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ALESTRACT

Transition retal complexes of ligands ccentaining
thioether sulpliur have been investigated. Section I,
concentrates on Cu(Il) complexes, anéd to a lesser extent
Cu(I) complexes, of mixed sulphur-nitrogen ligands.
Some complexes of Co(II) and the d8 retal ions, Ti(II),
Td(II) and Tt(II), have alsc teen includeéd. In Cection II,
complexes of the Croup VIE metals (Cr(C), 'o(C), v (C)) are
discussed.
SHCTEECR_T

A1l of tke complexes have been investigzted using
infrared and electrenic spectrcscopy, with electronic
spectra for scre of the Cu(Il) cerrlexes alsc reing
reccrded at SCK. The Cu(II) corplexec Lave alsc teen studied
using electron spin rescrance (esr) spectroscopy. For a
variety of sclvents at 77K, esr has been esrecially useful in
revealing the complex behavicur of some of the compounds.

i) Complexes of 2-(3,3-dimethvl-2-thiabutyl)pyridine (ttmp)

The ligand has teer used to prerare the Cu(II) complexes,
Cu(tbmp)nX2 (n=1, X=C17, Br ; n=2, X=BF4", c1oZ, Cl™, Br7),
[Cu(tbmp)2X]BF4 (¥=C1™, Br ), and the Cu(I) complexes,
Cu(tbmp)nBr (n=1,2) and Cu(tbmpH)X2 (X=C17, Br ).

Crystallographic studies are rerorted feor Cu(tbmp)?rz,
Cu(tbmp)2Er and Cu(tbmpH)Erz.

Cu(tbmp)Er2 crystallizes as discrete, non-centrosymmetric
dibromo-bridged dimers ([Cu(tbmp)?rz]z), in which eack Cu(II)
centre has a distorted tetragconal pyraridal envircnment.,

The tetrahedrally distorted basal plane of eack Cu(II) centre

consists of one thioether sulphur ligand, (rean Cu(ILI)-S =



2.352(6) R), one pyriéyl nitrogen (mean Cu(LL)-N =

2.06(2) &) and tvo troride ions [one terminal (mean Cu(II)-
BoE 2uB7243) K) and one tridging (mean Cu(IlI)-Pr =
2.415(3) K)]. The apex cf each tetragonal pyramid is
formed by a long tond to the bridging, P2sal tromide ion
(rmean Cu(II)-Br = 2.9C2(4) A) of tre second Cu(II) centre.

In monomeric, distorted tetrahedral Cu(tbmp)2Er,
each Cu(I) ion is tound ty a termirnzl tromine (Cu(I)-Fr =
2.426(2) K), two thicether sulphur atoms (mean Cu(I)-S =
2.331(4) &) and a ryridyl nitrcegen (Cu(I)-Y = 2.11(1) k).

Cu(tbmpH)Br2 forms centrosyrretric dimers
([Cu(tbmpH)Brz]z), in which the distorted tetrakedral Cu(I)
centres are btridged by two tromide icns (rmean Cu(I)-Br =
2.5¢7(1) ). The two remaliring cceordinatirg positions of
eac:. Cu(l) ion are occuried by a terminal btrcmide ion
(Cu(I)-Br = 2.363(1) &) and a sulphur-bound (Cu(I)-S = 2.276
(2) &) tbmpH' cation.

The structural data for these and related complexes
are used in attempting to understand tlie nature of Cu(I) and
Cu(II) interactions with tiologically relevant ligands.

The spectroscopic data suggests that the Cu(tbmp)2X2
complexes are cis-octahedral in the solid state, whereas the
[Cu(tbmp)2X]BF4 complexes are tetragonal pyramidal.

An unstable deep blue species is formed by the
addition of t-tutyl tliolate tc Cu(thmp)2X2, where X is
C104_ or BF4-. The displacement of tbmp (by pyridine)
from Cu(tbmp)zx2 (X = C17, BF4_) is also discussed.

Witk Co(II) and NXi(II), the cis-octahedral H(tbmp)zxz
(X=C17,Br ) and N(tbmp)2(0104)2.nH20 (n = 1,2) comrlexes

have been characterized.



The nature of parcmagnetic metal ion EJ:Cu(II),
Co(IIﬂ interactions with tbmp under hydrorlotic ccnditions
are investigated using ]H nmr spectrosccpy.

ii) Complexes of 2-etkhvlthioetlkylamine (etea)

The tetragcnal complexes Cu(etea)X2 (X=C17, Br ),

Cu(etea)2X2 (X=BF cie, , €1, Br ) and [Cu(etea)2C1]EF4

4 7 4
have been characterized ané tle displacement cf etea from
Cu(etea)2(0104)2 (by »yridine), ics discussed.

L) Complexes of 2-methyvlthio-2-imidazoline (mti)

In the reactions of mti withk MN(II), the tetragonal

complexes Cu(mti)4X (X = BF,, C17, Br ) were successfully

2 4

syntlresized, together witl a tetrakedral ccecrplex, Co(mti)3C12.

In the latter, one mti mclecule arrears tc rerain uncorplexed.
%ith Cu(mti)4(BF4)2, tl.e ligané is nect displaced by

an excess of pyridine. A ' nmr line breoadening exreriment

provides g.od evicdence for Cu(II) binding to mti via its

non-rrotonated nitrcgen.

iv) Complexes of 2-(3,3-dimethyl-2-thiabutyl)guinoline (tbmg)

With tris ligand, the pseudotetrahedral Cu(II) complexes,
Cu(tbmq)X2 (X = C17, Br ) and the Cu(I) complexes, Cu(ttmgq)ZBr,
Cu(tbqu)Br2 and Cu(tbmq)20104, were synthesized. In
contrast to tbmp and etea, tbmq does not form the six-
ccordinate complexes, Cu(tbmq)2X2 5 = €1 g Bz e

v) Complexes_of 3-(2-methvlthiophenvlimino)campror (L)

Altliough I is cusceptible to hydrolysis, the
successful isolation and clkaracterizaticn cf tre pseudo-
tetrahedral Cul(ClO4)2.acetone.xH20 (x = C,2) complexes was
achieved from acetone sclutions. A 1H nmr line broadening
experiment indicates tlat Cu(II)/S(trioether) interactions

take place under hydropliobic conditions.



vi) Complexes of 1,2-bis(pentaflucrorhenylthio)etlane (frte)

SEt)

and ethylthiopentafluorobenzene (CéF5
In order to determine the effects of the electro-
negative pentafluorcphenyl substituents, the spectrosccric

data for cis-FtCl,fpte, cis-FdCl fpte and trans—PtC12(06F SEt)2

]
are compared with the data for scme related tkiocther ligand
complexes. The results can be explained by a comparison of
tke ionisation potentials of the sulrkur lone-pair electrons
of frte (as determined by photoelectron srcctroscopy) with
tlose of 3,4-bis(alkylthio)toluene (alkyl = methyl, ethyl)

and meta- and nara-bis(methylthio)benzene.

SHETTEN LI

A1l of tle carbonyl complexes in tlis Section have
been characterized bt; infrared anc electrcnic spectroscopy
and in most cases, 1H nmr spectroscopy.

< Complexes of 3,4-bis(methylthio)toluene (rmtt) and

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

The bridged-ligand complexes, [N(CC)s]mett and
[H(CO)S]Zbett (M=Cr, %), and the chelated-ligand complexes,
N(CC)4bmtt and K(CC)4bett (L=Cr, Vo, W) were characterized
in this study. On the basis of force constant calculations
and electronic spectra, it is arrarent that for aryl trioether
ligands such as bmtt and bett, the sulphur atom acts as a
poorer o-donor and, in general, a better Ti-acceptor than
it does in aliphatic thioetker ligands. A similar

conclusion is reached for C6F SEt (sce above), with which

3
unstable N(CC)506F58Et (M=Cr, V) complexes were synthesized.

Reactivity studies are reported for [W(CC)B]Qbett

and the mass spectra of [W(CC)5]2bmtt and the N(CC)4bmtt



(K=Cr, %Yo, W) complexes arc discussed.

13C nmr sypecira were recorded for [1(@0)5]2bmtt,
N(CC)4bett (V=Cr, W), Cr(CC)4bmtt and tt.e ligands. The
13¢0 chemical shifts for [K(CC)5]2bmtt and the W(CO)BI
complexes of phosrkorus and nitrogen ligands are correlated
witli their Cotton-l'raihanzel cartonyl force ccnstants.

80 ) Complexes of 2-ethylthioethylamine (etea) and

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

Both the bridged-ligand [F(CO)S]Qetea (I'=Cr,Ww)
and the chelated-ligand F(CO)4etea (V=Cr, I'o, W) complexes
were characterized for etea. Iowever, only the clkelated-
ligand complexes were isolated and characterized for tbmp,

13¢ nmr spectra for etea, Cr(CO)4etea and 1'o(CC), etea

4
(the carbonyl complexes strowing two distinct trans—13CO
resonances) and reactivity studies for [“(CC)s]Eetea and

W(CC)4etea, arc also discussed.

iii) Comnlexes of 2-methylthioanrniline (mta), 2-methyvlmercapto-

benzimidazole (mmbi) and 2-methylihio-2-imidazoline (mti)

The combined spectroscopic data for the K(CO)SL
complexes of these ligands, shows that mmbi and mti prefer
to tind to the zero-valent Group VIB metals via one of their
nitrcgen donors. Cn the other hand, mta rrefers tc bind via
the thioetlher sulphur.

Alt¥oupl: the comprlexes of mta could not be isclated
ir an analytically pure form, good evidence for their
identities was provided by their infrared and mass spectra
and the observed replacement of mta from %(CC)Smta, by

triphenylphosphite.
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THIS V.ORK

tbmp _ = 2-(3,3-dimethyl-2-thiabutyl)pyridine

tbmpH+ = 2-(3,3-dimethyl-2-thiatutyl)pyridinium cation
etea = 2-ethylthioethylamine

mti = 2-methylthio-2-imidazoline

tbmg = 2-(3,3-dimethyl-2-thiabutyl)quinoline

tbmgH® is analogous to ttmpH' (above)

I =3-(2-methylthiophenylimino)carpkcr
fpte = 1,2-bis(pentafluorophenylthio)etlane
C6F583t = ethylthiopentafluorobenzene

bmtt = 3,4-ris(methylthio)toluene

bett = 3,4-bis(ethyltkio)toluene

mta = ¢Z-methyltrioaniline

mmbi = Z2-methylmercaptotenziridazole.
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TE = 3,4-bis(2-aminoethylthio)toluene

! = N-(2-methylthiophenyl)(2-pyridyl)methylenimine
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GENERAI INTRCDUCT.LCN

The wide distritution of ccpper ccntaining proteins
in plants and animals has stimulated interest' in tlre
chemistry of Cu(I) and Cu(II) interactions with ligands
containing biologically relevant donor grours. TLe
intrinsic instability of Cu(II) interactions with
thioether-sulphur ligands (e.g. tetrahydrothiophene;
1ogK2;:~'C.4)2 compared to nitrogen donor ligands (e.g.
pyridine; 1ogK2;i =2.54)° and the instatility of
Cu(II) interactions with thiolate sulphur, have prctably
been partially responsible for a previous general lack
of.interest in the study of su]phur—ligand/Cu2+ cremicstry.
However, within the last five years or so, inorganic and
tioinorgaric chemicsts Lave tecore aware that ccordinzted
cysteine thiolate and/or methionine thioether sulphur are
rrobably resronsitle for the intense optical atsorpticns
that ere observed near 6CC nm* in the "blue" copper
proteins. The realisation that coordinated sulphur can
impart such unusual optical properties on a Cu(II)
chromophore, has thus resulted i a prroliferation of studies
into the chemistry of sulphur-ligand/Cu2+ interactions.

Viidespread investigations into the chemical and
rhysical properties of metal carbonyl complexes have
arisen from attempts to understand and explain their tonding,
spectroscopic and structural characteristics. However,
thhere has also been an interest in the use of carbonyl

complexes as catalysts in the chemical industry and as

spectroscopic probes for the characterization and



comparison of ligand bonding properties. The tonding
characteristics of a particular type of ligand are

often more easily interpreted from the study of metal
carbonyl complexes. This is beczucse the influence of the
ligand on the srectroscopic and chemical prorerties of
the complex can be conveniently studied by a variety of
techniques: for example, IR, Raman, electronic, 1H nmr
and 13C nmr spectrcsccpy, and crystallographkic and
reactivity studies.

Information obtained from the study of metal carbonyl
complexes of tiologically relevent ligands, can be used
in considering the comrlexes cf these or similar ligands
with transition metal ions such as Cu(I) and Cu(II).
Hence complementary studies, such as those that are
described in this thesis, are of direct relevance in
attempting to understand the behaviour of related ligands

in biological systems.



SECTICN I

CCIPLEXES CF Cu(II), Cu(I), Co(II), Ni(II),
PA(II) AKD PL(II) VITE LIGANDS CCNTAINING

TRIGETHER SLITHEUR:



SECTICN I

INTRCDUCTION

Physical and chemical investigations into the
unusual spectroscopic properties of the "blue-copper"
proteins have imrplicated the binding of at least two
histidine nitrogens, a cysteine sulphur and a fourth
ligand, which has been proposed to be a methionine
thioether sulphur, a tyrosine phenolate or a
deprotonated, backbone nitrogenf Furthermore,
the results of both theoretical and "mocdel" Cu(II)-complex
studies suggested that a distorted tetrahedral Cu(II)
geometry was likely.

The crystal structure analysis of oxidised,
poplar-leaf plastocyanin5 vhich has been recently
completed, shows that Cu(II) in this Type I protein4
has a distorted tetrahedral environment, consisting of
two histidine nitrogens, a cysteine sulphur (thiclate)
and a methionine sulphur (thioether). According to the
Pearson classification of "hard" and "soft" acids and
basesf these ligands thus compromise tl.e requirements
of the Cu(I) and Cu(II) oxidation states.

