  K .  Nakamoto , • Infrared Spectra of Inorganic and Coordination 

Compounds • ,  Wiley, New York , second edition 19 7 0 .  p .  15 1 .  

( b )  ibid . , p .  169 . 

2 2 . N . G .  Larsen , Ph . D .  Thesis , Mas sey Un ivers ity.  ( 19 8 0 ) .  

2 3 .  J . R . Ferraro and W . R .  Wa lker, Inorg. Chem. , 1 9 6 5 , �. 1382 . 

24 . W . R .  McWhinnie,  J .  Inorg . Nuc l .  Chem . , 19 6 5 , �. 1063 . 

2 5 .  Y .  Sugiura , Y .  Hirayama , H . Tanaka , and K .  Ishizu , 

J .  Amer . Chem . Soc . , 19 7 5 ,  22· 5 5 7 7 . 

2 6 .  A .  Bencini , I .  Bert ini , D .  Gatteschi , and A .  Scozzafava , 

Inorg. Chem . , 19 78 , �. 3 19 4 . 

2 7 .  P . H .  Dav i s ,  R . C .  Belford and I . e .  Pau l ,  Inorg. Chem . , 19 7 3 ,  

g, 2 13 .  

2 8 .  R . P .  Shibaeva and V . F .  Kaminski i ,  Kristal lograf iya , 198 1 ,  

�. 332 . 

2 9 .  A . D .  Clark and P .  Sykes , J .  Chem . Soc . , Part C . , 1 9 7 1 ,  103 . 

30 . A . G . M . Barrett ,  D . H . R . Barton , and R .  Col le ,  

J .  Chem . Soc . , Perkin Trans . I ,  19 8 0 , 665 . 

3 1 . E .  Fuj ita , Y .  Nagao , K .  Seno , s .  Takao , T .  Miyasaka , M .  Kimura , and 

W . H .  Watson , J .  Chem . Soc . , Perkin Trans . I ,  198 1 ,  9 14 .  



CHAPTER 6 

A SPECTROSCOPIC I NVESTIGATION OF  SOME CUPRIC AND MIXED 

VALENCE THIOLATE COMPLEXES 

Introduction 

19 1 .  

One of  the greatest p roblems confronting investigators of the 

cupric-thiolate interaction is that of characterising the nature and the 

stoichiometry of their compounds . Thi s  condition arises because in most 

cases the species are either metastab le solution s ,  o r ,  i f  isolatible a s  

solids , are too amorphous for crystallographic analys i s ( ! ) .  

Consequently i t  is o f  importance that the investigative t echniques 

avai lable be developed to their full potential for p roviding structura l 

information . 

I n  this chapter a number of different cupric thiolate species 

invo lving a variety of co- ligating atoms have been synthesised with the 

intention of studying the changes in spectra l  features , particularly 

esr ,  as the coordinating atoms around copper are changed . With respect 

to the esr technique emphasis has been p laced here on the spectral 

lineshapes associated with various sets o f  bonding atoms . In this way 

primary coordinat ion spheres of s4 , s 2o2 , s2N2 , so3 and o4 ( where the 

term s4 implies the ligation of four su lphur donor atoms , likewise s2o2 

refers to a donor quartet consisting of  two sulphurs and two oxygens and 

so on ) are shown to give spectra which are characteri stic and 

differentiable . Such info rmat ion is valuab le not only for its aid in 

interp retat ion of the more class ic inorganic  thio late complexes , but 

also for the use of esr as a probe in bioinorganic  chemi stry. For 
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instance recently  Antho line and Taneka ( 2 ) were able to implicate 

preferential  binding of a thiolato cysteine in cat haemoglobin ( as 

opposed to an N histidyl donor in human haemoglobin ) to the anti-tumour 

agent [ Cu ( 2- formylpyridinemonothiosemi - carbazone ) ]
+

· on the basi s  of 

the characteristic s2N2 type esr spectrum obtained . 

In copper esr s tudies it is f rom the g 1 1  and I A1 1 1 parameters 

that most  structura l  inferences are made ( 3 ) .  Thompson et al . ( 4 )  

have considered the factors which determine the magni tude of  g 1 1  and 

j A1 1 j in four coordinate cupric complexes . The mos t  important factor 

for determining g 1 1  is the nature of the l igands . Atoms which are 

capable o f  delocalising the unpaired spi n  density away f rom the copper 

nucleus via  a mo re covalent interaction ( sulphur and to a lesser extent 

nitrogen and chlorine are exponent s  of  this ) promote low g 1 1  values , 

whereas those which form less covalent b onds with copper , and are more 

electronegative , give rise to high values o f  g 1 1 • Thus the parameter 

increases in the series s4 , N 2s 2 , N4 , N3o , N 2o2 , o4 • I n  addition it has been 

shown that g 1 1  increases as the coordination geometry is distorted f rom 

square p lanar to tetrahedral for a number of CuN4 , CuN2o2 and Cus4 

derivatives ( 5 , 6 ) .  Also the overal l  charge on the complex has a small 

effect , g 1 1  increasing as the charge becomes more positive ( J ) .  

Geometry i s  probably the single most  important factor in 

determining the s i ze of I A11 1 , and this has been discussed fully in 

Chapter 1 .  To a lesser extent the nature of  the donor atoms affect 

I A1 1 1 . Thus substitution of an oxygen donor ligand for  a sulphur ligand 

may decrease I A1 1 1 ( 7 ) .  Trends are however less c lear . 

A g raphic p lo t  of g 1 1  versus I A1 1 1 for a part icular ligation may 
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thus g ive a set o f  points in an approximate straight line ( J )  the 

coordinates depending on the deg ree of distortion towards tetrahedral 

geometry and the charge on the complex.  By virtue o f  the dependency of 

g 1 1  on the coordinat ion sphere , the straight lines for  different donor 

sets w i l l  be separated . Where p lausible coordinating atoms are present 

in an unknown compound the fitting of the point to a particular ligation 

line can be a good indication of that donor set being p resent( J ) .  

In thi s  chapter, then , the s trength of the esr t echnique in 

providing detai ls regarding the nature of the ligands surrounding 

copper ( I I )  in cupric thio late compounds is illustrated . For some of the 

compounds p repared here the method is indeed the only one available to 

give such information, in instances where the complex is amorphous and 

insoluble . A systematic discussion of the various coordination spheres 

represented by the new complexes , with special empha s i s  on their 

distinctive esr spectra has therefore been conducted . Thi s  study was 

not intended to be rigorous ,  rather the moving impetus was to reveal 

trends and patterns which have not been emphasised fully  in the 

literature . Coinciding with the study of  s2N2 species , a more detai led 

analys i s  of the esr spectrum of the anti-tumour agent [ Cu ( KTS ) ]  has been 

performed in an attempt to clarify some interestng l iterature 

deduct ions ( 8 )  with regard to ligand hinderance to the complex ' s  

susceptibility to axial coordination . 

6 . 1  SYNTHESI S  OF THE COMPOUNDS 

Cupric containing thiolate complexes for a number of different 

thio l ligands have been isolated as solids , or where this was not 

possible , prepared in s itu in so lut ion . For the solid spec ies , 
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Figure 6 . 1  Ligands discussed in this chapter and their abbreviat ions . 
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formulations based largely on elemental analysi s  resu lts ( see Tab le 6 . 1 )  

have been p roposed. Comp lexes syn thesised inc lude 

[ Cu
11

cu1
2 ( dimetH2 ) ( dimetH ) 3Cl ) ,  [Cu11cu

1
3 ( dimetH2 ) 3 ( dimetH ) ( Cl04 ) 4 ) . �H2o ,  

I I I I I I I I  [ Cu Cu 3 ( dimto l H ) 5 ) ,  [ Cu Cu 3 ( dimpro lH ) 5 ) ,  [ Cu ( mpoH2 ) ( mpoH ) ( Cl04 ) ) ,  

I I  I I  [ Cu ( phenylglyoxaldtsc ) ) ,  [ Cu ( 3-n-heptoxy-2 -oxobut yraldehydedtsc ) )  

and [ Cu
1 1

( benz i ldtsc ) ] . H2o .  For those compounds not i solated, an 

intrinsic relationship between the mole ratio of cupric salt to ligand 

has in most cases been assumed in assigning the stoichiometry of the 

complexes . Ful l  details for the preparation of the compounds are 

provided in the experimental section . 