The existence of the distorted tetrahedral Cu(II);
environment has led Freeman et glsto suggest that the
reduction of poplar-leaf plastocyanin can therefore
proceed without significant changes in the coordination
environment. On the other hand, the results of
crystallographic studies on "model™ Cu(II)/Cu(I) complexes
have led Rorabacher et al’ to speculate that the

reduction of Cu(II) in Cu-Zn superoxide dismutase



(in whicl Cu(IIl) has a saquare planar environment of
four nitrogen donors®) may be accompanied by
significaﬁt geometric rearrangements at the active site.
In each of the three comrarative, crystallographic
studies tlat have been reported for Cu(II) and Cu(I)
complexes of trioether-containinfg ligands,thQ"

it has been shown that a ckange in coprer oxidation
state is accompanied by significant structural changes.
Eowever this does not necessarily imply tkat such
cranges will be observed ir tke Cu-prcteins tecause of the
constraints trkat are imposed by the prcteins' structure.
Small changes may occur and these may be vital for the
prroteins' function. Such changes in the metal-ligand
bonding and/or the ccordination geometry of the metal ion
(occurring for example, when it changes its oxidation
state) may not be detectable by protein crystallography
because of the limited resolution.’ Trhe crystallo-
graphic study of low molecular weight complexes containing
biologically relevant ligands, is thus important in
trying to detect suttle structural changes.

Although transition metal complexes of mixed

sulphur-nitrogen ligands have been intensively studied,‘2

little attention has been paid to ligands that will
force Cu(II) into accepting a distorted geometry,
particularly distorted tetrahedral. Tespite the relative
ease with which simple, bidentate thioether-sulphur/
nitrogen ligands can be synthesized, suchk studies have been
been limited to 8—methyl'thioquinoline]3 and 2-methyl-

8-methylthioquinoline (mmtq)y Spectroscopic studies



suggested tkat the latter complexes (Cu(mmtq)X,
where X=Cl ,Br ) are distorted tetrahedral .’

No crystallographic studies have been rerorted fcr
thiese complexes.

Studies on simple ligand systems such as the
2-alkylthioalkylpyridines, have been limited to some
spectroscopic, preparative and statilit;-constant
studies on the Cu(II) ccmplexes of 2-methylthiomethyl-

9 ! 3,15
pyridine.

No attempt has been mace to
manipulate the coordination geometry of potential Cu(II)
complexes by putting bulky, thioether sidechains in
these ligand systems.

The synthetic, crystallographic and spectroscopic
studies that are presented in Section I cf this tlresis
were thus carried out for the following reascns:

i) to synthesize structurally distorted, low
molecular weight Cu(II) and Cu(I) complexes, using
sultably designed, biologically relevant, thioether-
nitrcgen ligands. Stability constant measurements show
that the Cu(II) complexes of both thioether-sulphur and
nitrogen donor ligands can be stabilized by the use of

the chelate-ligand effect (Table 1 ). This is a very
important factor vhen trying to isolate stable, but
structurally distorted, Cu(II) complexes;

ii) to carry out extensive spectroscopic studies on
these complexes; and

iii) to carry out crystallographic studies on a suitatle
Cu(II)/Cu(I) pair of complexes having similar ligand sets.

Before this work was started, no crystallographic studies



of this type had teen carried out on the complexes of
mixed thioether-nitrogen liganés. lNowever, only very
recently the crystal structures were reported for
a Cu(II)/Cu(I)’pair of complexes of 1,8-bis(2-pyridyl)-
3,6—dithiaoctane?
The Cu(II) and Cu(I) complexes of the follcwing

ligands have thus been considered:

- 2-(3,3-dimethyl-2-thiabutyl )pyridine ttmp
- 2-(3,3-dimethyl-2-thiabutyl)quinoline tbmq
- 3-(2-methylthiophenylimino)camphor I

-~ 2-ethylthioethylamine etea
- 2-methylthio-2-imidazoline mti

Of these ligands, tbmp, tbmc and I have not been
previously synthesized. Altlough etea ard mti are
extensively indexed in the chemical literature, the
studies on these ligands have been confined to their
utilisation in the photographic and pharmaceutical
industries.

This study has concentrated on Cu(II) and Cu(I)
complexes. However some complementary studies on the
Co(II) and Ni(II) complexes of tbmp have also been
carried out, in order to assist in the interpretation of
the spectroscopic data for the analogous Cu(II) complexes.

Iittle is known atout the effects of electro-
negative substituents on both the reactivity of thioether
ligands and the spectroscopic properties of their
transition metal ion complexes. Consequently the
reactions of 1,2-bis(pentafluorophenylthio)ethane and

ethylthiopentafluorobenzene (both are previously

unreported ligands) have been briefly investigated,



together with some of thke srectrcscopic prorerties

of their Ft(II) and FA(II) complexes.

TABLE 1
STABITITY CCISTANT DATA

LIGAND o REFERENCE
Pyridine 2 B4 3
[:ﬁi]
—
N
Tetrahydrothiophene ca C.4C 2
:S:
2-methylthiomethylpyridine BJ27 3
[:Qj]\
NZ NCH,SMe
2-methylthioethylamine 5.30 16
CH3SCH20H2RH2
2-aminomethylpyridine @ © 50 16
I =
NZNCH,NH,
2-(2-aminoethyl)pyridine 7.30 16
N

NZ MCH,CH,NH,



CHAPTER I

DIMERIC COPPER(II) CCMFLEXES

OF
2-(3, 3-DINETHYL-2-THIABUTYI )PYRIDINE (tbmp)

Vhen tbmp is reacted with CuCl2.2H20 or CuPr2

in 2 1:1 ratio, the dimeric Cu(II) complexes,
[Cu(tbmp)X2]2 where X is C1” or Br , are formed.

The structure of [Cu(tbmp)Br2]2 has been
determined by X-ray crystallography and the Cu(II) ions
are found to have distorted tetragonal pyramidal
environments. MNolecular weight measurements and
electronic, electron spin resonance and far-infrared

spectral data, suggest that [Cu(tbmp)C12]2 has a

similar structure.



TARIE 2

SUMMARY OF RESULTS - [Cu(tbmp)X,], DILERS

CONPLEX STATE STRUCTURE PHYSICAL TECHNICUE
[Cu(tbmp)Clz]2 solid dist. tetrag. pyr. dimer electronic, far-IR
CH2012 (rm.temp.) dist. tetrag.pyr. dimer electronic, V.. meas.
(77K) trig. bipyr. dimer esr
MeOH (rm.temp.) Cu(tbmp)Clz.(NeOH)n and
[Cu(tbmp)Cl.(NeCH)n]+ electronic, conductivity
(77K, 9CK) tetrag.pyr. [Cu(tbmp)2C1]+ +
Cu(MeOH)n2+ electronic, esr
CH3NO2 (77K) trig.biryr.dimer esr
[cu(tbmp)Br,], solid dist.tetrag.pyr.dimer X-ray

CH,C1, (rm.temp.)
(77K)

MeOH (rm.temp.)

(77K, 9CK)

dist.tetrag.pyr.dimer
dist.tetrag.pyr.dimer
Cu(tbmp)Erz.(MeOH)n and

. AT +
[Cu(tbmp)Br.(heOL)n]
tetrag.pyr. [Cu(tbmp)ZBr]+ +

Cu(heOH) °*
n

electronic,V.V.. meas.

esr

electrcnic, conductivity

electronic, esr
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e CRYSTAI STRUCTURE CF
BIS [DIBRONO(2-(3, 3-DINETHYL-2-THIABUTYL ) PYRIDINE)-
CCPPER(II)]

The experimental method tiat was followed in the
elucidation of thkis structure, is outlined at the end
of this Chapter. The observed and calculated structure
factors can be found in the Aprendices.

A. DESCRIFTICK

The ccmplex [Cu(tbmp)Br2]2 crystallizes as
discrete,nen-centrosymretric, ditromo-tridged dimers.
Each Corper(II) ion is bound by a chelated tbmp ligand
and three bromide ions in a distcrted tetragonal pyramidal
environment (see Discussion below). The trioetlher
sulphur and pyridyl nitrogen donors of tbmp, a terminal
bromide ion and a bridging bromide ion, form the
tetrahedrally distorted "tasal plane" of each tetragonal
pyramid. The apex of each pyramid is formed by a long
bond to the bridging, basal bromide ion of the second
Cu(II) centre (Figure 1a ).

The t-butyl tlrioether side-chains are directed
in such a manner as to apparently block the approach
of a sixth ligand tovards each Cu(II) ion.

The important structural details for [Cu(tbmp)Er2]2
can be found in Table 3a .

El. LISCUSSICN

Tetragonal Pyramidal vs. Trigcnal Bipyramidal
Nodel

Because the complex has a distorted structure, it
is not a trivial matter to choose the model whkich best

describes it.



Cno

FIGURE 1

Structure of [Cu('tbmr)]?r,}]z

L1



TABLE 3a
STRUCTUKAT DITAIIS FCR [Cu(thmn)Frz]z

FRQW ATOM  TC ATCM  DISTANCE/X FRCY ATCE  TO ATO:  DISTANCE/R
Cu1 Bri1 2.412(3) N2 c26 1.31(3)
Cui Bri2  2.356(3) N2 c22 1.36(3)
Cu1 Br21 2.965(4) C11 c12 1.48(3)
Cul S1 2.353(5) c12 c13 1.40(3)
Cuil N1 2.04(2) C13 C14 1.39(3)
Cu2 Br21 2.417(3) ci4 €15 1.42(3)
Cu2 Br22 2.388(3) C15 C16 1.41(3)
Cu2 Brit 2.839(4) C17 c18 1.54(3)
Cu2 s2 2.351(6) c17 c19 1.56(3)
Cu2 N2 2.08(2) c17 €110 1.55(3)
Cui Cu2 3.591(4) c21 c22 1.51(3)
Bri1 Bra21 3.648(3) c22 c23 1.4C(3)
51 c11 1.84(2) c23 c24 1.38(3)
S1 c17 1.9¢(2) c24 c25 1.41(3)
s2 c21 1.81(2) c25 c26 1.43(3)
s2 c27 1.84(2) c27 c28 1.58(3)
N1 c12 1.37(2) c27 c29 1.58(3)
N1 c16 1.35(3) c27 €210 1.54(3)
ANGLE DEGREES ANGIE DEGREES
Cul-Br11-Cu2 85.9(1) C12-C11-51 112(1)
Cul-Br21-Cu2 e3.c(1) N1-C12-C13 122(2)
Br11-Cui-S1 166.5(2) N1-C12-C11 117(2)
Br11-Cui-N1 23.1(5) C13-C12-C11 121(2)
Br12-Cui-Bri1  93.9(1) C12-C13-C14 118(2)
Br12-Cui-Br21  1C3.4(1) C13-C14-C15 12¢(2)
Bri12-Cui-S1 93.5(2) C14-C15-C16 119(2)
Br12-Cul-N1 153.9(5) C15-C16-N1 121(2)
Br21-Cui-Br11  84.8(1) C18-C17-C1¢ 114(2)
Br21-Cu1-51 82.6(2) C18-C17-C11C 108(2)
Er21-Cui-N1 1€2.3(5) C18-C17-81 103(2)
S1-Cu1-N1 85.1(5) €C19-C17-C110 111(2)
Br21-Cu2-Br11  87.5(1) €19-C17-51 11(1)
Br21-Cu2-S2 92.3(2) €116-C17-8S1 108(2)
Br21-Cu2-N2 171.C(5) C22-C21-S2 113(2)
Br22-Cu2-Br21  92.7(1) N2-C22-C23 120(2)
Br22-Cu2-Br11  125.3(1) N2-C22-C21 119(2)
Br22-Cu2-S2 142.1(2) €21-C22-C23 12¢(2)
S2-Cu2-Bri1 92.4(2) C22-C23-C24 119(2)
S2-Cu2-N2 85.3(5) C23-C24-C25 120(2)
N2-Cu2-Bri1 83.9(5) C24-C25-C26 118(2)
N2-Cu2-Br22 94.6(5) €25-C26-N2 121(2)
C11-81-C17 106.8(9) C28-C27-C29 1c9(2)
C11-S1-Cul 91.9(7) C28-C27-C21C 1C8(2)
C17-51-Cul 1€9.7(7) C28-C27-S2 1c8(2)
C21-S2-C27 104(1) €2¢-C27-C21C 113(2)
C21-52-Cu2 95.4(7) C29-C27-S2 1€5(2)
C27-52-Cu?2 106.9(7) C21(-C27-S2 114(2)
C16-N1-C12 12¢(2) :

C16-N1-Cu1 122(1) ) NOTE: - estimated standard
C12-N1-Cui 117(1) deviations are in
C26-N2-C22 122(2) ‘ parentheses.
C26-N2-Cu2 12€(2)

C22-N2-Cu2 117(1)



13




TABIE 3c
ATOMIC CCCRDIMATES AND ISCTROPIC THERMAL PARANMETERS FOR [Cu(;tmp]Erz]z

“ATCM x/a v/b z/c B/}2
Bri1 0.7661(3). 0.8560(2) 0.796C(2)

Bri2 0.9556(4) 0.6713(3) 0.6397(2)

Br21 1.0882(3) 1.C648(2) 0.7433(2)

Br22 0.7929(3) 1.1728(3) 0.7329(2)

Cui 0.8202(3) 0.7898(3) 0.6291(2)

Cu2 0.8929(3) 1.1144(3) 0.8388(2)

S1 0.9C44(6) 0.7792(6) 0.4843(4)

S2 1.0794(7) 1.2C71(6) 0.9991(4)

N1 0.625(2) 0.8C5(2) 0.574(1) 3.0
N2 0.72¢(2) 1.132(2) 0.922(1) 3.2
C11 €.8C3(2) 0.877(2) 0.482(2) 3.2
c12 0.640(3) 0.839(2) 0.503(2) 3.6
c13 0.508(3) 0.841(2) 0.453(2) 4.2
c14 0.364(3) 0.817(3) 0.483(2) 5.4
c15 C.348(3) 0.781(3) 0.556(2) 5.5
c16 0.482(3) 0.775(2) 0.599(2) 4.4
c17 0.783(3) c.605(2) 0.363(2) 4.0
c18 0.906(3) 0.546(3) 0.349(2) 5.4
C19 0.617(3) 0.527(2) 0.376(2) 4.5
C110 0.748(3) 0.615(2) 0.265(2) 4.5
c21 0.921(3) 1.163(2) 1.C58(2) 3.6
c22 0.763(3) 1.162(2) 1.021(2) 3.4
c23 0.656(3) 1.181(2) 1.083(2) 4.4
c24 0.507(3) 1.170(2) 1.044(2) 5.2
€25 0.462(3) 1.137(2) 0.941(2) 5.3
c26 0.577(3) 1.117(2) 0.881(2) 4.4
c27 1.165(3) 1.388(2) 1.069(2) 3.6
c28 1.272(4) 1.452(3) 1.184(2) 7.4
€29 1.284(4) 1.425(3) 1.C08(2) 6.9
€210 1.034(3) 1.438(3) 1.079(2) 6.6

_ estimated standard deviations are in parentheses.

TABIE 3d
ANISOTRCPIC THERKAL PARANETERS FOR [Cu(tbmp)Br,],

ATOM Bl1 B22 B33 B12 B13 B23

Brii 0.0178 C.0124 0.CCA49 0.0088 0.0052 0.0063
Bri2 0.0333 0.0230 0.C081 0.0223 0.C095 0.C112
Br21 €.0148 0.0143 c.ccs2 0.0072 0.C046 0.CC60
Br22 €.0212 0.C152 €.CC63 0.CC99 0.0030 0.0077
Cut 0.0143 C.0126 ©.C046  0.0089 0.0041 €.0062
Cu2 0.0132 C.0136 0.C039 0.CC81 0.CC31 0.C056
S1 0.C106 0.0095 0.0C37 0.0056 0.0027 ©.0C40
S2 0.0120 0.0128 0.0C042 0.C075 0.C028 0.0056



0 Cul _Environment: The angles that are subtended

at Cul by any two of the cis-coordinated atoms in the
Br11, Br12, S1, K1 basal plane, [N1—Cu1—Br11 (¢39),
N1-Cu1-S1 (85°), S1-Cul-Br12 (<3°) and Br12-Cul-Br11(c4°)]
do not represent a large distortion from an ideal
tetragonal pyramidal mocdel. The long Cul-Er21 bond

(2.6 k) and the displacement of Cul (-0.11 £ i.e.
towards Br21) from the Eri1, Br12, S1, N1 basal rlane,
(Table 3b) are consistent with Br21 being the apex of

this tetragonal pyramid.

The equatorial planes that are possible for a
trigonal bipyramidal Cul environment, are S1, Br21,
Er11 and N1, Br 21, Br12 respectively. In the former
"plane", S1-Cul-Br11 (166°) and S1-Cul-Br21 (83°) are
both distorted by about 40° from an ideal geometry.

In the N1, Br21, Br12 "plane", N1-Cul-BEr21 (102°) and
Br12-Cu1-Br21 (1030) are intermediate between ideal
trigonal bipyramidal and square pyramidal geometries.
However, N1-Cul-Br12 (154°) is significantly distorted
and the "axial" Cul-Br11 bond 2.412(3)R is longer
than the "equatorial" Cul1-Br12 bond 2.356(3)&

The latter observation is contrary to tlat which is

)

expected for trigonal bipyramidal 4 Complexeslm8

(Sl\cm /Br12

Ni— ; T~Brn
Br21\C 2 /52)
Brzz/ \N

o

C ssassm

2
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dngi ) Cu2 Environment: Similar arfuments can be

applied in considering the Er21, Br22, S2, N2 basal
plane of a tetragonal pyramidal model, in whichk the
long Cu2-Br11 bond [2.839(4) K] forms the apex of the
pyramid. The Cu2 atom is displaced by C.31 £

(Table 3b ) out of the basal plane, towards Bri1.

The most obvious equatorial plane of a trigonal
bipyramidal model, would be defined by Br22, Br11 and
S2. However, while Br22-Cu2-Bri1 (125°) is
consistent with this model, Er22-Cu2-S2 (142°) and
Bri1-Cu2-52 (92°) are very distorted. The angles
subtended at Cu2 [Pr22-Cu2-N2 (171°), N2-Cu2-Bri11 (84°),
Br21-Cu2-Bri11 (870)] in the equatorial plane (Br21,
Br11,N2) of the second trigonal bipyramidal model
that is possible, are also very distorted.

The following discussion is thus based on the
premise that the geometries of both Cul and Cu2 can
be best described as being distorted tetragcnal
pyramidal.

Distortions in the Cul and Cu2 Environments

The extent of the tetrahedral distortions in
the environments of Cul and Cu2 is shown by the
dihedral angles*(w1 = 28.9% ang W, = 3¢e.8° respective-
ly; these would be 0° for a square planar structure
or 900 for a tetrahedral structure) and the displace-
ments of the basal atoms from their mean least-squares

planes (Table 3b).

w, is defined by the planes through Cuil, S1, N1 and Eri1,

1
Br12, Cul while Wo is defined by the planes through
Cu2, S2, N2 and Er21, Br22, Cu2. See end of Chapter

for equations.



|7

TAPIE 3b
ATCN.IC DISFTACENTNTS FRQW BASAL TIANES

Plane 1: Defined by Bri11, Br12, S1, N1

Equation: -C.3836X-C.77C7Y-C.5C82Z = 8.4320
Plane 2: Defined by Br21, Br22, S2, N2
Equation: -C.1179X-C.824CY-(.4323Z = 10.8696

BASAL TIAKE DISFIACENENTS FRON PIAXE (R)

Plane 1 Br11[-C.35C(3)], Br12[c.321(4)],
cut[-c.112(3)], s1[-c.3eCc(7)],
N1[c.42(2)], Br21[-3.c74(3)],
cu2 [-2.729(3)]

Plane 2 er21[c.4cc(3)], Br22[-0.428(3)],
cuz2[C.313(4)], s2[-c.476(8)],
r2[c.sc(2)], Bri1[3.c25(3)],
Cut[3.268(4)]

The displacement of Cul and Cu2 out of their
respective basal planes, towards their apical bromide
ligands, is a normal observation for tetragonal
pyramidal Cu(II) complexes.

Possible Reasons For These Distortions.

In most square pyramidal complexes, the basal
donor atoms are either coplanar (with the Cu(II) ion
being displaced out of this plane, towards the fifth
ligand), or only moderate distortions from planarity
are observed.?®?

The large tetrahedral distortions that are seen in

this complex are not unknown however. For example,

in [Cu(BETE)C1,]," (bis[dichloro(5,8-ditkiadodecane)-
copper(IIﬂ ) deviations from C.41 R to 0.68 A are
observed.

Electronic and electron spin rescnance spectral

investigations (see 1.2 and 1.3 respectively) suggest
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that the distortions also exist in solution and in

various flasses at 77K. These observations thus

imply that crystal packing forces can be ruled out

as the source of the distortions in the solid state.

This is also suggested by the obtservation that there

are only two intermolecular contacts of less than

3.6 &. These are Br12(x,y,z)...C19(1—x,§,2)[3.57 ﬁ]
and c23(x,y,2)....C24(%,1-y,1-2z) [3.5¢ k]

Neither of these contacts could explain the distortions

in the structure of [Cu(tbmp)Br

2]2'
an The Cul-Br21 Bond: This bend (2.265(4) &) is

about C.13 & longer than the corresponding Cu2-Bri1
bond (2.839(4) R) and it can be seen that its length
will be limited by steric interactions between Br22
and C12 (Figure1b ) of the N1, C12-16 pyridyl ring.
The Br22....C12 non-bonded contact (3.62 &) in the
present structure corresponds to the sum of the

van der Waals radius of Br (1.95 &) and the half
thickness (1.7 ﬁ) of an aromatic ring system.22

The two halves of the dimer cannot therefore, be
brought any closer by a contraction in the Cul-Br21
bond. Because the dimer is not symmetrical, there
are no analogous steric restrictions on the length of

the Cu2-Br11 bridging bond.

ii) Tetrahedral Distortions in the Bri1,Br12,S51,N1
Basal Plane

The Br11...C16 contact (3.30 &) within the
Cu1(‘tbmp)Br2 monomer, is about 0.30 ) closer than the

normal van der Waals contact (ca 3.65 &) %



and it can be calculated that the Bri11....C16

contact would be about 3.1 R in an undistorted structure.
Such a close contact (3.1 K) would be quite

unacceptable when it is considered that in
Cu(cx—picoline)zclg24 an analogous Cl....C contact

of 3.34 )3 (van der Vaals contact = 3.50 X) results in
significant distortions in the «<-picoline ring that is
involved.

It is apparent trerefore, that thke Cut, S1, N1
plane in [Cu(tbmp)Br2]2 has twisted (Figure 1b) in
order to minimize potential Bri11....C16 interactions.
The extent of this twisting is limiteé by the Br22....C12
contact that was discussed above. The corresponding
twist of the Cuil, Er11, Br12 plane (in the opposite
direction) thus also helps to bring the bridging krit,
closer to Cul.

As a result of these distortions, N1-Cul-Br21
(102°) is increased and S1-Cul-Br21 (830) is reduced
from an ideal 90° while S1-Cul-Bri1 (166°) and N1-Cul-
Bri 2 (1540) are significantly reduced from an ideal
18¢°,

iii) Tetrahedral Distortions in the Br21, Br22, S2,
N2 Basal Plane

The distortions are analogous to those tlrat are
observed in the Br11, Er12, S1, N1 basal plane. In
an undistorted structure, the Br22....C26 contact
(Figure 1a) would be about 3.C k as opposed to 3.26 £
in the present structure. The Cu2, S2, N2 and Cu2,

Br21, Br22 planes must therefore undergo tetrahedral
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distortions in order to reduce this interaction.
The twisting of the Cu2, Pr21, Tr22 plane again
helps to bring the bridging Fr21, closer to Cuil.

The result of these effects is tkat S2-Cu2-Brzz
(142°) is significantly reduced from an ideal 1€0°
and the Br22-Cu2-Bri11 angle (125°) is increased by
35°, The remaining angles are only slightly
distorted.

The tetrahedral distortinns tlus arise from
atterpts to minimise non-bonded contacts witlkin
each Cu(tbmp)Br2 monomer. However, tlrey also lLave
the effect of bringing the tridging Pr atoms (Bri11 and
Fr21 respectively) closer to the oprosing Cu atoms.

Otr.er Intramolecular Contacts

The Br....Er, Br....S, Br....XN and Br....CH3
contacts in this molecule can be ruled out as
possible sources of major distortions.

) Br....Br contacts: The closest Br....Br

intramolecular contact (Br21....Br22, 3.48 K) is
about 0.5 X less than the sum of the van der Waals
radii (3.9C K).n Fowever there is no evidence for
anything other than a very minor effect on the
Br22-Cu2-Br21 angle (930). A comparable Br....PBr
contact (ca 3.4C R) in the structure of dibromo-
[2—(aminomethy1)pyridine]copper(II)25 does not
produce any major distortions either (Br-Cu-Rr, 920).

ii) Br....S contacts: The closest Br....S contact

(Br12....51, 3.43 k) would be about 3.33 X (van der

Waals contact, 3.8C )% if the geometry about Cu1
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was perfectly tetragonal pyramidal. However the
difference (G.1C ﬁ) is only minor. It is of_interest
to note tkat the Br21....S1 contact (3.54 £) has been
reduced from the 3.78 A contact trat would occur in
an undistorted structure. This suggests that
potential Br....S interactions do not play a very

important role in determining the over all structure.

iii) Br....N contacts: These have been observed

in the range from 3.1C to 3.2C i in complexes such as
dibromobis(2-methylpyridine)copper(II),?
dibromo[2-(2-aminoethyl )pyridine]copper(II),*

and dibromobis(2,3-dimethylpyridine)copper(II).”

Cn the basis of trese observations, the closest

3Pt
can not be regarded as being severe.

iv) Br....CH, contacts: The closest Br....CH

3 3
contact (Br12....C18, 3.86 k) is not significantly

less than the sum of the Br and CH3 van der Waals
radii (3.95 £) ® and it is comrarable to the
contacts (3.82 &, 3.7¢ R) trat are observed for
dibromobis(2-methylpyridine)copper(II).”

Other Structural Features

////Br11\\\\cu2
\\\\Br21’///

bridge (Table 3a) and the angles that are subtended

The Cu(II)-Br bonding within the Cuil

at the bridging bromide ions (Cul-Br11-Cu2=85.9(1)°
and Cul-Br21-Cu2=83.0(1)°) appear to be normal for
this type of tetragonal pyramidal dimer, as is the
Cul....Cu2 separation [3.591(4) X]. Relevant
canparisons are made in Table 4a.

The chelate bite [85.2(5)0] is slightly greater



TABLE 4a

CRYSTALLOGRAFPHIC DATA; BRCMC-ERIDGED, DIMERIC

Cu(II) CCMPIEXES

TERNINAL BRIDCING

COMPLEX Cu-Br Cu-Br Cu-Er-Cu Cu....Cu __ REFERENCE
[cu(tbmp)Br,], 2.356(3)  2.412(3)  &5.9(1) 3.591(4)  This Work
2.388(3) 2.417(3) 83.6(1)
2.965(4)
2.839(4)
[cu(dmen)Br,], 2.401(1) 2.463(2) 83.71(5) 3.57C(3) 19
2.868(2)
[cu(o<-pic)Br,], 2.413(3)  2.426(3) 1cC.4(1) 4.c26(6) 23
3.872(5)
[Cu(tmen)Br,], 2.4C 2.42 95.6(5) 4.20 28
3.20

¢ [cu(maep)Br,], 2.4C0(3)  2.468(2)  S2.14(9)  3.8C3(4) 29
2.8C2(4)

¢ trigonal bipyramidal Cu(II), remaining complexes

are tetragonal pyramidal.

- Dbondlengths are ﬁ, angles in degrees.

14
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than the chelate bite of 2-aminomethylpyridine in
one of its Cu(II) complexes [82.8(3)0] % put it is
within the range (74-86°) observed for otrer rigid

five-membered chelate ring sys‘tems.25

The chelate rings are puckered in a marner
similar to tl.at of the chelate ring in Cu(tbmp)zBr
(see Chapter 3). In the Cut, S1, N1, C11, C12
chelate ring, Cul, N1, C11 and C12 are coplanar
(see below), But S1 lies 0.851(6) & out of the
Cut, N1, C11, C12 least-souvares plane. Similarly,
in the Cu2, S2, N2, C21, C22 chelate ring, S2 lies
C.65C(8) £ out of the Cu2, N2, C21, C22 least-squares

plane. Cu2, N2, C21 and C22 are also coplanar.