An analys i s  o f  the isolated species reveals the postulation of a 

number o f  unusual formu lations , parti cu larly for those compounds 

prepared from dithiol ligands . Partially ionised ligands are proposed, 

that i s ,  only one su lphhydryl group per ligand has been formally 

deprotonated . There are no precedents for such behaviour in 

copper- sulphur chemi stry,  although the oxy-analogue catechol ligand 

system has been observed to show s imi lar preferential o xygen 

deprotonation ( 9 ) .  pKa evidence ( 10 )  provides a rat ionale for this 

phenomenon, as in most cases there i s  a difference in acidity between 

the two sulphhydryl groups .  For instance the f irst and second 

dissociation constants for 2 , 3 -dimercaptopropano l have pKa values of 8 . 6  

and 10 . 6  whi le those for 2 , 3-dimercaptopropanesulphonate are 8 . 9 3 and 

12 . 3 .  Nonetheless cupric compounds have been reported for dithiol 

2 -ligands in which they have been fully deprotonated , e . g . , [ Cu ( dimtol ) 2 ] 

2 -( 1 1 )  and [ Cu ( maleonitri ledithio late ) 2 J ( 12 ) ,  however comp lete 

ionisat ion requi red the addition of potass ium metal to the former 

ethano lic ligand system.  



Table 6 . 1  Elemental analysis and magnetic data for the comp lexes 

Compound Co lour %C %H %N Other �f f /B . M .  

[ Cu1 1cu i
2 ( dimetH 2 ) ( dimetH ) 3Cl l grey blue 14 . 4  2 . 4  6 . la 1 . 0 5 

( 14 . 6 )  ( 2 .  6 )  ( 5 .  4 )  

[ Cu 1 1cu i
3 ( dimetH2 ) 3( dimetH ) ( Cl04 ) 4 ] . 1 /2H2o khaki 8 . 2  1 . 9  13 . 9 a 0 . 9 0 

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

[ Cu
1 1

cu i
3( dimto lH ) 5 ] blue black 40 . 7  2 . 9  24 . 0b 1 . 4 6 

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

[ Cu
i i

Cu i 
3 ( dimpro lH ) 5 1 grey green 20 . 5 . 3 . 6  0 . 8 3 

( 2 0 . 6 )  ( 4 . 0 )  

I I  [ Cu ( mpoH2 ) ( mpoH ) ( Cl04 ) 1 brown 28 . 7  2 . 5  6 . 5  6 . 0  a 1 . 09 
( 2 8 . 7 )  ( 1 .  9 )  ( 6 .  5 )  ( 8 . 5 )  

[ Cu ( phenylg lyoxaldtsc ) ]  dark red 34 . 9  2 . 9 5 2 3 . 9  
( 3 5 . 1 )  ( 2 . 9 5 )  ( 2 4 . 6 )  

[ Cu ( 3 -n-hep toxy�2 -oxobutyraldehydedtsc] dark red 39 . 2  6 . 0  16 . 6  
( 3 8 . 3 )  ( 5 .  9 )  ( 2 0 . 6 )  

[ Cu ( ben z i ldtsc ) ] . H2o yel low 4 3 . 7  3 . 6  18 . 9  
brown ( 44 . 1 ) ( 3 .  7 )  ( 19 . 3 )  ...... 

ID 
-..I 
. 

Notes : a .  %C l ,  b . %Cu 
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The mixed valence ratios of copper species to l igand are ,  on the 

other hand,  not entirely novel . S iiman et a l . ( l3 )  have observed 

simi lar s toichiometries in the complex [ Cu
i i

Cu
i

2 ( tetraphenyldithioimidodi 

phosphinat e ) 4 ] .  

6 . 2 CHARACTERISATION OF  THE COMPLEXES 

As was mentioned in the Introduction the techique of esr 

spectroscopy is especially suitable for the differentiation of the 

coordination sphere of thiolate containing Cu ( I I ) complexes . I n  the 

fol lowing sections the characteristic  esr features corresponding to 

equatorial ligation spheres of s 4 , s 2o2 , s 2N2 , so3 and o4 are presented , 

where possible on the basi s  of spectra l  detai ls from wel l defined 

examples in the literature ( repre�entative spectra of each stoichiometry 

are shown in Figure 6 . 2 ) .  Such features have been correlated with the 

complexes p repared in this chapter in an attempt to estab lish their 

equatorial atoms , assuming at a l l  times an approximately axial 

coordination for copper . 

Principal esr parameters for the new comp lexes are shown in Table 

6 . 2 . 

6 . 2 . 1 . Cupric complexes with proposed s4 donor sites 

There are a number of complexes containing an s4 donor atom 

ligation which have been studied by esr spectroscopy ( 5 , 1 1 , 14 -2 2 ) .  A 

particu larly well-characterised system is that of [ Cu ( edtc ) 2 ] ,  where 

edtc is N , N-diethyldithiocarbamate,  which has been shown 

crystallographically to invo lve copper bound in a p lane containing four 

su lphur atoms ( 2 3 ) .  With reference to the esr spectra of [Cu ( edtc ) 2 ) 
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Table 6 . 2  Electronic and esr spectral data for the complexes 

Compound Solvent A max* g l  9 u 1 \ 1 1 l A I Proposed 1 Donor 
( nm )  ( lo-4 cm-1 ) { G ) Atoms 

[Cu11cu1 { dimetH ) { dimetH )  Cl ] solid a 2 . 0 3 1 2 . 0 9 0 143 s4 
2 2 3 

[Cu11cu1j dimetH2 ) 3 { dimetH ) { Cl04 ) 3 J . 1/2H2o solid a 2 . 02 6 2 . 0 9 0 143 s4 

[ Cu 1 1cu 1j. dimtolH ) 5 ] solid a 2 . 0 2 4 2 . 087 148 s4 

[ Cu I ICu 1j. dimprolH ) s l  solid a 2 . 0 2 4 2 . 092 143 s4 

Cu { I I ) -2 { 2 , 3 -dimercaptopropanesulphonate ) water 335 ( sh ) b 2 . 0 2 4 2 . 0 9 3 143 s4 

Cu { I I ) -2 ( 2 , 3 -dimercaptosuccinic acid ) methanol 320 { sh ) b 2 . 0 3 1 2 . 0 9 7 15 1 s4 
69 0c 

Cu { I I ) -2 { diphenyldithiophosphinic acid ) acetone 44 5 { • 1200 ) b 2 . 02 0 2 . 1 10 15 1 36 s4 
730 ( ,., 60 ) c 164 

Cu ( I I ) -2 { 1 , 2 -dimercaptoethane disodium salt ) ethanol - 2 . 0 1 5 2 . 0 94 157 d 43 s4 17 3e 

[ Cu { mpoH2 ) { mpoH ) { Cl04 ) J  ethanol 378 { 2 4 , 608 ) 2 . 0 3 5 2 . 17 5 185 d 37 S 202 440 { 1 148 ) shb 206e 

2 . 2 7 8f 162 f 
N 
0 

' 0 . 

Cu { I I ) -2 { 2-mercapto-3 -pyridinol ) ethano l - 2 . 0 3 5 2 . 17 5 185 d 37 S 20 2 20 6e 



Tab le 6 . 2  contd 

Compound· Solvent A. max* 9 1 9u l A 
1 1

1 l A 1 1 Proposed 
Donor 

( nm )  ( 1 0  -4cm -l) (G ) Atoms 

Cu ( I I ) -2 ( thiomalic acid ) water 365 ( sh ) b 2 . 047  2 . 17 7  169  s 0 
540 ( sh ) c 2 2 

Cu ( I I ) -2 ( N-2 -mercaptop ropionylglycine ) water 350 ( 1 0 10 ) shb 2 . 0 4 9  2 . 19 4  1 6 1  S202 

CU ( I I ) - ( 2 , 3 -dimercaptosuccinic ac id ) methanol 5 5 5 ( 12 5 )b 2 . 0 3 1  2 . 2 02 153 S202 
"'900sh 

b 
[ Cu ( phenylg lyoxaldtsc ) ]  DMF 510 ( 7 3 7 5 ) b 2 . 0 4 2  2 . 12 3  189 S2N2 

560 ( 5 5 8 0 ) 
pyridine - 2 . 044  2 . 14 1  175  S2N2 

[ Cu ( benzi ldtsc ) ] . H 2o CHC 1 3 - 2 . 042  2 . 12 0  1 8 6  

[ Cu ( 3-n-heptoxy-2 -oxo-butyra ldehydedtsc ) ]  DMF 4 9 7 ( 2 853 ) b 2 . 0 33  2 . 12 5  188  S 2N 2 550 ( 1 680 ) b 

Cu ( I I ) -2 ( penicillamine )  water - 2 . 02 6  2 . 139  184  S 2N 2 

CU ( I I ) - 2 ( cysteamine ) water - - 2 . 0 44  2 . 1 5 1  179  S 2N 2 

Cu ( I I ) - ( 2 , 3-dimercaptopropanesulphonat e )  water 6 4 2 b 2 . 0 7 5  2 . 3 5 7  155  so 3 N 
0 

5 1 7 b ..... 
Cu ( I I ) - ( cysteamineHC l )  water so 3 

. 



Compound 

Cu ( I I ) - ( thioma l ic acid ) 

Table 6 . 2 contd 

Cu ( I I ) - ( 2 -mercaptoimidazole ) 

Cu ( I I ) -2 ( thioglyco late )  

Cu ( I I ) -2 ( thiomalic acid ) ( pH 1 1 )  

So lvent 

methanol 

water 

water 

water 

A. max* g
l 

gll 

( nm )  

2 . 14 4  2 . 3 3 1  

62 5b 2 . 1 1 0  2 . 3 34  
7 5 0 ( sh ) c 

4 2 0 ( sh )  2 . 0 7 2  2 . 3 15  

2 . 04 9  2 . 2 6 0  

Notes : a .  band tails into the visible region b .  s�cu - charge transfer transition 

d .  

* 

63  65  
Cu e .  Cu f .  second specie.s g . 

extinct ion coeff icient bracketed - units ,  - 1  - 1  1 mol cm 

±0 . 002  h .  ± 0 . 0 0 5  

sh . shoulder 

I Au l I A l I 
( 1 0-4 cm - 1  ) ( G ) 

i .  

163  

160  

1 6 5d 1 1  
183e 

184d 

202e 

c .  d-d band 

-4  -1  ± 4  x 10  cm  

Proposed 
Donor 
Atoms 

so3 

so3 

04 

04 

N 
0 
N 
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( 15 )  ( see Figure 6 . 2 ( a ) ) and other s 4 systems i t  would appear that an s4 

ligation ma y  b e  readi ly identified by its characteristic esr spectral 

lineshap e .  Three features  o f  the spectrum are particularly striking . 

Firstly the g 1 1  parameter i s  low compared to other p lanar complexes of  

copper ( S ) . Indeed g 1 1  is so low that often only two of the parallel 

copper hyperf ine p eaks can be seen prior to the perpendicu lar 

resonances .  Secondly the g 1 transition linewidths in the spectra are 

narrow ( often as small as 1-2 G ) ( 18 ) ,  giving it a characteristically 

sharp appearance . S imilar sharpness in the mi=3/2  para llel hyperfine 

component o ften a l lows resolution of a spl itting ,  due to 
63cu and 

65cu 

having s lightly  different magnetic moments . Thirdly the spectrum 

appears qui te complex in  the gl region because of the resolution of 

perpendicu lar copper hyperf ine and the presence of  the fourth parallel 

hyperf ine peak whi ch may a lso be isotopica l l y  split . 

Some of  the comp lexes p repared in this chapter have been assigned 

as  containing an s4 coordinated cupric atom on the basis of their esr 

II  I lineshapes and parameters . These include the solids [ Cu Cu 2 ( dimetH2 ) -

I I  I ( dimetH ) 3C l ] ,  [Cu Cu 3 ( dimetH2 ) 3 ( dimetH ) ( Cl04 ) 4 ] . �H2o ,  

I I I II I . [Cu Cu 3 ( di mtolH ) 5 ) and [ Cu Cu 3 ( d�mpro lH ) 5 ] and the in  s itu species 

Cu ( I I ) -2 ( 2 , 3-dimercaptopropanesulphonate ) , Cu ( I I ) -2 ( 2 , 3-

dimercaptosuccinic acid ) ,  Cu ( II ) -2 ( diphenyldithiophosphinic acid ) and 

Cu ( I I ) -2 ( 1 , 2 -dimercaptoethanedisodium salt ) . I t  i s  noticeable that all  

the complexes contain dimercapto ligands in  which the sulphhydryl g roups 

are vicina l . The inso lubility  of the solid compounds i solated suggest s ,  

furthermore , that polymeric structures are present .  

II I The esr spectra of  [ Cu Cu 3 ( dimpro lH ) 5 ] and 

Cu ( I I ) -2 ( 1 , 2 -dimercaptoethane disodium sa lt ) are shown in Figure 6 . 3 .  
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From our studies and those o f  others it  seems that the environment o f '  

sulphur has little bearing on  the nature of the spectrum.  Disulphide 

( 2 1 }  thioether ( l8 } ,  thione ( Chapter 4 }  and thiolate sulphur ( this 

chapter } are equally capable of producing the characteristic s4 

spectrum. 

6 . 2 . 2  Cupric complexes with proposed s2o2 donor sites 

Copper ( II } thiolate compounds with an s2o� coordination sphere are 

rare . A few complexes have been prepared from monothio-�-diketones 

( R-C ( S H } =C H-CO-R } ( 2 4 } ,  thiohydroxamates ( R-CS-N ( OH } -R } ( 2 5 }  and 

3-hydroxyquinazo line-4 - thione ( 2 6 } .  A characteristic esr  spectral 

lineshape i s  simi larly observed for these donor atoms ( 2 5 ,  2 6 ,  2 7 } .  A 

typ ical example i s  shown in  Figure 6 . 2 ( b }  for [ Cu ( N-methylformo�hio� · 

hydroxamate ) 2 ] ( 2 5 }  which has been shown by X-ray diffraction to have a 

square p lanar configuration with the sulphurs and oxygens in trans 

arrangement ( 2 8 ) .  As with s4 types the spectrum is typ ically sharp , Al 

hyperfine coupling i s  resolved and i sotopic splitting ma y  appear on the 

m1= 3 / 2  line .  I t  should be noted that only the position of the g 1 1  

parameter can distingui sh between an s4 spectrum and that o f  a well 

reso lved s2o2 • For the latter, g 11 is norma l ly in  the range 2 . 1 7-2 . 2 0  

whereas for the former i t  i s  consistently less than 2 . 12 .  

The spectrum o f  [ Cu ( mpoH2 ) ( mpoH ) ( Cl04 } ]  ( Figu re 6 . 4 ( a } ) allows us 

to des ignate the equatorial coo rdination sphere o f  the compound as s2o2 • 

Investigation o f  the spectrum under high gain produced some unusua l 

results . Firs t ly three additional lines at � 2 600 , 2 7 60 and 2 9 10 G 

are resolved . These are not present when the complex i s  generated 

in s itu ( Figure 6 . 4 ( b ) ) by adding Cu ( C l04 ) 2 . 6H2o to the ligand in  

ethanol .  Thus i t  appears that they are a phenomenon o f  the solid 
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compound and ma y  well arise from inhomogeneities in the copper 

coordination sphere . Such differences could resu lt from an oxygen being 

deprotonated instead of sulphur.  Secondly a small  satel lite line 

appears beside the p rincipal m1 s3/2  and 1 /2 para llel absorbances . Thi s  

has been seen a lso i n  the spec�rum of  [ Cu ( HC ( :S )N ( Me ) 0 ) 2 ] ( 2 5 ) where the 

extra line was attributed to so lvation of some of the molecules , thus 

' allowing their differentiation . 