ATCLS IN PLANE DEVIATICNS FRC. PIANE (&)

Eouation: 0.1C23X - 0.6203Y - C.77772 = -8.5448

Cui, N1, C11, C12 Cu1 N1 C11 C12 S1
0.014(3) -0.03(2) -C.02(2) 0.c4(3) 0.€51(6)

Ecuation: -0.0182X - 0.9102Y - 0.4138Z2 = -10.2334

Cu2, N2, C21, C22 Cu2 N2 C21 c22 S2
~0.014(4) 0.04(2) 0.02(3) -C.04(3) -0.650(8)

The Cu(II)=S Bonding

The Cu(II)-S bonds (mean 2.352(6) &) in

[Cu(tbmp)Br are within the range (2.3C3(1) -

2]2
2.488(3) k) observed for equatorial Cu(II)-S

(thioether) bonding. (Table 4b). The Cul-S1



and Cu2-S2 bonds of [Cu(tbmp)Br2]2 can be regarded

~ as being essentially single bonds as an ecguatorial
Cu(II)--S(thioether) sinfle bond is calculated to be
abcut 2,34 )\ [assuming the covalent radius of S

to be 1.04 k% and the in-plane radius of Cu(II)*

to be about 1.3C £ ] . It is evident from Tatle 4b
that Cu(II)-S bonds sipnificantly longer than ca 2.34
A are found. These may arise from unusual constraints
that are imposed by specific ligands.

The mean of the equatorial Cu(II)-S bondlengths
for Cu(II)-thioether complexes (Table 4b) is 2.342(2)
K. The difference between this mean and the Cul-S1
(2.353(5) &) and Cu2-S2 (2.351(6) &) bonds of
ﬁnmtbmp)Brz]z, is insignificant.

Cn comparing the tetrahedrally distorted Cu(II)-S
(thioether) bonding in [Cu(tbmp)Br2]2 and
[cu(eBrE)C1,]), (Cu(ID)-s = 2.3c8(2), 2.369(2) k)’

witk that of other Cu(II)-thioether complexes,
there is no evidence to sugfest that the Cu(II)-S
bonding could have been weakened as a result of the
tetrahedral distortions in these structures. Hence

although in complexes such as Cu(dth)z(BF4)2 (mean

Cu(II)-s = 2.317(2) R)¥ CuL3(c1o4)2 (mean =
2.303(1) X)f and [Cu(pdto)ClO4]Clo4 (mean =
2.313(2) )" it is apparent trat the Cu(II)-S

bonds are shorter than in [Cu(tbmp)Br2]2 and
[Cu(BBTE)Cl2]2, longer Cu(II)-S equatorial bonds are
found in complexes such as Cul4(C104)2 (mean =

2.366(1) 8)®  and Cu12012 (Cu(II)-S=2.410(5) &)

25



NOTES: - X = chloroacetate;

ax.

= axial

TAPIE 4b
Cu(II)-S(thioether) ECNDLENCTH DATA
CCMYLEX cujgggﬁsfﬁ STRUCTURE REFERENCE
[Cu(tbmp)Brz]2 2.352(6) Tetr. pyr. This VWork
Cu(dth)2(BF4)2 2.317(2) trans-tetr. 10
ku(1%010104]2 2.438(6) Dist.oct./dist.sq.pyr. 21
2.587(6) ax.
cur’cl, 2.341 Dist.tetr.pyr. 31
cur?c1, 2.416(5) Dist.sq.pyr. 32
Cu13(0104)2 2.3¢3(1) trans-tetr. 9
cur®(c10,), 2.366(1) trans-tetr. 33
BhﬂBBTE)ClZ]z 2.338(2) Tetr.pyr. 18
Bhﬂpdto)ClO4]Clo4 2.313(2) Tetr.pyr. n
[Cu(EEE)(1-xezm)](c1o4)2 2.414(2) Tetr.pyr. 34
2.56((2) ax.
cul? 2.488(3) Dist.tetr. 35
2.6C7(2) ax.
[cu,161% 2.318(1) Dist.tetr.pyr. 36
[cur](c1c,), 2.312(4) Tetr.pyr. 37
NOTES: - ax. = axial, all other Cu(II)-S bonds are equatorially
disposed.
TABIE 4c
Cu(II)-N(pyridyl) BCNDIENGTH TATA
MEAN
COMPLEX Cu(II)-N STRUCTURE REFERENCE
[cu(tomp)Er,], 2.06(2) Tetr.pyr. This Vork
Eu(aep)zBf]Br 2.C65(3) Intermediate S5-coord. 38
Cu(dmaep)Cl2 2.CC7(3) Dist.tetrahedral 39
[cu(pato)cro,]cac, 2.01C(5) Tetr.pyr. n
Cu(aep)2(0104)2 2.024(2) trans-tetr. 40
Cu(e¢ -pic),Br, 1.982(6) Tetr.pyr. 23
Cu(amp)Brz- 2.C11(9) Tetr.elongated oct.(pcly) 25
Cu(X -pic)X 2.16(1) ax. Tetr.pyr. 41

26
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In all of these complexes, the coordinated
thioether sulphur atoms are either ecuatorially
coplanar, or they are distorted by no more than C.C7 )\
from their respective eqguatorial planes.

The Cu(II)-N Bonding

Vhile the Cul-N1 and Cu2-N2 bonds (mean,2.C6(2) k)
of [Cu(tbmp)Br2]2 are longer than tkcse of other Cu(II)
complexes of substituted pyridyl ligands (Tatle 4c),
the differences are not statistically significant.

Tre Cu(II)-N bonds in tkis structure can be regarded
as being single bonds as the equatorial Cu(II)-X
single-bond is calculated to be about 2.C4 £ (taking
the in-plane radius of Cu(II) as 1.3C £* and the
single-bond covalent radius of N as C.74 £ ).

As with the Cu(II)-S bonding, there is no evi-
dence to suggest that the tetrahedral distortions
seen here, have any significant effect on the Cu(II)-N
bonding. This is supported by the fact that the
Cu(II)-N bonds in the distorted tetrahedral monomer
Cu(dmaep)Cl2 (2.007(3) R)” and in the tetragonal

26

complex Cu(aep)Br2 (2.C21(5) X; the coordinated

pyridyl-nitrogen atoms are distorted from the
equatorial, mean least-squares plane by up to C.38 ﬁ),

are indistinguishable from those of complexes such

as [Cu(pato)c10,]C10,"  (2.011(5), 2.0c8(5) &) and

Cu(amp)Br2 (2.011(9) ) 2 The latter complexes

exhibit planar, equatorial Cu(II)-N bonding.



1 2 EJ ZCTRCYIC SPECTRA

The tentative assignments for tle srectral
maxima have been made by comraring the spectra
of [Cu(tbmp)X2]2 with the spectra of the complexes
that are discussed in subsequent chapters.
Comparisons have also been made with published data,
where thke: are relevant.

The spectra ard the assignments are presented
in Table 5a.

A) LIGAND FIEID TRANSITIONS

Introduction

o

The d- configuration of Cu(II) can theoretically
give rise to a maximum of four d-d transitions but in
the majority of complexes, it is usual for only one

42,43
or two to be observed.

Trhe single, unraired
electron of the eg ground state will usually be

found in either the dxl , OT dzzorbital, depending on

y
the stereochemistry of the complex. The largest

proportion of complexes have a dxlnground state®
as these complexes have stereochemistries that can
be derived from a basic tetragonal stereochemistry.
However, consideratle overlap occurs between the d-d
transition energies of the various basic geometries
and as a consequence, it is dangerous to draw
conclusions about tle structure of a complex on the
basis of the electronic spectra alone '

Where it is possible, additional physical data such as
the esr spectra, which can give information on the

electronic ground state witl greater certainty, and

infrared spectra should also be considered.

28
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It is in the interpretation of the degree of
tetragonal distortion, that d-d absorpticn energies
become valuable. Incrcuacing ihe tetragonal distortion
shifts the centre of gravity of the transitions to

. . 44
kigher energies.

The Spectra of [Cu(tbmn)Brz]z and[Cu(tme)Clz]

2

i) Reflectance: The crystal structure of

[Cu(tbmp)Br2]2 shows that the Cu(II) ions have a very
distorted tetragonal pyramidal environment in which
the basal atoms have undergone significant tetrahedral
distortions. As a consequence of these distortions,
the ligand field maximum (84C nm) is at quite low
energy when compared to other complexes of this type,
such as Cu(«(—picoline)2}3r2 (6C4 nm) 2>

VWhile there are no other knovn examples of
CuSNX3 five-coordinate chromophores with which
comparisons can be made, [Cu(BBTE).2C1]2, (BBTE =
5,8-dithiadodecane) which is a distorted tetragonal
pyramidal Cu82013 dimer, has a ligand field maximum
at about 800 nm, (mull, 80K).mM7
[_Cu(tbmp)Clz]2 has a reflectance spectrum similar
to that of [pu(BBTE).2C1]2 and [Cu(tbmp)Er2]2 and it
is also dimeric in non-coordinating solvents. These
observations are consistent with [Cu(tbmp)C12]2
having a structure similar to that of the bromide
complex in the solid state.

The reflectance spectra of these complexes
(Figure 2a), are in agreement witl. the criteria

that were recently suggested for distinguishing

between square pyramidal and trigonal bipyramidal



FIGUEE 2

Electronic Spectra - [bu(tbmn)xz]z Dimers
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structures. From a study of [CuN5]2+ chrororhores,
Hathavay et gl‘a noted tiat tke lower energy
transition of square pyramidal stereocheristries
will be less intense than the main band, while in
trigonal bipyramidzl structures, tre lower intensity
shoulder will be blue-shifted in relation to the
main absorption band as sl.own in Figure Z2c.

FICURE 2c

IICAND FIEID MAYXIMA CF FIVE-CCCRDINATE Cu(II) CCMNFIEYES,

-

t
€

nm —» nm—

SQUARE  PYRAMIDAL TRIGONAL  BIPYRAMIDAL

It has alsc been suggested trhat d-d transitions
for square pyramidal complexes are found in the
general region from 55C-670 nm while for trigonal
bipyramidal structures, they are found from about
8C0-85C nm.” However, a limited numter of examples
taken from the literature (Table 5b) show that there is

an overlap between these two extremes.

el Dichloromethane: The spectra in this solvent

(Figure 2b) are very similar to the reflectance
spectra and the dimeric nature of the complexes in
chloroform (Table &) implies that the distorted
five-coordinate structures are being retained.

On the basis of Hathaway's criteria, the
[Cu(tbmp)X2]2 dimers are more likely to have distort-

ed tetragonal pyramidal structures in dichloromethane.



CCMPLEX

TABIE 5a

ELECTROKNIC SPECTRA, [bu(tbmp)XE]z COMNTIEXES

ASSIGILENT

[cultbmp)ca,],

372
433
gsct

[cu( tbmp)Brz] )

ca 370(sh)
420
560
gact

REFLECTANCE ASSIGNMENT _ CH,C1, (€)  ASSIGCNMENT VeCH (€)
2¢2(5452) aricalCl"—Cu(II)
ca 354(sh) o (S)— Cu(II) 357(1177)
367(3CC0) ClI-— Cu(II)
ClIm —Cu(II) 447(1133) Cl”— Cu(II)
IF goc (3ce)t LT esc(144)t
ca 32C(sh) apical Er — Cu(II)  309(2(62)
352(5C¢7) o(S)— Cu(II) 358(1276)
Br — Cu(II) ca 415 Pr-— Cu(II)
Br — Cu(II) 582(631) Pr-— Cu(II)
LF e7c (301 ) IF esc (267
extinction coefficients are 1.mol1.” " em.”!

absorption maxima are nm.;

- sh = shoulder; 1F = Iigand Field

t = asymmetric

- tbmp has intense intra-ligand charge transfer absorptions at about 265 nm.

c(S)=™Cu(II)

TN

Pr— Cu(Ill)
c(S)Cu(Il)

LF

(A



ELECTRCNIC SPECTRA OF

TABLE 5b

5-COCRDINATE Cu(II) CONPLEXES

CONPLEX LF MAXINA STATE REFERENCE
TETRAGCNAT FYRANIDAL X-Ray Spectrum
Cu(e< -pic),Cl1, 517(sh),585,  Refl. 24 46
625(sh)
Cu(°<-pic)2Br2 604 Refl. 23 46
[cu(tmen)c1,], ca 675 Mull, 8CK 47 47
[cu(eBTE)CL,], ca 8CC Mull, 80K 18 47
[cu(tmen)so, . (H,0),].H,0 676 Null 50 50
TRIGONAT EIPYRAMIDAT
Cu(pib)tu(C10,), 670 Refl. 51 52
Cu(dip)ztu(C104)2 770 Refl. 51 52
[cu(tren)ncs]scn 680(sh),840  Refl. 53 54
[Cu(bipy)zI] I 8C0 Refl. 55 56
Cu(NH,) ,Ag(SCN) , 69C(sh),781  Refl. 8CK 57 54
NOTES: - 1IF maxima are nm.
- sh = shoulder
TARIE Sc
C.T. ASSIGNMENTS FCR_[Cu(tbmp)X,]), AND [Cu(BETE)X,],.
CCONPLEX C.T. MAXINA/nm ASS IGNMENT
[cu(sBrE)CL,], 363 CI'— Cu(II)
449 6 (S)— Cu(II)
[cu(tbmp)ca,], ca 354(sh) o (8)—Cu(II)
367 CI"—s Cu(II)
447 CI"— Cu(II)
¢ [cu(srrE)Er,] , 358(sh) Br™— Cu(II)
ca 420 o (S)=—Cu(II) + Br'—Cu(II)
544
[Cu(tbmp)Br2]2 352 6(S)—Cu(II)
ca 415 Brr— Cu(II)
582 Br — Cu(II)

NOTE: ¢ mull data (8CK) for this complex, otherwise

CH2012

solution.



iii) Methanol: The disappearance of the charge
transfer absorptions trkat are assigned to "in-p%ane"
Cu-X (X=C1™, Br ) bonding, (see below), indicates
that the dimeric structure is not retained.