The esr spectrum of the complex Cu ( I I ) -2 ( thioma lic acid ) prepared 

in s i tu is shown i n  Figure 6 . 4 ( c ) . A s imi lar spectrum for 

Cu ( I I ) -2 ( mercaptopropionylg lyc ine ) was observed. The parameters for 

these are suggestive of an s2o2 configuration , which , considering 

poten tial donor atoms in the ligands , is a p laus ible stoichiometry . I t  

ma y  b e  inferred that the differences b etween the spectra o f  

Cu ( I I ) -2 ( thiomalic acid ) and the representative s2o2 spectra arise from 

line b roadening . Thi s  phenomenon has a lso been seen for monothio- � 

diketone complexes in certain solvent s ( 2 7 ) .  Judicious choice of 

solvent by the authors resulted in a sharpen ing of the spectra . 

6 . 2 . 3  Cupric complexes with proposed s2N2 donor s ites 

An s2N 2 arrangement of atoms around Cu ( I I )  has been of considerable 

biolo gical interest for some time as this is one of the proposed 

ligations for the type { ! )  blue copper p roteins ( 2 9 )  • . S imi larly the 

copper catalysed oxidation of cysteine ( JO )  has prompted investigation 

into the b i s-cysteinato compounds of copper and its s2N2 analogues 

{ 3 1- 3 3 ) .  A lot of success in the iso la t ion of  cupric thiolate compounds 

with s2N2 donor s ites has been achieved through the use of bi- and 

tetradentate ligands { 33-3 7 ) in which the formal negative charge of 

the deprotonated sulphhydryl group is distributed over f lanking 
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nitrogen atoms . 

s2N2 esr spectra a re well documented in the literature ( 2 6 , 30-36 ) .  

The spectrum o f  [ Cu ( KTS ) ]  ( Figure 6 . 2 ( c ) ) proves typ ica l .  

Characteristically  two copper hyperfine peaks are visib le with a s trong 

fourth pea k  downfield of the major perpendicu lar absorption , although 

the number of upf ie ld hyperfine peaks seen may be greater if there i s  

considerable tetrahedral distort ion of the ligand p lane ( 3 6 ) . The 

spectra are also characterised by the broadness of the absorptions 

compa7ed with o ther thiolate s tereochemis tries - a consequence of 

nitrogen hyperfine i nteraction ( l8 ) .  

On the basi s  o f  their esr spectra Cu ( II ) -2 ( penicillamine ) ,  

Cu ( I I ) -2 ( c ysteamine ) ,  [ Cu ( 3 -n-heptoxy-2 -oxobutyraldehydedtsc ) ] ,  

[Cu ( phenylglyoxa ldtsc ) ]  and [ Cu ( benzildtsc ) ] . H2o have been adjudged a s  

having s2N 2 donor set s . For the latter complexes which contain the 

dithiosemicarbazone moiety, thi s  result i s  not surpri s ing since the 

structura lly s imilar comp lex [ Cu ( KTS ) ] ,  which also contains a 

dithiosemicarbazone unit  has been shown crystallographically to invo lve 

an s2N 2 s to ichiometry ( 3 8 ) .  Furthermore the spect ra o f  

Cu ( I I ) -2 ( penici llamine ) ( 32 , 3 3 ) and Cu ( II ) -2 ( cysteamine ) ( 3 1 )  have been 

previous ly recorded and so assigned by the authors . For 

Cu ( I I ) -2 ( cysteamine ) ,  however , this i s  the firs t  instance where the 

compound has been p repared u sing the free ligand in stoichiometic rat io , 

the p revious preparation having invo lved the hydrochloride salt in 

tenfo ld excess . Also there i s  confus ion concerning the correct 

parameters for Cu ( I I ) -2 ( penicillamine ) • Laurie et al . ( 32 )  have 

reported an esr s i gnal with I A11 1 •0 . 0 14 0  cm- 1  whereas Peisach and 

-1 Blumberg ( 33 )  obtained a value of 0 . 0 18 4 cm which _agrees well with our 

spectrum. 
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The esr spectra shown in  Figure 6 . 5  illust rate that superhyperfine 

splitting may or may not be present in the spectrum. The nine-line · 

structure shown for [ Cu ( phenylg lyoxaldtsc ) ]  ( Figu re 6 . 5 ( a ) ) has been 

seen also in [ Cu ( KTS ) ) ( 33 ) .  Initially this was interp reted as  showing 

that the unpaired e lectron spin interacted with four approximately 

equivalent nitrogen nuclei . However a spectrum obtained from a complex 

63 containing i so topica l l y  pure Cu showed only f ive superhyperfine 

splittings ( 39 )  - consi stent with a two nitrogen interaction as suggested 

from c rystallographic evidence ( 38 ) .  I t  has been rationalised that 

superimposition of the two i sotopic f ive line structures  would give rise 

to the nine- line spectrum observed . 

A comparison of the g 1 1  values in Table 6 . �  shows t hat an 52N 2 

configuration i s  easily  differentiated f rom that of  52o2 on the basi s  of ' 

6 . 2 . 4 Cupric complexes with proposed SOJ donor s ites 

Tentat ive coordination spheres of so3 have been assigned to the 

in s itu species Cu ( I I ) - ( c ysteamine hydrochloride ) ,  

Cu ( I I ) - ( dimercatopropanesulphonate ) ,  Cu ( I I ) - ( thiomalic aci d )  and 

Cu ( I I ) - ( 2 -mercaptoimida zo le } . That thio lato sulphur coordinates in each 

is intimated by the p resence of bands attributable to s;.cu charge 

transfer transitions . Three oxygen equatorial donor atoms are 

considered likely by virtue of the magnitude of g 1 1 , the values of which 

approach those of known o4 ligation . Unfortunately there are no esr 

precedents for 503 typ e  complexes , so no valid comparisons with 

literature examples can be made . 

The esr spectra of Cu ( I I ) - ( cysteamine hydrochloride ) and 
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Cu { II ) - { dimercaptopropanesu lphonate )  are shown i n  Figures 6 . 2 { d )  and 

6 . 6 { a )  respectively. The so3 spectrum i s  characterised by the appearance 

of a l l  four copper hyperf ine peaks prior to the perpendicular resonances ,  

and moderately low values o f  I A1 1 1 . A few additional peaks due to a 

small amount o f  his-ligand contaminant are apparent in  the spectrum o f  

Cu { I I ) - { dimercaptopropanesulphonate ) .  The spectra o f  

Cu { I I ) - { 2 -mercaptoimidazo le ) and Cu { I I ) - { thioma lic acid ) were very 

broad, perhaps suggesting binuclear or greater structures . 

6 . 2 . 5 Cupric complexes with proposed o4 donor sites 

Although containing no thio late entity a discussion of this type o f  

coord ination i s  pertinent for i t s  contribution t o  the overall 

consideration o f  parameter shi ft s . [ Cu { acetylacetonate ) 2 ] provides a 

wel l  characteri sed examp le of copper bound b y  a plane of four oxygen 

donor atoms . The esr spectrum{ 4 0 ) of the complex i s  shown in Figure 

6 . 2 { e ) . Comparison with other o4 l iterature examp les ( 40 -4 2 ) shows that 

the spectral lineshape shown is characteristic for an o4 ligation . The 

attributes of spectral sharpness , i . e . isotopic  spl itting and resolution 

of the A1 components , occur also for these complexes . 

The o4 spectrum differs f rom that o f  the s4 and s 2o2 types , in the 

position of g 1 1  which occu rs in the range 2 . 2 5-2 . 4 7  { 5 )  allowing often 

the resolution of all four copper hyperfine prior to gl 1 and in the 

p resence of forbidden peaks in the 3 100-340 0  G region . Rol lmann and Chan 

{ 4 3 ) have attributed these absorp t ions to large anisotropies in the 

nuclear hyperf ine interact ions , and developed a theory for the lineshape 

computation that accommodates second order terms containing quadrupo le 

interaction and �mr *O transitions . 
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Two solutions in our work have been des�gnated a s  containing o4 

species . The spectrum of an aqueous solution of  Cu ( I I ) -2 ( thioma lic 

2-acid ) raised to pH 1 1  shows [ Cu ( OH) 4 ] ( 4 2 ) as the ma j o r  species . 

Figure 6 . 6 ( b )  shows the spectrum of an aqueous solution of cupric 

acetate containing a large excess of sodium thioglycolate . A 1 for the 

comp lex is very small ( ea 1 1  G )  and weak making the spectrum appear 

more simple . 

6 . 2 . 6  Graphic plots of g1 1 verses IA11l 
A Peisach-Blumberg type plot ( 3 )  of g 1 1  verses I A1 1 1 has been drawn 

( Figure 6 . 7 ) with points obtained from Tab le 6 . 2 .  Where necessary 

literature examples have been included to clarify t rends . Although by 

no means g iving t ruly  linear relationships the points do scatter into 

well  defined regions depending on the type of donor atoms . Notably g 1 1  

i s  paramount i n  caus ing this differentiation . The effect of replacing 

sulphur donor ligands with those of oxygen in increasing g 1 1  is well  

developed, the p lot confirming Iber s '  observation( 4 )  that a decrease in 

covalent interaction promotes higher values of the parameter . 

6 . 2 . 7  E lectronic spectra 

Absorbance spectra in the visib le region have been recorded for some 

of the complexes prepared in this chapter and maxima with possible 

assignments are included in Table 6 . 2 .  

Though b y  no means c lear cut ,  a few trends have emerged which may 

aid in discriminating the various ligations proposed . For those 

complexes wlth a postulated 5202 donor set , a characteristic feature is 

the appearance of a 5�cu charge transfer transition as  a band or 

shou lder in the 350-4 00 nm region . The proposed 503 complexes s imi larly 
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show this absorbance , but at lower energy in the region 550-650  nm. 

Those comp lexes with an s2N2 donor set and which contain the 

dithiosemicarbazone moiety normally  show two �Cu charge transfer bands 

at 5 0 0 - 6 0 0  nm. 

The e lucidation of the latter trend has a l lowed the postulation of a 

solution to an interesting problem which developed when cupric acetate 

was substituted for cupric chloride in the s ynthesi s  o f  

[ Cu ( ben z i ldtsc ] . H2o .  On quantitative addition o f  copper a brown 

compound rather than the usual red comple x ( 4 4 ) precipitated . Elemental 

analysi s  f igures consistent with the formu lation [ Cu ( benzildtsc ] . H2o 

were found but the compound disp layed significant differences in 

spectro scopi c  properties from that reported for [ Cu ( ben z i ldtsc ) ] .  For 

instance the electronic spectrum showed a band at 3 2 5  nm instead of 

510 nm and g 1 1  decreased from 2 . 15 1  to 2 . 12 0 .  Such behaviour has been 

seen in  a structura l ly s imilar s ystem - that o f  the mercury( I I ) complex 

of dithizone in a reaction which was photomediated ( 4 5 ) .  Irradiation 

( >  4 0 0nm)  caused the orange square p lanar comp lex I to rearrange to a 

b lue complex I I r  

Ph 

I 
N-H 

I I 

Plh 

� �  
c- s\ ;=r 

Hg 
I \  

N = N  S-C \ ! '\ 
Ph L/N 

t 
Ph 

I 

hv 

I I  
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A s imilar pro ton shift  could be  envisaged to occur in 

[ Cu { ben z i ldtsc } ] . H2o giving rise to an s2N 2 coordination sphere, now 

with one thione sulphur and a negatively charged nitrogen . The 

hypsochromic shif t  observed in the electronic spectrum may be associated 

with the presence of  a thione sulphur and a decrease in the extent  o f  

the conj ugation i n  the system 

Summary 

"sl6 rs 
�-� 

Copper comp lexes with s4 , s2N 2 , s2o2 and so3 coordination spheres 

derived f rom su lphhydryl containing ligands have been shown to give rise 

to characteristic esr spect ra . Decreasing the number o f  sulphurs 

ligating leads to a systematic increase in the g 1 1  parameter . In 

conjunction with electronic spectra l  detai ls t hese criteria may allow 

cupric thiolate compounds to be distinguished from themselves and other 

complexes of copper .  

6 . 3  USE O F  THE ESR TECHNIQUE I N  PROBING DI HERIC CUPRIC INTERACTIONS 

3-ethoxy-2 -oxobutyraldehyde bis ( thiosemlcarbazone ) ( KTS ) is a potent 

anti tumour agent in animals ab le to cause reg ress ions in a variety of  
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estab lished tumours { 4 6 ) .  Experiments in vivo show a dependence on 

the p resence of  copper ions for effectiveness and there is much evidence 

to suggest that the therapeutic agent is the comp lex [ Cu { KTS ) ) { 47 ) .  

Crystallographic studies { 3 8 )  show that the compound has a. p lanar 

structure : 

Long axia l  contacts ( 3 . 10 1  R and 3 . 3 12  R > occur between copper and 

sulp hu rs of other molecu les lying above and below the p lane of  the 

comp lex . The ethoxyethyl group was considered suf fi ciently large and in 

an appropriate position to partially  b lock one o f  the axial positions 

leading to the larger Cu-S bond distance . 

Investigative work has allowed the proposal o f  the fo llowing 

mechani sm for the cytotoxicity o f  [ Cu { KTS ) ] { 4 8 ) .  
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CuKTS CuKTS CuKTS 

+ 

2RSH + 1 /202 RSS R  + H2o 

i l ( + I 
R ' SH ( - ) 

Cu ( I ) S R  Cu ( I ) S R '  DNA SYNTHES I S  

+ � OXI DATIVE 
H2 KTS H2 KTS ( - ) PHOSHORYI.ATION 

+ 

l / 2RSS R  

React ion of  [ Cu ( KTS ) ]  with Ehrlich cells ; ( + ) � reaction stimu lated 

by Cu ( I ) SR ' J ( - ) � proces ses  inhibited b y  Cu ( I ) S R ' . 

Petering and Pet ering ( 4 9 ) have suggested that the relatively 

slugg i sh nature of  the initial reduction occuring with cellu lar 

su lphhydryl compounds such as c ys teine, g lutathione o r  coenz yme A may be 

important in that it  a l lows [ Cu ( KTS ) ]  to be t ransported to target cells  

before being dissociated b y  react ion with thio ls en  route . 

Furthermore it  has been shown that when the � side chai n  is reduced in 

size from CH( OEt ) CH3 to  cu3 the rate of reduct ion increases ( B )  

presumab ly due to a decrease in the axial steric interaction hindering 

association of  thiols .  

I t  was thought that a valuable contribut ion to enab le testing o f  

these ideas would be the s ynthesis and spectroscopic investigation o f  

comp lexes in which the CH( ocu2cn3 )cH3 side chain of  [ Cu ( KTS ) ]  was 

rep laced by sterically  larger groups such as phenyl o r  CH( Oc7u1 5 ) CH3 • 

Primarily we were interested in the abi lity of  the esr technique to 

elucidate the p resence o r  absence o f  intermolecu lar axial interact ions 
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in [ Cu ( KTS ) ]  and analogues and to relate this to the effects of 

increasing the s i ze o f  the s ide group , or  the solvating power of the 

solven t  in which the spectrum was run.  D imeric cupric species are 

conveniently detected by the presence of a low f ield s ignal in the esr 

spectrum at � 1500 G( 50 ) .  The results show that a dimeric axial 

interaction is indeed present in DMF solutions of [ Cu ( KTS ) )  and related 

compounds , regardless of the size of the side chain ,  but that the 

interaction disappears when the compounds · are disso lved in the more 

strongl y  coordinating so lvent pyridine . 

Results and D iscussion 

Although the esr spectrum of [ Cu ( KTS ) ]  has been investigated ( 33 , 39 )  

the 1500  G region where copper-copper dimeric interactions give rise to 

additional absorbances has been ignored.  A signal was however observed 

in this region for [ Cu { diacetylbi sthiosemicarbazone ) ]  doped at 5 %  

concentration i n  a nickel host ( 34 ) .  