Partially solvated species such as Cu(tbmp)Xz.(NeOH)n
and  [Cu(tbmp)X.(¥eOH) ]* would account for the
low energy, ligand field maxima (85C nm for both
complexes) and the partial electrolytic behaviour
(Table 8) of the complexes in this solvent. Thus,

1 eCH
[Cu(tbmp)X2]2—e——-o Cu(tbmp)X, . (MeCH)  and

[cu(tbmp)X. (x eoH) ¥
where n= 1 or 2.

B) CHARGE TRANSFER TRANSITICNS (L — Cu(II))

Introduction®?

Iigand = Cu(II) charge transfer spectra are more
easily interpreted and are better understood than
1—Co(II) and I— Ni(II) charge transfer spectra.

In the latter group, transitions to metal states that
have different interelectronic repulsion parameters
result in a greater number of overlapping L— M(II)
charge transfer transitions.

Halogen ligands and thioether sulphur donors have

o and T -symmetry lone pair electrons and as a
consequence, two types of L— Cu(II) charge transfer
absorption can theoretically be observed:

i) o — singly occupied Cu(II) d-orbital, and

ii) M — singly occupied Cu(II) d-orbital.

If more than one ligand is bound to Cu(II) or if

spin-orbit coupling is sufficient to 1lift the

' 34
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degeneracy of some of the orbitals, several
absorptions of a specific type may be Qbsepved.

¥here the ligands do not have any TI-symmetry
orbitals (e.g. amine ligands), only o (L)— Cu(II)
charge transfer absorptions can occur.

The Spectra of [Cu(tbmn)Br2]2 and [Cthme)CI

2]2
i) X~ — Cu(II): Apical ligation of halide ions

should result in "weak" X~ —» Cu(II) charge transfer
absorptions at relatively high~energies‘7 but the
assignments of Schugar et al apply to mull spectra,
for which the intensities are not known. In the
spectra of Cu(etea)2012 and Cu(etea)zBr2 (see
Chapter 5), the absorptions that are assigned as
apical X = Cu(II) charge transfer transitions
(CH2012 solution) are reasonably strong, and are

1cm—1) and

observed at 283 nm ( € = 6825 1.mol.
327 nm respectively. Similar absorptions

(Table 5a) are also observed (CH2C12 solution) for
[cu(tbmp)c1,), and [Cu(tbmp)Br,], at 292 nm ( € =5452)
and ca 320(sh) nm respectively and these are thus
assigned as apicalIX-—ﬁ Cu(II) charge transfer
absorptions.

The remaining X3 Cu(II) charge transfer
absorptions are consistent with the equatorially
disposed Cu(II)=— X bonding that is shown by the
structure of [Cu(tbmp)Br2]2 and they are in
agreement with the assignments for square planar
58,59

CuX42- systems.

Support for these assignments comes from the



disappearance of the absorptions in methanol, the
implication being that the dimeric structure is
disrupted.

All of the X = Cu(II) charge transfer transitions
will arise from T -orbitals on the halide ions,58
the o(X )= Cu(II) absorptions being found only
at very high energies, (ca 2CO nm).

AL o(S)=—Cu(II): These absorrtions (Table 5a)

remain relatively constant in going from dichloro-
methane [X=C17, ca 354(sh) nm; X=Br_, 352 nm

(€ =5097)] to methanol solution [357 nm (€ =1177)
and 358 nm (€ = 1276) resp.] and on changing

the halogen.

iii) Discussion: The spectra of [Cu(tbmp)012]2
and [Cu(tbmp)Br2]2 are very similar to those of the
tetragonal pyramidal dimers, BhlBBTE.ZX]2

(BBTE = BuSCH,CH,SBu, X = Cl™, Br ) whose spectra
have been discussed by Schugar et glf7

However their assignments differ from those of this
work, being based on the assumption that the
c(S)=— Cu(II) charge transfer absorption occurs

near 440 nm as assigned for Cu(BBTE)2(CIO The

4)2’
charge transfer absorptions for the [Cu(tbmp)X2]2
and [CuBBTE.2X]2 complexes are compared in Table 5Sc.

€) ELECTRONIC SPECTRA AT SOK (in 2C% Glycerol/MeCH)

The respective sbectra are virtually identical
to those of the Cu(tbmp)2X2 (X =C17, Br ) and
[Cu(tbmp)2X]BF4 (X=C1™, Br ) complexes (at 90K) that

are discussed in Chapter 2. Hence the tetragonal
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pyramidal, [Cu(tbmp)zx]+ monomers (derived
according to equation (1)) are probably responsible
for these spectra (Table 11). The existence of a
solvated Cu(II) species, Cu(NeOH)n2+, is apparent
in the esr spectra (1.3) of the dimers in 2C%-
Glycerol/MeOH (at 77K), but this is not immediately
obvious in the electronic spectra at S0K.

(1) [cu(tbmp)x,],"XeR, [cu(tbmp) X]* + Cu(keoH)2* + 3

ol ELECTRON SPIN RESCNANCE SPECTRA

i) Introduction

Tv.o of the most important factors that determine
the esr spectrum of a Cu(Il) complex, are the
stereochemistry of the complex30 and the ligand
type G2

Tetragonal Cu(II) stereochemistries that have a
dxz__yzground state, result in |A"| values that
fall approximately in the range from 15C x 10_4
to 200 x 1074 cem™! and g, 1s greater than g, .
Several studies have now successfully shown that, in
agreement with theoretical predictions, distorting
a square planar stereochemistry towards a tetrahedral
stereochemistry generally results in a relative
increase in g, and a decrease in la,l for the same

61,62,63

ligand donor sets. For a given

geometry, smaller g values can be achieved by

substituting "hard" donor ligands with "soft" donor

2+
54

chromophores of Cu(dth)2(BF4)2 (g“ = 2.122 and

ligands and this is exemplified by the Cu



Cu(tctd)(C10,), (g, = 2.085).%

The spectral characteristics of the ideal
five-coordinate Cu(II) complexes are also well
established now. Trigonal bipyramidal Cu(II)
complexes have a d _, ground state and these are
recognised by gy being ca 2.00 and gﬂ;> gy
while |A,l and Al 1lie approximately in the
from 6C x 10~% to 100 x 10_40m-1.°4‘65
However, a complex where IA“I is as low as 38 x
[Cu—Zn(F6acac)2HZO], has been characterized.®®

While the Cu(II) complexes of thioether donor

ised

range

10_4cm

ligands

can have gl values that are characteristic of a

dz2 ground state ®° , trigonal bipyramidal comp

are easily recognised by their "reversed" spect
An excellent example of this type, is the powde
spectrum of Cu-Zn(F6acac)2.H20.66 Square

pyramidal complexes have a dx2-— yQground state
and this usually results in the spectra and esr
parameters being similar to those of tetragonal

67,68
complexes.®”

lexes

ra.

r

Intermediate five-coordinate geometries have

received little attention, although criteria we

recently suggested by Bencini et Q;JM for

re

recognising these geometries in frozen solution

spectra. Strong rhombic distortions, which res

ult in

one of the g values being less than 2.04, a more

diffuse spectrum in the high field region and a

normal tetragonal-like low field region, characterize

these spectra.

-1
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ii) The Spectra of Ehﬂtbmp)Brzjz and
[Uu(tbmn)cln]z
s

The calculation of the g and A parameters, and
the experimental conditions, are described in the
Appendices. The data for these complexes is given
in Table 6, for various glasses at 77K.

Dichloromethane and Chloroform: MNolecular

weight measurements (Table 8) indicate that these
complexes retain their dimeric nature in chloroform
and this is reflected in the poorly resolved esr
spectra69 (Figure 3). The broadening of the spectra
is probably due to exchange-coupling effects.”

The spectrum of [Cu(tbmp)Br2]2 in dichloro-
methane (Figure 3) could not be improved sufficiently
to enable the calculation of g and A values. The
diffuse nature of the spectrum at high fields would
be consistent with a distorted five-coordinate
structure.

Although the high-field region for [Cu(tbmp)C12]2
in dichloromethane is only weakly resolved (Figure 3)
(which may be indicative of an intermediate five-
coordinate geometry) > the g (ca 2.000, ca 2.349)
and A (ca 93, ca 71 x 107%em™") values strongly
suggest that its structure is trigonal bipyramidal.

Nitromethane: For [Cu(tbmp)Clz]z, the spectrum

(Figure 3) is quite well-resolved. Thc g value calcu-
lated for the weakly resolved peaks on the high-field
of the major spectral line is consistent with a
trigonal bipyramidal structure (g~ 2.00, lal~ 31 x 10

cm—1). Eowever, the difference between the

4
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FiCURE 3

ESR Spectra - |:Cu(1:‘tur:n))i2]2 Timers (at 77K)

2800

T
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Key to Figure 3

a - [Cu(tbmp)Cl2]2 in ckloroform

b - [Uu(tbmp)Br2]2 in dichloromethane
c - [Cu(tbmp)C12]2 in dichloromethane
d - [Cu(tbmp)Cl2]2 in nitromethane

e - [Cu(tbmp)Br2]2 in methanol

i - Cu(II) in methanol

NCTE: In all of the esr spectra tl.at are

presented in this thesis, the 28CC Causs field

line is given as a reference

point.

- 41



GAUSS

e

2800

42



TABLE 6

ESR_SPECTRA, [Cu(tbmp)X,], CCMPLEXE

CCMPLEX SOLVENT g, 104 1Al sen™! g eo“lgll /e g 14y
[Cu(tbmp)Cl2]2 CH,NO, ca 2.00 ca 31 2.227 135
CH,C1, ca 2.00 ca 93 ca 2.349 ca M
CHCl3 2.115
Acetone 2.136
MeOH a) 2.430 125
b) 2.279 144
Glyc/MeOH a) 2.426 123
b) 2.270 143 ca
[Cu(tbmp)Br,],  CH,NO, 2.104
CH2012 2.1C8
Acetone 2.131
MeOH a) 2.425 127
b) ca2.161 cal51 ca
Glyc/MeOH a) 2.424 121
b) 2.288 150
NOTES: - iso. = isotropic; shfs superhyperfine splitting; - in methanol glasses, species

G = Gauss;

- all spectra recorded at 77K.
- Glyc/MeOH=20% Glycerol/Methanol

a) is Cu(MeOH)rzl+ while species

b) is tetragonal pyramidal
[Cu(tbmp)z}{]+

shfs —

19 G

8 G

194
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low—field and high-field Al values (135 x 10~%

! resp.) is greater than previously

and 31 x 10 %cm™
observed for trigonal bipyramidal complexes.
According to these studies, IA"| and |All should

be of comparable magnitudesfl

Nethanol and 20% Glycerol/NeOH: There are two

major species present in these glasses (Figure 3).
Cne of the species is solvated Cu(II) [bu(NeOH)n2+]
as the €y and IA"| parameters correspond to those
that are measured for Cu(II) under the same conditions.
For [Cu(tbmp)Cl2]2, the identity of the second
complex is not immediatély clear although the
electronic spectra at S0K suggested that a tetragonal
pyramidal [Cu(tbmp)201]+ chromophore is present.

The two high-field peaks in the esr spectra of
[Cu(tbmp)Br2]2 correspond to those that are observed
for Cu(tbmp)ZBr2 and [Cu(tbmp)zBr]BF4 under the

same conditions (see Chapter 2). Hence the
tetragonal pyramidal monomer [bu(tbmp)zBr]+, is
probably present.

1.4 INFRARED SPECTRA

FAR INFRARED

In botk spectra (Figure 4) there are two

V. X=Br~; 227,244 cm” 1)

absorptions (X=Cl1; 282, 296 cm
that can be assigned as stretching vibrations of the
"equatorial" Cu—X bonding, but there are no

absorptions that can be readily assigned as stretch-

ing vibrations of the apical Cu—X bonding. The



FICURE 4

Far-IF Spectra - [Cu(tbmn]?iz]z Dirers

282 294

|

150 200 250 300 cm™!

X=C1~ V(Cu-Cl) absorrtions slown

227
150 200 250 390

X=Br_ J(Cu-Br) absorptions shown
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assignments are in agreement with those of

similar dimeric Cu(II) complexes, such as

[cu(ex -picoline),X,], (X=C17; 305 em™': X=Br™; 233 cm ')
23,24,72

and [Cu(dmen)X,], (X=C17; 302 cm™': X=Br™; 233 cm™ )7
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EXPERINENTAL

DETERI:INATICN OF STRUCTURE CF [Cu(tbmp)Br,]

2

i) General

The approximate unit cell dimensions of the
black crystals of [Cu(tbmp)Brz]2 were determined
by preliminary oscillation, Veissenberg and
precession photography. The crystals were prepared
as described in the SYNTHESES. Density measurements
and molecular weight determinations indicated that
there were two dimers per unit cell, suggesting the
space group P7 as the most logical choice. Accurate
cell dimensions were calculated after a crystal
had been aligned on a four-circle X-ray diffractometer.
The least-squares analysis of the positions of twelve

general reflections was used to define the crystal

orientation.

TAELE Ta
CRYSTAL DATA FOR [Cu(tbmp)Er,]

2
M.W. 809.30 £e.

CRYSTAL SYSTEM Triclinic

SFACE GRCUP Pi

CELL DINENSIONS a=9.040(1)& e¢=120.26(1)°
b=13.100(2) B=92.8C(1)
c=15.455(2) ¥=111.31(1)

CELL VOLUME U=1411 &3
DENSITY DX = 1.896 g cm™>
Depre = 1.9C5 g.cm™3(Z =2)
RADIATION Mo - Kex
fr(Ko-Ke9) 77.2 co”|

NOTE: * Determined by flotation method.
Measured in CH3I/p—dibromobenzene/bromobenzene
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ii) Data Collection and Reduction

The data was colleqtedAOn a computer
controlled Hilger and Watts four-circle X-ray
diffractometer for a crystal which had dimensions
of approximately 0.03 x C.01 x 0.C2 cm and which

was mounted about its a axis.