Figure 6 . 8  shows the spectrum o f  a very concentrated solution 

( �  1 0-2mo l 1- l )  of [ Cu ( KTS ) ]  in DMF .  The inset shows the 1100-

1 8 0 0  G region at higher gain . According to theory,  where the exchange 

parameter J is strong ( J  for [ Cu ( diacetylbi sthiosemicarbazone ) ]  was 

- 1  estimated to be - 1 4  cm ) the predicted 16  line hyperf ine interaction 

nucleu s ) is  simplified to a seven- line pattern with a hyperfine spacing 

one half that of the spectrum due to the individual  copper ( I I )  

components ( 5 1 ) .  As can seen from Figure 6 . � . seven hyperfine lines are 

discernible in the spectrum with a sp litting o f  9 0  G i . e . , roughly half 

the g�� coupling constant of 189 G .  A nearly identical set of signals 
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are observed f o r  concentrated DMF solutions o f  [ Cu ( phenylglyoxaldtsc ) ] ,  

[ Cu ( 3-n-hep toxy-2 -oxobutyraldehydedtsc ) ]  and [ Cu ( ben z i ldtsc ) ]  suggesting 

that s ignifican t dimer formation occurs also for these compounds . As 

has been mentioned the crystallographic intermo lecular Cu-S contacts f o r  

[ Cu ( KTS ) ]  ( see below ) were 3 . 10 1  and 3 . 3 12 R with a lt ernating Cu-Cu 

internuclear distances o f  3 . 8 33 and 3 . 89 6 R ( 3 4 ) .  

/NH 2 

R N=C 

\ I \ I= N

\ I . 
Go 

. 
/! \ ' 

= N I s 

I �;� 
R · ; �=C-NH 2 

I I 
· � 

()l() �N 

Intermo lecular contacts in [ Cu ( KTS ) ]  

[ C u ( ben z i ldtsc ) ]  has a simi lar coordination geometry, as determined 

by X-ray crystallography ( 44 ) ,  however the phenyl side groups restrict 

intermolecular contacts to one Cu-s • bond• at a distance of 3 . 4 5 R .  As 

is evidenced by the low f ield esr signal such an interaction may be 

sti l l  suf ficiently strong to allow the development of  signif icant 

dimeric character in solution . I t  i s  unlikely that the monophenyl group 

in [ Cu ( phenylgl yoxa ldtsc ) ]  or -CH ( oc7 H1 5 )CH3 in [ Cu ( 3-n-heptoxy-2 -

oxobutyraldehydedtsc ) ] )  would further increase the Cu-5 bond length 

allowing s imi lar rationalisation of their low f ield signals . 
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When it is  cons idered that these esr species are being observed in 

solution rather than the solid state , alternatives to superexchange as 

the means of p roduction of the low field signal , were solvent molecules 

to increase intermolecular contacts , may be required . A plausible 

alternat ive exp lanation is to consider the dimers as arising from a n - n 

face-to-face interact ion in which the n electron c louds f rom the 

delocal i sed l igand ' systems approach one another,  so as to form, as far 

as copper ( I I ) i s  concerned , magnetical l y  isolated pairs . Thi s  behaviour 

has been hypothesised for the s imilar copper ( I I ) protoporphyrin IX 

system( 5 2 ) .  Here the interaction between the copper ions was 

interp reted in terms of dipole-dipole coupling , the so-cal led • through 

space • interaction . A dipolar mechanism may thus be simi larly likely 

for [ Cu ( KTS ) ]  and related compounds in so lution . That hyperfine 

broadening was not observed for the g�2 s ignal in [ Cu ( KTS ) ]  may indicate 

that the copper-copper distance is in the range 4 . 0-5 . 0  X ( 5 2 ) .  

Axial  coo rdination of solvent  was seen when the esr spectra of 

[ Cu ( KTS ) ]  and [ Cu ( phenylg lyoxa ldtsc ) ]  were run in pyridine . At similar 

concent rations to the solut ions in DMF no signal was detectable in the 

1500 G region suggesting a breakup of the intermo lecu lar interact ions . 

Furthermore the hyperf ine coupl ing constant was reduced f rom 0 . 0 189 to 

- 1  0 . 0 1 7 5  c m  consistent with pyridine bindi�g in the f ifth and sixth 

positions . Petering has postulated similar so lvent interact ion from the 

shifts of visib le absorbance bands run in pyridine ( 4 6 ) .  

Summary 

[Cu ( KTS ) ]  and similar dithiosemicarbaz ide complexes have shown 
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disrupting dimer format ion . The interaction may be broken by disso lv ing 

the complexes in pyridine , where there is evidence for axial 

coordination of solvent . It  is concluded that the side chains do not 

play a s ignif icant role in providing steric hindrance for axial 

coordinat ion . 

6 . 4  EXPERIMENTAL 

6 . 4 . 1  Instrumentation 

Thi s  was as  for 1 . 7 . 1 .  

6 . 4 . 2 P reparation of the complexes 

cuc12 . 2H2o { 1 . 70 g .  10 mmo l ) in ethano l  { 30 cm3 ) was added to 

1 , 2 -dimercaptoethane { 2 . 3 5 g, 2 5  mrnol ) in ethanol { 15 cm3 ) immediately 

producing a grey blue p recipitate . This was washed with ethanol .  

Yield z 1 . 16 g { 58 % ) .  

3 1 , 2 -dimercaptoethane ( 0 . 4 7 1  g ,  5 mmol ) in ethano l ( 15 cm ) 

containing potass ium metal ( 0 . 4 0 g ,  10  mmo l ) ( extreme care necessary ) 

3 was added dropwise to Cu { Cl04 ) 2 . 6H2o { 1 . 8 5 g ,  5 mmo l )  in ethanol ( 15 cm ) 

to give a grey-green p recipitate . This was washed with ethano l ,  water , 

acetone and chloroform . Yield z 0 . 8 0 g ( 5 6 % ) .  
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3 Cu ( C l04 ) 2 . 6H2o ( 1 . 2 7  g ,  3 . 4 mmo l ) in ethanol ( 2 0 cm ) was added 

s lowly to 3 , 4 -dimercaptotoluene ( 1 . 0  g ,  6 . 4 mmo l )  to g ive an immediate 

precipi tat ion o f  a blue black compound . Thi s  was washed with ethanol .  

Yield : 0 . 7 53 g ( 8 6 % ) . 

3 Cu ( C H3coo ) 2 . 3H2o ( 0 . 2  g ,  1 mmo l ) in water ( 2 0  cm ) was added 

dropwi se to 2 , 3 -dimercapto- 1-propanol ( 0 . 12 4  g ,  1 mmo l ) in water 

3 ( 1 5 cm ) .  The resu lt ing green so lid was washed with water . 

dropwise to 2-mercapto-3 -pyridino l ( 0 . 6 3 5  g ,  5 mmo l ) in ethano l ( 100  

3 cm ) .  The brown co loured so lution was left to s tand for two days during 

which a brown crystalline product deposited which was collected and 

washed with ethanol .  

[Cu ( phenylg lyoxaldtsc ) ] ,  [ Cu ( benzildtsc ) ] . H2o ,  

[Cu ( J -n-heptoxy-2 -oxobutyraldehydedtsc ) ]  and [ Cu ( KTS ) ]  

Cu ( C H3coo ) 2 . 3H2o ( 4  mmol )  in water ( 100  cm3 ) was added to the 

3 appropriate l igand ( 4  mmol )  in N , N-dimethylformamide ( 80 cm ) .  The 

respective red and brown products were co l lected and washed with water 

and ethano l .  

Synthet ic detai ls for the in s itu species are p resented below . 



Compound So lvent  Weight Vo lume Weight Volume Order 
used of of of of of 

Cupric salt ( g )  So lvent ( cm3 ) ligand ( g )  solvent ( cm3 ) mixing 

Cu ( I I ) -2 ( 2 , 3 -dimercatopropanesuphonate ) water 0 . 02 4 1 5  0 . 0 50  4 ligand 
Cu ( CH3C00 ) 2 . 3H20 to 

copper 

Cu ( I I ) - 2 ( 2 , 3-dimercatosuccinic acid ) methanol 0 . 0864  20  0 . 1 8 2 8  30 copper 
CuC12 • 2H20 to 

ligand 

Cu ( I I ) - 2 ( diphenyldithiophosphinic acid ) acetone 0 . 0 14 5  10 1 . 0 0 50 copper 
CuCl2 . 2H20 to 

ligand 

Cu ( I I ) - 2 ( 1 , 2 -dimercaptoethane disodium salt ) ethano l 0 . 0 304  2 0 0 . 3 3 7  2 0  copper 
CuCl 2 . 2H20 ( +0 . 1 6 2  Na ) to 

ligand 

Cu ( I I ) -2 ( thiomalic acid ) water 0 . 100 2 0 0 . 1 3 5  30 copper 
Cu ( CH3C00 ) 2 . 3H20 to 

ligand 

Cu ( I I ) - 2 ( N-mercap topropionylglycine ) water 0 . 08 5  2 0 0 . 1 6 3  20  copper 
CuC12 . 2H2o to 

ligand N 
N 

Cu ( I I ) - ( 2 , 3-dimercaptosucc inic acid ) methanol 0 . 0862  30  0 . 0 9 13 50 
V1 

ligand . 
CuCl2 . 2 H20 to 

copper 



Cu ( I I ) - ( cysteamine hydrochloride ) a water 0 . 100 
Cu ( CH3coo ) 2 . 3H20 

Cu ( I I ) - ( 2 , 3-dimercaptopropanesu lphonate ) water 0 . 04 7  
Cu ( CH3C00 ) 2 . 3H20 

Cu ( I I ) - ( thiomalic acid ) water 0 . 08 6 5  
CuC1 2 . 2H20 

Cu ( I I ) -2 ( cysteamine ) water 0 . 18 5  
Cu ( Cl04 ) 2 . 6H2o 

Cu ( I I ) -2 ( penicillamine ) a , b  water 0 . 0 50 
Cu ( CH3Coo ) 2 . 3H20 

Cu ( I I ) -4 ( thioglycolate ) water 0 . 0 12 
Cu ( CH3Coo ) 2 . 3H20 

Notes : a ,  process performed under dinitrogen 

b ,  pH raised to 9 with NH3 

2 0  0 . 060  10 

15  0 . 050  7 

4 0  0 . 0 7 5 3  7 0  

5 0 . 0 7 7  5 

2 5  0 . 0 74  25  

5 0 . 4 00 5 

ligand 
to 

copper 

ligand 
to 

copper 

ligand 
to 

copper 

copper 
to 

ligand 

copper 
to 

ligand 

copper 
to 

ligand 

"-> 
"-> 
0\ 
. 
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An in situ so lution of [ Cu ( ben zildtsc ) ]  was obtained from the 

method o f  Bushnell and Tsang ( 4 4 ) ,  with the exception that water was not 

added to p recipitate the product . 
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A summary of the possible factors leading to 

stabi l isat ion of cupric thiolate or thioamide complexes 

2 32 . 

As expressed in the Genera l Introduction one of the aims of this 

study was to evaluate the abi lity of ligands containing the thiol or 

thioamide group to p roduce complexes invo lving cupric rather than cuprous 

ions . As a consequence of our studies an attempt i s  made here to out line 

brief ly a few of the ef fects which we now consider important to achieve 

such species , either in so lid form or in situ in solution . 

One of the strongest factors which may stabi lise the cupric-thiolate 

entity i s  the abi lity  of an adjacent ligating atom to chelate with the 

sulphu r .  Examp les of  such systems are thioma l ic acid ( S  and 0 donors ) ,  

pen i c i llamine ( S and N donors ) ,  the thiosemicarbaz ide derivatives 

( tetradentate s2N 2 ) and the 1 , 2 -dithiol ligands a l l  of which give 

rise t o  cupric or mixed-valence thiolate complexes . 

' 

Where chelation is  not possible or less likely , there is evidence to 

suggest that the acidity of the sulphhydryl group may be important .  Thus 

thio l l igands with pKa values f rom 7-8 . 5  appear to give rise to cupric 

compounds , whereas those with values above 9 seem more susceptible to 

reducti on of copper ( ! ! ) . For instance cysteamine hydrochloride with pKa • 

8 . 3 5 may form cupric species , however , ethanethiol with pKa a 10 . 6  reduces 

copper ( I I )  comp letely . This  trend may be rationali sed on the basis  of the 

stronger conjugate base strength of the less acidic thiols having greater 

nucleophi lic character and thus greater reducing power . 

The nature of the so lvent for the react ion may also p lay a part . 

More polar so lvents such as water or aqueous ethano l seem to stabilise 



2 3 3 .  

the cupric state better than ethano l ,  methanol o r  acetone , especially when 

the pH has been rai sed with the addition of ammonia . As an example , 

thiomalic  acid forms a 1 : 1 v iolet cupric complex in water but reduces 

copper ( I I )  in ethanol .  

Substituent or  e lectronic effects may a lter the reducing power of the 

ligand or its  abi lity to stab i l i se the cupric state . For example 

2-mercaptothiazoline g ives rise to cupric thioamide halide comp lexes on 

interact ion with excess cuc12 . 2H20, yet fus ing a benzene ring to 

the thiazoline moiety to give 2 -mercaptobenzothiazo le or inserting a 

double bond and phenyl group as in 2-mercapto-4 �phenylthiazole results  

' only in cuprous compounds being formed . Unfortunate ly pKa values are 

seldom available for the s u lphhydryl group in thioamide comp lexes so 

obj ect ive comparisons and rat ionalisation are difficu lt . For non

thioamide thiol  l igands addition of e lectron-withdrawing groups may 

certainly aid in p roducing a cupric-binding thiolate ligand , presumably by 

increasing the acidity of  the -SH group . Thus p-nitro thiopheno l ( LH) forms 

a compound [ CuLClO 4 1 wi t
.
h Cu ( ClO 4 ) 2 . 6H2o ,  however , thiophenol wi l l  

quantitatively reduce copper ( I I ) .  

Final ly ment ion must  be made of the at-times bewi ldering potential  of 

certain ligand systems , particularly those of 2-mercaptothiazo line or 

2-mercapto- 1-methyl imidazole to give rise to three or perhaps four 

different cupric species depending on the rat io of copper to ligand and 

the order of mixing of reactants . If  a pattern were to be espoused it  is  

more likely that cupric comp lexes will  be  obtained f rom situations where 

copper is in 1 : 1 rat io or  in excess of the ligand ,  and the ligand added to 

copper to avo id a heavily  reducing medium - although paradoxically at 

times a high excess of ligand may stabil ise the cupric .state via an S 4 

type compound . 



APPENDIX 

1 .  Sources and preparat ion of l igands 

The f o l lowing l igands were u sed as supp lied by the respective 

manufactu rers : 

Aldrich Chemica l Company 

2 , 5-dimercapto- 1 , 3 , 4 -thiadiazole 
4 , 5 - diphenyl-2 -mercap to imidazole 
1 , 2 -di mercaptoethane 
3 , 4 -di mercaptoto luene 
2 , 3-dimercap topropanol 
3 , 4 -di mercap totoluene 
2 , 3 - dimercaptosuccinic acid 
2 -mercaptoben z imidazole 
2 -mercaptobenzoxazo le 
2 -mercap tobenzothiazole 
2-me rcapto- 1-methylimida zo le 
2 -mercaptopyridine 
2-me rcaptothiazo line 
thioma l ic acid 

Alfa Products 

6-ethoxy-2 -mercaptoben zothiazole 

Frinton Labo ratories 

Koch 

2-mercapto-4 -phenylthiazole 
t ri tylthiol 

2 -me rcapto imidazoline 

K and K Laboratories Inc 

diphenylphosphinodithioic acid 



S igma 

N-2 -mercaptopropionyl g lycine 

Aliphati c  and aromat ic nitrogen bases were obtained f rom either Aldrich or 

B . D . H .  

The remaining ligands were synthesised a s  fol lows : 

phenylg lyoxal 

Thi s  was prepared according to the method of H . A .  Riley and A . R .  