TAELE 7b
DATA CCLLECTION FOR [Cu(tbmp)Br,],

A 1o-Ke< 0.7107 &
Background Count Time 9 s. each side
Counting Steps 30
Counting Time/step T o5t S
Standard Reflections (-3, -1,c);(c,c,8)
The checks that were made on the standard
reflections did not reveal any significant ,
non-random, intensity.changes. The data was
collected (6341 measurements) for the hkl, hkl, hkl and
nkl reflections in two shells (0°< 6<20° and
20°¢ 8<26°). Equivalent reflections were then merged
to give 5504 independent reflections of which 3070
had intensities greater than 2c . Lorentz and
polarization corrections were applied to the data, but

no absorption corrections were made.

iii) Structure Solution and Refinement

Although it was apparent that quite a few of
the major vectors in the Patterson vector map were
related, the solution of this map was not obvious.
The program DANFIG, a locally adapted version of
OR'I'EP,73 was used to calculate the distanées of

the major vectors from the origin, as well as the



angles that arce subtended at the origin, by these
vectors. A copper atom was assigned to tle orifgin
and tliis fgave a set 6f Cﬁ—Br, Cu-Cu and Br-Er
vectors that were consistent witli a dimeric
structure, such as that shown in Figure 5.

PIGUEE 5
POSSIELE STRUCTURE, AS INDICLATED BY PATTERSCR VECTCRS

Hﬁ““ﬂw ,f””
,f”/’ “H““Hﬁ
\H\““u
/

’/,a”
\H\HH\

The coordinates of the two coprer and four
trorine atoms, that had been deduced from the
Fatterson map, were used to calculate an electron
density map phased on these atoms. The space group
was assumed to be P1 and copper (1) was kept at
the origin. This electron density map revealed the
positions of tke remaining copper and bromine atoms
and also the sulphur and nitrogen atoms. The
coordinates of all of the atoms that had been found
gave reasonable environments for each of the four
copper atoms in the unit cell.

Cn close examination of the atomic coordinates

at this stage, it was noticed trat pairs of atoms in

both dimers were related by an apparent inversion centre

centre. The space group thus appeared to be P1
as anticipated, and so the coordinates of the atoms
were adjusted accordingly. A second electron

density map was calculated after tlre new x,y,z

49
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parameters had been given one cycle of least-scuares
refinement. From this map, all of the remaining
tvienty carbon atoms were located.

The siructure was refined using the full-matrix
least-squares program, cucrs.”™ Tr.e least-squares
refinement was carried out on F, with tke quantity

:Ew(lFol —_— |FC|)2 being minimised and the weirht
(w) being 4(F)?/ [o (F )2 T%

Four cycles of least-squares refinement, with all
of tke atoms being given isotropic temperature factors,
reduced R to 0.174. A difference Fourier which was
calculated at this stage, indicated that there were
no unaccounted-for atoms in the unit cell. However,
Er12 had a pair of peaks of about 10 e.A—B associated
vvith it and the other heavy atoms had accompanying
pairs of pezks of up to 7 e,i—B. Trhis suggested trat
perhaps the unit cell was not truly centrosymmetric.
Various attempts to break the apparent centre of
symmetry were unsuccessful and so it was decided tc
retain the centrosymmetric space group. The bromine
and copper atoms were given anisotropic temperature
factors and refined. This was followed by a cycle in
which anisotropic temperature factors were also given
to the sulphur atoms and R was reduced to 0.080.
Corrections for anomalous dispersion were applied to
the bromine and copper atoms (as for Cu(tbmp)zBr) and
two further least-squares refinement cycles resulted
in R converging at 0.079 (R =0.097).

A difference Fourier indicated that there was



still some unaccounted-for dencity around the

bromine,copper and sulphur atoms. The highest

pair of peaks (ca 2.0 e.£73) was associated with
Br22, the rermaining heavy atoms having peaks of
ca 1.8 - 1.0 ej_3.

No attempt has been made to locate or

calculate the p~sitions of the Lydrogen atoms in

this structure.
The anisotropic atoms have the following RI'S

components of thermal displacement along the principal

axes, R:

ATON R = 1 R =2 R =3

Bri1 0.1404 & 0.2125 0.2624

Bri12 0.1576 0.2208 0.3777

Br21 0.1652 0.2231 0.2737

Br22 0.1495 0.2612 0.2841

Cul 0.1339 0.1822 0.2599

Cu2 0.1370 0.1876 0.2660

S1 0.1550 0.1740 0.2221

s2 0.1398 0.1828 0.2575

TABIE 7c
NEAN LEAST-SQUARES PLANE EQUATICNS

ATOMS IN PLANE EQUATICN

Cut, S1, N1 -0.0930X-0.8299Y-0.55012 = -8.2009
Br11, Br12, Cul -0.5632X-0.6917Y-0.4521Z = -8.3277
Cu2, S2, N2 0.1568X-0.9658Y-0.2066Z = -8.0053
Br21, Br22, Cu2 -0.2934X-0.7205Y-0.6283Z = -11.9320
Bri1, Cuil, S1, N1 -0.0649X-0.9015Y-0.42792 = -7.6152
Br12, Cuil, S1, N1 -0.2490X~0.6620Y-0.70702 = -8.9242
Br22, Cu2, S2, N2 0.2030X-0.7943Y-0.5726Z2 = -11.2541
Br21, Cu2, S2, N2 0.1091X-0.9857Y-0.12872 = -7.2846
N1, C12-16 0.1091X-0.6651Y-0.73882 = -8.4952

N2, C22-26 0.0001X-0.9357Y-0.35272 = =9.6056



SYNTHESES
General comments that relate to these syntheses
can be fovnd in the experimental section of the

Arpendices.

Pis[Dichloro-[2—(3,2-dimethv1—2—tkiabuty1)Pyridin€}
coppexr( Il }]

2 mmole of CuCl 2H20 (C.34C g.) were added to

o
2 mmole of ligand (0.363 g.) to give a dark green
sclution. Shiny dark green crystels were precipitated
from this solution after it haé been ccncentrated

in vacuo.

YIEID: 0.418 g. (66%)

Bis[Dibromo—[E—(3,3~dimethy1-2—thiabutv1)nyriﬁine]—
copbergIIﬂ

YWWith the solution Volume at a mininum, 1 mmole of

ligand (C.181 g.) was added to an excess of anhydrous
Cufr, ( > 0.223 g£.). Cooling the black solution

produced black crystals.
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TABLE 8
MISCELLANEOUS FHYSICAL DATA

COMPLEX COLOUR ___ M.P/°%C ANATYSES:Calc.(Found) /% CONDUCTIVITY/ohm™ 'molz'em? N.W:Neas.(Colc)
C H N Other _ CH,NO, ¥ eCH
Enutbmp)012]2 d.green  128-13C  38.C4 4.79 4.44 4 67 cpc13-%2§1§.

(38.24) (4.8C) (4.15)

[cu(tbmp)Br,], black 108-110  29.68  3.74  3.46  Br3s.50 10 74
(29.81) (3.85) (3.41)  (39.32)

NOTES: - molar conductivities at 25OC: Nitromethane 1:1 (7C-90), 2:1 (15C-17C)
Methanol (1C0-130), (210-25C).

- d = dark

Ncetone-662 £,

-7€5
3 (eC
Acetone-7

CHC1

€S



CHATTER 2

BIS [2-(3, 3-DINETHYL-2-THIABUTYL)PYRIDINE]

COPPER(II) COMPLEXES

The Cu(tbmp),%, complexes (X=5F4—, ClOZ, c1, Br )
that are describecd in this Chapter, are formed by tle
reaction of the respective Cu(II) salts with tbmp
in a 1:2 ratio. In the solid state, far-infrared
spectroscopic investigations (¥=Cl™, Br ) sucrest that
these complexes have distorted cis-octahedral structures
(Figure 6a) and the electronic spectral data is not
inconsistent with these results., llolecular model studies
also suggest that tlhe binding of anions will te lecs
sterically hindered if the tbmp ligands bind in a cis
configuration.

In sclution their behavicur is varied and the
species that are formed can be both solvent and
temperature dependent.

If LiBr and LiCl are rezcted with Cu(tbmp)2(3F4)2
in 1:1 ratios, the respective [Cu(tbmp)ZX]EF4 complexes
(X¥=C1™, Br ) are formed. These appear tc have tetragonal
pyramidal structures (Figure 6b) in the solid state and

in non-ligating solvents.
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23]

ICLRE 6

Fossible Structures for Cu(tbmn) X,

and [Cu ( thn‘nlzz] BF,_ Complexes

Cultbmp), X, s X=CI Br~

/—-N /N

S X S X

[

N

Figure 6a

[Cuitbmp), X]BF, ; X=CI7 Br~

Figure 6b



TABLE 9

SUMMARY OF RESUITS - Cgi;bmg!zzz CCMPLEXES

COMPLEX STATE STRUCTURE THYS [CAT. TECHNICUE
Cu(tbmp)Z)(2 solid cis-octahedral electronic
(X=BF, ", C104-) non-ligating solvent
(rm.temp.) cis- Elﬂtbmp)2]2+ electronic, conductivity
(77K) [Cu(tbmp)z]2+ minor sp. without excess tbmp. esr
Major species wlth excess tbmp.
ligating solvent
(rm.temp.) [Cu(tbmp)z.(solvent)zlz+ electronic, conductivity
(77K) VCu(tbmp)(solvent)z* (n=2 or 4,without excess tbmp) esr
ku(tbmp)z(solvent)nJ2+(n=0 or 2, with excess tbmp)
Cu(tbmp)2C12 solid cls-octahedral electronic, far-IR
non-ligating solvent
(rm.temp.) dist.tetrag.pyr. [Cu(tbmp)Clz]2 electronic
(77K) g_Lg—Cu(tbmp)zCl2 with and without excess tbmp esr
ligating solvent
(rm.temp.) Cu(tbmp)2C12v==- [Cu(tbmp)2C1.(solvent)]+ + C1™ electronic, conductivity
(In H,0, both Cl1~ dissocliate)
(77K, 90K) tetrag.pyr. [Cu(tbmp)ZC].J+ with and without
excess tbmp electronic, esr
ng-Cu(tbmp)ZCI2 in CHBNOZ' with excess tbmp esr
Cu(tbmp)zBr2 solid cls-octahedral electronic, far-IR
non=-ligating solvent
(rm.temp.) dist.tetrag.pyr. [Cu(tbmp)Br2]2 electronic
(77K) trig.bipyr. Cu(tbmp),Br, or [cu(tbmp),Br]* esr
ligating solvent
(rm.temp.) Cu(tbmp)zPrz.ZL-I:bu(tbmp)zBr.(solvent)]+ + Br- electronic, conductivity
(77K, 90K) tetrag.pyr. [Cu(tbmp)zBr]+ (2 isomers) electronic, esr
[Cu(tbmp)ZX] BF, solid tetrag.pyr. [Cu(tbmp)zx]*BF4' electronic , infrared
(x=C1~, Br-) non-ligating solvent
(rm.temp.) tetrag.pyr. [bu(tbmp)zx]+ electronic
ligating solvent
(rm.temp.) [Cu(tbmp)z)(.(solvent)]+ electronic, conductivity
(77K, 90K) tetrag.pyr. [Cu(tbmp)zx]+ electronic, esr

%9
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2.1 Z1.5CTRCIVIC SPECTRA

Where possible, the spectral maximavhave been
tentatively assigned, the assignments being based on
comparions made within this series of corplexes anc
according tc arguments presented in the literature.
The spectra and the assignments for Cu(tbmp)zx2
(X=C1cC,, BFZ, Cl™, Br ) and [Cu(tbmp)ZXZ]BF4 (X=C1~, Br )
are presented in Tatle 10.

A) LICAND FIELD TRAWSITICES

i) Cu(tbmn)2(010412 and Cu(tbmle(BF422

Reflectance: The ligand field maxima (60C, 5¢5 nm

resp.) are ccnsistent with the complexes having distorted
tetraronal geometries where the anions are weakly
ccordinated and this is supported b the infrered spectra
of thece complexes. The spectra are very cimilar to
those of the related complexes Cu(mmp)2(0134}2

(mmp = 2—methyl‘chiomethylpyridine)'5 and
Cu(etmp)2(BF4)2(etmp = 2-ethylthiomethylpyridine)”

which have been postulated to have tetragonal structures.
The ligand field maxima of these two complexes are at

ca 620 nm (shoulders at 600 and 710 nm) and 602 nm
respectively.

Solution: The spectra are unchanged in dichloro-
methane and in nitrobenzene (X:ClOZ only) and acetone,
they move to slightly lower energies. A red-shift of
15C nm occurs in methanol, implying that a solvated,
cationic complex such as [Cu(tbmp)z.(MeOH)2]2+ is being

formed.

ii) Cu(tbmp),Cl, and Cu(tbmp),Br,

Reflectance: Two absorptions are arparent
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(X201—; 730’ c

970(sh); X=Br ; 84C nm) althourh the
low-energy shou}der in eaclh spectrum ic not clex 1y
resolved. The spectra are consistent withZ the
complexes having distorted six-coordinate geometriesP

The far-infrared spectra of these complexes
suggest that the structures are distorted cis-
octahedral.

Few distorted cis-octahedral Cu(II) comrlexes
have been characterized and consecuently it is uncertain
whether or not trere is a basic Gifference between the
d-d absorptions of cis- and trans-tetragonal Cu(II)
complexes. The most well known cis-octahedral ccmplex,
[Cu(bipy)ZONC]NOB, and a series of closely related
complexes, have two distinct d-d maxima of about ecual
intensity at about 64C-70C nm and S25-1CSC nm in the
solid state, at room temperature7° Similar

distinctive splittings though, have been observed for

trans-tetragenal complexes and related to the degree of
tetragonal distortion.”

Solution: In coordinating solvents such as
methanol, two absorptions (Table 10, Figure 7) are
readily apparent. It is probable that partial solvation
is occurring as these complexes exhibit appreciable
conductivities in nitromethane and methanol (Table 14)
and in the latter solvent, the spectra are similar
to those of the [Cu(tbmp)ZX]BF4 complexes (X=C1~, Br )
under the same conditions.