Gray ( Organic Syn theses Col lect ive Vo lume 1 9 4 3  p . 50 9 ) .  

phenylglyoxal bisthiosemicarbazide 

Phenylg lyoxal ( 5 . 6  g )  was ref luxed with thiosemicarbazide ( 5 . 6 g )  in 

95% ethanol for 3 hours . On coo l ing crystals precipitated which were 

collected and re- crystal l i sed f rom 1 0 0 %  ethano l .  Found ( % ) :  C ,  4 3 . 2 ;  

H ,  4 . 5 ;  N ,  2 8 . 9 . c 1 0H1 1N6 s2 requ i res : C ,  4 3 . 0 ;  H ,  4 . 0 ;  N ,  3 0 . 1 .  

ben z i l  bisthiosemicarbazide 

The compound was prepared according to the method of B . A .  Gingras 

et a l . ( Can . J . Chem, 1962 , �. 1 0 5 3 ) .  

Mpt = 2 13 -2 16°C ( Lit . • 2 17°C ) . 

3-ethoxy- 2 -oxobutyraldehyde ( I )  

3-n-heptoxy-2 -oxobutyraldehyde ( I I )  

The g lyoxals were prepared according to the method of  R .  Moffet 

et al . ( J . Am . Chem . Soc . ,  19 57 , �. 1 6 8 7 ) .  



The new compound ( I I )  was vacuum distilled at 96-98°C ( 0 . 15mm Hg ) .  

The bisthiosemicarbazides of I and I I  were p repared according to the 

method of H . G .  Petering et al ( Cancer Res . , 1 964 , �. 3 67 ) .  

That of ( I I )  was identif ied by the mass spectrum of its  copper and nickel 

+ + . 4 derivatives obtained in s itu ( M  ( Cu )  = 407 , M ( N � )  = 4 0  . 

2 -benz imidazoleethanethiol 

Thi s  compound was a generous g ift of Dr E. Ainscough . 

2 .  P reparat ion of Solvents 

For s ynthetic work so lven t s  were of laboratory reagent grade or 

better and were used a s  supp l ied . In spectroscopy,  where available ,  

• Analar• o r  spectroscopic g rade solvents were used after the appropriate 

treatment :  

acetone distil led and dried over anhydrous K2co3 • 

acetonitri le a four-step purifying procedure was used entailing 

ref luxing and disti lling off  anhydrous AlC1 3 , KMno4 , KHSo4 and 

CaH2 in that orde r .  ( Alternatively the so lvent ma y  be dried i n  one 

step by ref luxing and storing over P2o 10 ) .  

N , N ' -dimethylfo rmamide ref luxed and stored over CaH2 ( vacuum 

disti llation requi red ) .  

chlo roform dried over mo lecu lar sieves type 4A . 



pyridine , 3-methylpyridine ref luxed over CaH2 , dis t i l led on 

to mo lecu lar s ieves type 4A . 

nitromethane dried over mo lecu lar sieves type 4A . 

3 .  Mass  spectral dat a  

Parent ions and s ignif icant f ragmentation peaks with intensities 

relative to the most abundant ion ( 100 ) are presented here for the fol low-

ing organic species : 

compound 

diben zothiazo l-2 -yl sulphide 

di-6-ethoxyben zothiazo l-2 -yl su lphide 

diben zothiazo l-2 -yl d i su lphide 

di-6-ethoxyben zothiazol-2 -yl disu lphide 

di-4-phenylthiazol-2 -yl  disu lphide 

4 , 5-diphenylimidazol-2-yl  ethyl ether 

Note : relative inten s ity  in bracket s .  

4 .  Miscellaneous Reactions 

mass  of  parent 
ion ( M  ) 

300 ( 100 ) 

388 ( 100 ) 

332 ( 3 0 )  

42 0 ( 2 7 )  

384 ( 2 8 )  

3 12 ( 9 0 )  

mass of fragment 
peaks 

2 56 ( 5 ) ,  2 4 2 ( 2 9 ) 
1 6 ( 8 ) ,  108 ( 2 2 ) 

3 59 ( 3 1 ) ,  3 3 1 ( 17 ) 

2 68 ( 6 ) ,  1 67 ( 10 0 ) 

2 1 1 ( 100 ) ,  183 ( 87 )  

19 3 ( 7 8 ) ,  134 ( 1 00 ) 

2 67 ( 100 , 2 19 ( 2 3 ) 
19 3 ( 2 8 )  

Recorded here are experimental detai ls for a variety of compounds 

which warranted fu rther invest igation , but for reasons of their 

suitability to the the s i s  prescription were left at the stage indicated . 

A .  Pheno lato-hydroxo complexes o f  copper ( I I )  

3 Cupric acetate ( 0 . 0 1  mo l )  in water ( 50 cm ) was added s lowly to 



the appropriate pheno l ( 0 . 02 mo l )  in water containing 0 . 0 2  mol NaOH . I n  

every case except ortho-aminopheno l where a grey precip itate appeared 

( [ Cu ( ortho-aminopheno l ) 2 ] ) ,  a green sol id p recip itated with analysis 

f igures correspon�ing to the formulation cu2L ( OH ) 3 . xH2o ( where LH was the 

pheno l used ) : 

Compound 

d 
[ Cu2 ( phenol ) ( OH ) 3 . H20 ]  

[ Cu 2 ( p-methoxyphenol >1 OH ) 3 ] 

[ cu2 ( p-chloropheno l >1 OH ) 3 ] 

d 
[ Cu 2 ( p-nitropheno l ) ( OH ) 3 ] 

[ Cu 2 ( 3 , 4 -dimethylphenol ) ( OH ) 3 ] 

. d [ Cu ( ortho-am�nophenol ) 2 J . H2o 

c 

24 . 3 ( 2 4 . 8 )  

2 8 . 5 ( 2 7 . 8 )  

2 5 . 2 ( 2 3 . 5 )  

22 . 7 ( 2 1 . 7 )  

3 1 . 8 ( 3 1 . 9 )  

48 . 1 ( 4 8 . 4 ) 

Analys is  ( % )  

H 

3 . 3 ( 3 . 8 )  

3 . 5 ( 2 . 7 )  

2 . 4 ( 2 . 6 )  

2 . 3 ( 2 . 4 ) 

3 . 9 ( 4 . 3 5 )  

4 . 6 ( 4 . 7 )  

Other 

1 1 . 4 ( 10 . 3 ) a 

12 . 3 ( 1 1 . 6 ) b 

c 4 . 2 ( 4 . 2 ) 

c 9 . 2 ( 9 . 4 ) 

Note : theoret ical figures bracketed . 

a .  % OMe 

c .  % N 

b .  

d .  

% C l  

Anion bound 

B .  Compounds o f  2 -aminothiopheno l ( LH )  

Addit ion of L H  ( 0 . 0 1 mo le ) 

3 . or Cu ( N03 ) 2 . 3H2o in ethanol ( 50 cm ) produces a beige-brown-red 

precip itate which was immediately f i ltered and washed with ethano l twice . 

I I  I Compounds of formu la Cu 4cu L6x3 were postu lated f rom analys is f igures 

( theo retica l  bracketed ) :  

I I  I Cu 4cu L6 ( N03 ) 3 C ,  34 . 7 ( 34 . 4 5 )  H ,  3 . 0 5 ( 3 . 4 ) N ,  9 . 2 ( 10 . 0 ) ;  

I I  I Cu 4cu L6 ( C l04 ) 3 C ,  3 1 . 9 ( 3 1 . 7 )  H ,  3 . 0 ( 2 . 8 )  N ,  5 . 8 ( 6 . 2 )  C l ,  7 . 5 ( 7 . 8 ) .  



C .  Reaction o f  2 -mecap tobenzimidazo le with excess cuc1 2 . 2H20 

3 
To CuC1 2 . 2H2o ( 1 3 . 6g ,  0 . 080  mol )  in ethano l ( 2 0 0  cm ) was added 

dropwise 2 -mercaptobenzimidazole ( l . SOg , 0 . 0 1 0  mol ) .  After two weeks the 

remaining undis so lved s lurry was f i ltered . On evaporat ion of the ethano l 

the excess cuc1 2 . 2H20 was removed by washing w ith water . The remaining 

so lid was disso lved in ethano l yielding a g reen un identif ied compound 

( presumably cupric ) and large whi te needles of a compound identified by 

mass spect roscopy as chlorobenz imidazole .  
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