In deionised water the 2:1 electrolytic behaviour

(Table 14) of Cu(tbmp)2012 suggests trat at least two



FIGUKE 7

Electrcnic Spectra - Cu(ih-rr.n)2P_r2

and_[Cu(tbrr),Br]EF,
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TADLE 10

ELECTRONIC SPECTRA, Cu(tbmp) X, AMD [Cu(tbmp) X]BF, CCOMPLEXES

COMPLEX REFLECTANCE _ASSIGNMENT CH,C1,(€) ASSIGNMENT MeOH(€) ASSIGNMENT ACETCNE CTHER
g0,
Cu(tbmp),(C10,), 420 a(s)—cu(rr) 3got a(S)=Cu(II) 346(1C23) o(S)=Cu(II)ca 3BC(sh)
ca 440(sh)  a(S)=—Cu(II) N 4C5(1562)
6C0O LP 600 LP 750(6C) LF 635(389) 637(556)
Cu(tbmp)z(BF4)2 407 a(S)—Cu(II) ca 37¢C(sh) a(S)—Cu(II) 344(1086) a(S)=Cu(II)  381(3166)
ca 455(sh)  o(S)—Cu(II) 387 a(S)—Cu(II)
595 LF 595 LF 745(74)t  1F 612(379)
ca 85C(sh)
Cu(tbmp),C1, ca 286(537C) aplcal Cl'—sCu(II) 8,0
368(2537) mixed 361(148C) mixed ca 351(sh) 343(1C58)
ca 410(sh) mixed 448(926) Cl—sCu(II) 440(1C61)
730 LF 812(195)t 1r 810(209) 1IF 820(178f 765(91)!
ca 97C(sh) LF ca 965(sh) LF
Cu(tbmp)zﬂr2 ca 32C(sh) aplcal Br=—eCu(II) 310(1892) Br—sCu(II)
354(4685) mixed ca 342(sh) mixed 352(4078)
ca 450(sh) mixed ca 410(sh) Br—Cu(II) ca 415(sh)
58C(546) Br—Cu(II) 577(4C3)
gaot LF 862(327) 1IP 8oc(3s5¢)  IP 875(318)"
ca 940(sh) LF
[cu(tvmp),Cc1]BE, ca 280(sh) _ Cl™—Cu(II) gl X0,
ca 375 mixed 380(17C0)' mlxed 363(1468) mixed
810 LF 76c(scc) 1P 8co(212) LF 76C(467)
ca 960(sh) LF 1€20(5€4) LF 95c(194) LF 1C1C(476)
[Cu(tbmp),Br]BF, 365(2896) a(S)—+Cu(II) 355(1610)! mixed
419t mixed ca 395(sh) Pr — Cu(II)
840t LF 780(645) LF 805(300) LF
1010(507) LF ca 950(sh) LF
NOTES: t asymmetric maxima, implying a second, unresolved maximum,

- where charge transfer maxima are assigned as belng "mixed", maximum probably consists

of o(S)=sCu(II) and X™— Cu(I[) charge transfer maxima.

- Cu(tbmp)zx2 (where X 18 0104- and BP4') were only partially soluble in CH,Cl,.

- 8h = shoulder; LP = Ligand Fleld; all maxima are in nm,

- extinction coefficlents are 1.mol.” 'cm

-1

09
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of the Cu(II) coordination sites will be occupied by
water molecules.

Pocsible ecuilibria are:
Cu(tbmp)2X2 t;i_[pu(tbmp)2x.(solvcnt)]+ + X~ (X=C1~, Br-)
where the solvent is methanol or nitrometlane, but in
vater
Cu( tbmp) X, —=—>[Cu( tbmp), (E,0) ] °* + 2x~.

In contrast, the spectra in the poorer lifetine
solvents, dichloromethane and acetone, skcw only slightly
asymmetric d-d absorption envelcpes (Figure 7). These are
very similar both in energy (X=Cl7; €12 nm: X=Fr ; £62 nm)
and form, to those of the distorted five-coordinate
[Cu(tbmp)x2]2 dimers (X=Cl™, Br ) in dichloromethane
(Chapter 1) and the charge transfer absorption maxima
are also very similar. These results sugrgest that the
Cu(tbmp)2X2 (X=C1™, Br ) complexes are dimerizing in
dichloromethane and acetone;

i.e. 2 [cu(tbmp),x,] — [cultbmp)X,], + 2tomp.
iii)  [cu(tbmp),C1])BF, and [Cu(tbmp),Br]BF,

Reflectance: The infrared spectra (see 2.3) of these

complexes give good evidence for tke tetraflucroborate
anion being unbound in the £0lid statc and so the spectra
are assigned to tlhe five-coordinate chromophores
[Cu(tbmp)zX]+. The form of tke d-d absorption envelopes

(Figure 7) (X=C17; 810, c

96C(sh): X=Br ; 840(asym) nm)
suggests that these chromophores are tetragonal pyramidal
(see Chapter 1.2).

Solution: In dichloromethane (and nitromethane
where X=C17), these complexes have two, well-defined

absorptions at 76C-76C nm and 1010-1C20 nm respectively



(Figurc 7). Similar spectra are ccmmonly observed for
trigonal bipyramidal complexes such as [Cu(trenKeG)X]X

0 0 67,78,79
in solution

but they are also not unknovm for
square pyramidal complexes ¥ vhere tle maxima are
observed at higher energy. A crensideration of the
conductivities (Tabtle 14) and the infrared spectra

(see 2.3) of the [Cu(tbmp)ZX]BF4 cemplexes suggests that
tr.ese specira are due to five-cocrdinate, [Cu(tbrtp)zx]+
chromophores. The intensity arcuments (see 1.2) applied
48

by Fathawvay et al

— —

imply that in dichloromethane and
nitromethane, [Cu(tbmp)ZCI]BF4 may assume an intermediate
geonetry as both absorptions are- of about equal intensity.
[Cu(tbmp)2Br]EF4 appears to retain a tetragcnal pyramidal
structure in dicl.loromethane.

B) CEARGE TRANSFER TRANSITICNS

i) Cu(tbmp),(C10 and Cu(tbmm)2(EF4lz

4o
The assigned o (S)— Cu(II) charge transfer
absorptions are in agreement with other studies on simple
Cu(II)/thioether complexes where the absorrtions hrave been

47,69, 80

specifically assigned or recognised as

being charge transfer arising from thioether 1igands.8'"83
It is apparent from these studies that
o (S)= Cu(II) charge transfer absorptions will be
found from about 3C0 nm to 46C nm,
The two o(S)— Cu(II) charge transfer absorptions
in the Cu(tbmp)2X2 (X:ClOZ, BFZ) reflectance spectra
60, 80

are indicative of a cis-ligand arrangement.

The spectra in dichloromethane suggest that this ligand

arrangement is retained.

62
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ii) Cu(tbmp),Cl, and Cu(tbmp), Br,

Poor resolution at tre blue enéd of tke visible

recion in the reflectance spectra does not allow
specific assignments to be made. In dicllorometlane
solution, the charge transfer maxima of the [Cu(tbmp)X2]2
dimers that are formed are discussed in Chanter 1.

iii)  [Cu(tbwp),Cl1])BF, and [Cu(tbmn)2§;]§§4

"In-plane" Cu(II)—Er bonding is implicated by

the assignment of a Br = Cu(II) charge transfer

abscrption at abcut 325 nm in dichloromethane, as it is

probatly too low in energy to have arisen from arical
47

Cu—Br interactions (see Chapter 5.1(B)).

A similar structure is inferred from the spectra of

[cu(tomp) 01] 2F, .

C) ELECTRCNIC SPECTRA AT SOK (in 2C$% Glycerol/NeCk)

The spectra and assignments for these ccmplexes are
presented in Table 11 and typical spectra fcr the anions

X=Cl~ and X=Br are shown in Figure 8.

1) Cu( tbmp) X, (X=C10,, €17, Br )

ligand Field Transitions: The net similarity of the

two well resolved d-d absorptions suggests that the same
type of species is responsible for each of these spectra.
Vhere X is chloride and bromide, the spectra are
identical to those of the five-coordinate [Cu(tbmp)ZX]BF4
complexes (X=C1l~, Br respectively) in dichloromethane
solution and this strongly implies that similar five-
coordinate chromopliores are responsible for these spectra
at C0K. Electron spin resonance evidence is consistent

with both ligands reraining coordinated and the complexes



FIGURZ &

Electronic_specira - Ehﬂtbﬁr)2§]324 Complexes_at SCK

— spectra recorded for 2C% Glycerol/lleCE glasses,
- for the respective anions, spectra of [Cu(tbmp)X2]2

and Cu(tbmp)2X2 are identical to these spectra.
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TAELE 11

B BCTRORLG SMICTRA KB SOk

COLPLEX ABSORPTION/nm €/1.mol. lem™!  ASSIGKNINT
Cu(tbmp)2(0104)2 362(asym) c(S)—cCcu(II)
695 142 LF
102C &1 IF
Cu(tbmp)2012 372(asym) mixed
750 IF
1C1C IF
[Cu(tbmp)ZCl]BF4 376(asym) 2449 rixed
762 455 LF
1C25 631 IF
[Cu(tbmp)012]2 367(asym) 1303 mixed
762 336 LF
1025 354 LF
Cu(tbmp)2Br2 366 2606 o(S)—Ccu(IIl)
395(sk.) 1796 BPr-—Cu(II)
78C 914 IF
1C2C £62 LF
[cu(tbmp)Br,], 369 ' o(S)—Cu(II)
3%C(sh) Er — Cu(II)
785 1F
101C 1F
[cu(tbmp) Br] BF, 365 o(S)— Cu(II)
396(sh) Br — Cu(II)
78C 709 1F
102C 669 1F
NOTES: where extinction coefficients have not been given, they

were considered to be unreliable.

"mixed" implies that maximum probatly consists of
6(S)——Cu(II) and CI™ = Cu(II) C.T. maxima.
Cu(tbmp)2(0104)2 appeared to be reducing

sh = shoulder; asym = asymmetric, implying a second,
unresolved absorption.

€ 1is uncorrected for contraction on cooling.
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having tetragonal pyramidal structures under these
conditions (see 2.2).

Crharge Transfer Transitions: Thioetrer binding

is implicated b:. the absorption at atout 365 nm vhich
appears in each of these complexes and is assigred

as a o (S)=*Cu(Il) charge transfer transition. In the
chloride complex, this absorption probtably overlaps a
Cl™ = Cu(II) charge transfer transition, the analogous

Pr = Cu(II) transition being observed at 3¢5 nm in
Uu(tbmp)zBrz. The latter assignments are more consistent

with in-plane Cu-X bonding.

ii) [cultben) X]BE, (X=C17, Br7)

The spectra at ©CK (Figure &) are virtually
identical to those of ti.e resrective ccmplexes in
dichloromethane at room temrerature (Figure 7) and to
tlhose of Cu(tbmp)2X2 (X=C1™, Br respectively) at 9CK
(Tatle 11). Electron spin resonance spectra at 77K in 2C%
Glycerol/leCH are consistent with the [Cu(tbmp)2X1+
chromophores being closer to having tetragonal pyramidel

structures rather than trigonal bipyramidal structures.

252 ELECTRCH SFPIF RESCHAFNCE SPECTRA

The data for these complexes is given in Tatle 12,

for various glasses at 77K.

i) Cu(tbmn)z(BF4)_2
Acetone: Two species are present, both having

4 and 165 x 10-4cm_1)

similar IA"| values (162 x 1C~
but with different gy (2.264, 2.32C resp.) values
(Figure 9). On adding excess ligand, a significant increase

in the concentration of the minor species is observed

(Figure 2) but there is no change in the g" and A“



values of either complex. The spectral clianges suggest
that the g, = 2.32C complex is basically a [Cu(tbmp)2]2+
chromophore where tetrahkedral distortions and/or
Jecreased covalent bonding in the Cu(II) coordination

0

5 6!
sphere have increased En  *

Nitrometharne and lethanol: The complex also

breaks dovn in these solvents and dramatic spectral
changes (Figure ) can be induced by adding excess
ligand. In the atsence of excess ligand, the spectra
are probably due to a tetragonal solvated [CuI\'-S]2+
chromophore such as [Cu(tbmp)(solvent)n]z+ where

n =2 or 4. In methanol, a very small guantity of a
species having similar e (ca 2.3C) and IA"| (ca 15C-
165 x 10—4cm—1) values to one of tkhe complexes in
acetone, is also formed.

In the presence of excess ligand, the spectra are
typical of a tetragonal Cu(II) chromophore, with or
without nitromethane and methanol in the Cu(II) coordin-
ation sphere. The spectra are thus assigned to a

[Cu(tbmp)2(solvent)n']2+ species (n = O or 2).

ii) Cu(tbmp)2§2 (X=C1~, Br )

Dichloromethane: It was aprarent from the

electronic spectra that these complexes form
[Cu(tbmp)X2]2 five-coordinate dimers in this solvent at
room temperature but there is no esr evidence for the
presence of these dimers at 77K. The addition of excess
ligand gives a better resolved spectrum (Figure 9)

where X is chloride, but the g, and IA“| values suggest
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ESR Svectra - Cu(tbmp),X, Comrlexes (at T7K)
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Firfure ©

Cu(tbmp)zEr?
Cu(tbmp)2Br2
Cu(t’brﬁp)zc]2
Cu(tbmp)2012
Uu(tbmp)2012
Cu(tbmp)z(BF
Cu(tbmp)z(EF
Cu(tbmp)Z(BF

Cu(tbmp)z(BF

(+ excess tbrp) in dichlorcrethane
in 2(% Clycerol/leCH
in metkanol
in dichlorocmethane
(+ excess tbmp, in dicllcromethane
) - -
4)2 in nitrcrmethzane
25 (+ excess tbmp) in nitromethane
4)2 in acetcne

4)2 (+ excess tbmp) in acetone
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TABLE 12
ESR_STECTRA, Cu(ttmp),X, AKD [t:u{tr-:.r,)zg]s-_r4 CQ.TIEXES
COMPLEX SOLVENT £, 1041 a,) N g
Cu(tbmp)z(BP4)2 CH,NO, 2.189 169
+ excess L 2.264 190 14 ca 2.C55
Acetone a) 2.264 169
b) 2.32C 165
+ excess L a) 2.263 169
b) 2.312 163
V'eOH a) 2.296 150
b) 2.363 151
+ excess L a) 2.252 173
b) 2.194 164
Clyc./beOH a) 2.293 147
b) 2.338 162
+ excess L 2.249 144
Cu(tbmp),(C10,), CH,NO, 2.180 172
Cu(tbmp),Cl, CH,C1, ca 2.24 ca 162
+ excess L 2.257 157 ca 2.068
CH,NO, a) ca 2.26 ca 100 ca 16
b) ca 2.26 ca 159
+ excess 1 2,260 158 14 2.060
¥eOH 2.185 124 ca 18
Glyc./reCh 2.119 124 17
+ excess L 2.185 119 ca 18
H,0 2.120(g )
Cu(tbtr,p)zErz CH,C1, ca 1.95 ca 97 ca 2.23
+ excess L ca 1.94 ca 92 ca 10(g,) ca 2.26
ca 12(zl )
CH,NO, 2.104(g )
LeOH a) ca 2.18 ca 142 19
b) ca 2.23 ca 1C4
+ excess L a) 2,191 136 20
b) ca 2.23 ca 104
Glyc./MeOH a) ca 2.18 ca 144 ca 19
b) ca 2.23 ca 109
Cu(tbep),C1] EF CH.NO,, 2.183 17 ca 17
2 4 32 Y
+ excess L 2.183 117 ca 20
KeOH 2.183 133 ca 17
+ excess 1 2.188 131 ca 17
Glyc./deOH 2.19 126 18
[cu(tbmp) B BF, CH,NO, a) 2.181 129 ca 20
b) 2.225 97
¥ eOH ca 2.19 ca 138
+ excess L a) 2.180 122 17
b) 2.22C 107
Glyc./MeOH  a) 2.18C 142 18
b) 2.225 104
+ excess L a) 2.185 138 19
b) 2.225 104

units of |A.| and
units of “N,ms a

iso = isotropic; sh

=1
|AJ are cm ',

re Gauss,

fs = superhyperfine splitting,

all spectra recorded at 77K,

Glyc./teCH = 2(% Clycerol/llethanol,

unless otherwise in

1
dicated, ‘Nsm, lines appear in 51 region,
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trat the same complex, (probably gig-Cu(tbmp)2C12)

is present both with and witkcut excess ligand.
Cis-distorted octahedral complexes have a dz2

ground state and slould tlus exl.ibit a lowest-g value

of ca 2.00, Lhowever a lower tran ideal geometry, which

is likely to be tke case here can raise this low g

30.76
value.

ESR parameters for what were

deduced to be cis and trans- [Cu(bipyridyl)z(solvent)2]2+
systems have been reported recently84 , but the
dissimilarity between the studies described herein and
those described by MNarov et al, does not make a
compariscon very meaningful,

Under the same conditions, Cu(tbr:p)zBr2 behaves
differently than Cu(tbmp)2C12. ?ith and without excess
ligand, the srectra exhibit poorly resolved, low-field
hyperfine structure (gll) and this is overlapred by a
complicated 14N surerhyrerfine structure in the presence
of excess ligand (Figure ¢). The number of species
contributing to the spectra is difficult to determine.

It is clear from the high-field region tlrat the major
contributor to the spectrum is a distorted trigonal
bipyramidal species. This could be either [_Cu(tbmp)zBrJ+
or Cu(tbmp)zBr2 if one ligand is monodentate. The ey

for this complex (g"'~'1.94) is characteristic of
trigonal bipyramidal complexes containing coordinated
halogens and it probably arises from a combination of
spin-orbit coupling with a bromide ligand ®’ and Cu(II)-

thioether interactions.®°

Nitromethane: Two species are apparent for

Cu(tbmp)2012 and the addition of ligand causes the

74



disappearance of one of these (g" ~2.26; |A"|'~-'1CC)<1C—4

leaving tl.e spectrur of what is probatly cis-octahedral
Cu(tbmp)ZClZ.
The spectrum of Cu(tbmp)zBr2 is poorly resolved

and neither the addition of excess ligand nor varying

the concentration resulted in an imprcved spectrum.

l:etkanol and 20% Glycerol/Nethanol: Cu(tbmp)2012
gives identical spectra (Figure ¢) to [Cu(tbmp)ECi]EF4
in methanol, glycerol/methanol and nitromethane glasses
and there is no change on adding excess ligand. The
( 8 a 1yl 3 “en™!
gy (ca 2.1 5) and lAl (ca 123 x 1C "em ') values are
consistent with the complexes having tetragonal

67,68, 85

pyramidal geometries at 77K where |A“| has

been lowered from typically tetr-gonal values by increased

S

. . . 8 o g
axial interactions. These result in a concomitant

increase in the 4s orbital porulation, comrared to cis-
octakedral Cu(tbmp)2C12 postulated in nitromethane
(plus excess ligand) and dichlorcmethane glasses (above).
The possibility that Cu(tbmp)2012 is six-coordinate 1is
ruled out by a consideration of its electronic spectrum
in 2C% Glycerol/MeOH at ©CK. (see 2.1(C)).

Superior resolution of the g|| lines for the two
species arising from Cu(tbmp)zBr2 in methanol glass
is achieved by adding excess ligand. No resolution
problems are encountered with 2C% Glycerol/MNeOH. The
spectra (Figure 9) are virtually the same as those of
[Cu(tbmp)zBr]BF4 in methanol (plus excess ligand), 2C%
Glycerol/NeOH and nitromethane glasses, with two species

being observed. Their relative concentrations are

Cm_1)
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unaffected by excess ligand. Species (a) (g“-12.18;

la,| ~142 x 1074

cm_1) appears to be analofous to tke
tetragonal pyramidal monomer which is postulated
to e responsible for the spectra of Cu(tbmp)2012 and
Bhﬂtbmp)ZCIJEF4 in methanol containing glasses.
4

Species (b) (g"-n- 2.23; |AM ~ 104 x 1C %) may
also have a tetragonal pyramidal stereochemistry
although £ and IAM are equally consistent with a

pseudotetrahedral [CuN282 - chromophore where e

has been lowered by Cu(II)-thioether interactions.®®
Eowever, tlLe electronic spectra at ©CK do not support

trhe latter suggestion. It is plausitle that the esr
spectra are due to two of the isomers that are rossitle
for a tetragenal ryramidal [Cu(tbmp)zErjz+ species.

The low IAM values for tke twr species rule out the
possibility that tetragonal pyramidal €2 square planar
interconversion, similar to tlrat pocstulated for CutrienR6X2

(X=C1~, Br~) complexes,” is occurring.

1ii) [Cu(tbrrm}2§]§£4 (X=C1~, Br_)
Nethanol, 2C% Glycerol/lethanol: The spectra

are virtually identical to the respective Cu(tbmp)2X2
complexes (where X is chloride and bromide) that were
discussed above. There is one minor difference though,
in that only one species is apparent for [Cu(tbmp)zEr]BF4
in methanol, the spectrum being poorly resolved.

Nitromethane: The spectra are similar to those of

the respective complexes in methanol and 2C% Glycerol/NeCH

(Table 12). However, they differ from throse of Cu(tbmp)z-

012 and Cu(tbmp)zEr2 in nitromethare glasses in which



the cis-octzhedral Cu(tbmp)zx2 chromorhores are

probably rredominant.

2.3 I FRARED STECTRA

FAR-INFRARED (Cu(II)-kalogen stretching)

One <(Cu-X) absorption (X=halogen) is expected
for trans-tetragonal CuL4X2 complexes (D4h syrmetry)
vhereas two absorptions are expected for the cis
complexes (C2v symmetry).86 Tre ttrp corrlexes
vwill te of lover symmetry tecause of the asyrmetrical
nature of the ligands and so predictions refgarding tlre
exrected number of V(Cu-X) atsorptions, in the abtsence
of more detailed structural information, can not te
accurately made.

Some crystal structivre-correlated far-infrared
data for Cu(II) complexes is rresented in Tatle 13a and
this can te comrared with the data fcr tlre Cu(tbmp)2X2
(X=C1~, Br~) and [Cu(tbmp)2X]EF4 (X=C17, Br~) complexes
in Tatle 13b. The tentatively assigned -W(Cu-X)
absorpticns of these complexes are consistent with
equatorial Cu-X bonding and tlrey can be compared with
the lov. freguency U(Cu-X) atsorpticns that have teen

assigned for the tfrans-tetragonal Cu(etea)2X2 complexes

(Charter 5.3, Tatble 29 ). Two WV(Cu-Cl) arsorrtions are

otserveé for Cu(tbmp)2C12 (Figure 1() and the spectrum
is similar to trose of Ni(tbmp)2012 and Co(tbmp)2C12
for which distorted cis-octakedral structures alsc seer
to be likely (Chapter 4).

CENEFAI INTFRARED

i) Anion coordination: Seri-coordinaticn of

perchlorate and tetrafluoroborate anions results in a
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FIGURE 10

Far-IR Srectrum - Cu(tbxr)zglz

150 350 cm-!
1 1

- the two <W(Cu-Cl) absorptions (indicating
that the chloride ions are cis with respect

to each other) are shown.
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TABLE 13a

SCME FAR-IR DATA FOR Cu(ILI) CCMPIEXES

COMPLEX STRUCTURE REF. v(Cu=X) /em”| RET.
Cu(en)Cl2 Tolymeric tetr.; briding Cl1™ 87 267 72
Cu(en)Er2 Isomorphous with Cu(en)Cl2 88 187 72
[culen) ,c1.1,¢]c1 Tetr.; axial Cu-Cl and Cu-E,0 89 <200 ¢ 90
[Cu(en)ZBr.HZO]Br Tetr.; axial Cu-Br and Cu-H,C 91,97 <200 ¢ 90
[Cu(dmen)C12]2 Dichloro-bridged, tetr.pyr. dimer 19 302 72
[Cu(dmen)Br2]2 Dibromo-bridged, tetr.pyr. dimer 19 233 72
Cu(ex¢ -pic)2012 Chloro-bridged, tetr.pyr. dimer 24 3C5 72
Cu(e< -pic)ZBr2 Bromo-bridged, tetr.pyr. dimer 23 233 72
Cu(4—Eth)2C12 Tetr., long Cu-Cl br.sqg.planar CulN 92 310 72
Cu(py)2C12 Tetr., long Cu-Cl br.sg.planar CuN2C1 93 25, 234 86
Cu(py)zBr2 Tetr., long Cu-Br br.sq.planar Cull 94 256 86
Cu(ﬁ—isosparteine)Cl2 Distorted tetrahedral 95 282, 275 96
NOTES: -~ tetr. = tetragonal; pyr. = pyramicdal; br. = bridging; sq. = square.

¢ (Cu-X) below the range of the instrument that was used.

6L
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TABLE 13b
FAR-IR DATA, tbmp/Cu(II) CCEPLEXES
COUPLEX v(Cu-X)/em™! PROPOSED STRUCTURE
Cu(tbrp),Cl1, 272,277(sh) cis-octahedral,monomeric
Bhﬂtbmp)Clz]z 282,296 tetragonal pyramidal,dimeric
[Cu(tbmp)zcl]BF4 22 tetragonal pyramicdal,monomeric
Cu(tbmp) ,Br, 184 cis-octahedral,monomeric
[Cu(tbmp)Br2]2 227,244 tetragonal pyramidal,dimeric
(X-rayed)
[Cu(tbtp)zBr]BF4 183 tetragonal pyramidal,monomeric
NCTES: - spectra recorded for paraffin mulls, room temperature.

- structures proposed on basis of collective spectroscopic

data.
TABLE 13c¢
GENERAL IR DATA, +tbmp/Cu(II) CCMFLEXES
CCNPLEX ~J(pyridyl ring) -v3(01oZ/BF;)_ -U1(010;/BF11
tbmp 1593(s),157C(m)

Cu(tbmp)2(01o4)2 1612(s),1576(w)  1CSC(vs),1C50(vs)  933(w)

Cu(tbmp),(BF,), 1611(m),1577(w)  1098(s),1C61(s) ¢
©91(s)

Cu(tbmp)2Cl2 16C7(s),1574(m)

Cu(tbmp),Br, 16CS(m),1566(w)

[cu(tbmp)c1,],  16C6(m)

[Cu(tbmp)Br,], 1529(m),1565(m)

[Cu(tbmp)2c1]BF4 1605(s),1572(w)  1C54(vs) ¢
[Cu(tbmp)zBr]BF4 1607(s),1569(w)  1C55(vs) ¢

NOTES:¢ strong ligand band occurs at about 76C cm—1

- fregquencies are cm_1, spectra recorded for Lujol lulls,

- s = strong; m = medium; w = weak; v = very
ionic ClOZ,'U3 occurs at ca 11CC cm_1,'v1 at ca 93C cm

ionic BFZ,'U3 occurs at ca 1100 em™ ! ',

1

» U, at ca T6C cm
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splitting of the intense \6 roéde (founé at ahreut 11CC
cm_1) and tlere is an increzse in the intenrnsity of tle

weak W4 mode vhich is found 2t atout €3C em” !

(perci.lorate) and 7T6C em™ ! (tetrafluorctrorate)
respectively.m The \ﬁ moce, wkick is fermally
iffrared inactive in trke unccordirated zanrions (Td
syrmetry ), tecomes infrared active as a result of
tke lover syrretry (C3V) of the semi-co-rdinated
anicn and tlre previously degenerate \6 rode, loses some
of its degeneracy.
Tre svectra of Cu(thr?)z(C]C4)2 ang Cu(tbwy)2(EF4)2
suggest that the anions are semi-ccordirating
(Table i3c) as a splitting of the \;, rode is chrserve?,
Yevwever tle sinfle \6 atsorption 1in tle spectra of
[Ch(thxp)2CI]EF4 and [Cu(tbrp)zPr]EF4 is good evidence
for tre non-cocrdination of tle tetraflucrotorste

anions.

ii) Ring Stretcking modes: Two ring stretching

modes are norrally otserved for 2-sutstituted pyridine
ligands98 and the effects of ligand complexation to
metal ions, on these freguencies, have Tteen well

99,100

documented. Tre strong, skarp atsorrtion

at MST78 em™! for pyridine film is shifteé¢ to 15¢3 Cm—‘I
in tbmp and Gill et al rerort tlhat it is this absorrtion
(Band I) whick shifts to higher frequercies in metal-
pyridine complexes. Cther workers have rercrted

similar shifts in tle ccmprlexes of sttstituted pyridine

. 100,101
ligands.

The Cu(tbmp)2X2 (x=C1cC,, PF;, (51
Br~) and [pu(tbmp)ZX]EF4 (X=C1l™, Pr) comrlexes exhibtit

stifts of up to 1S cm™! in Band I (Tatle 13c) and these
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are consistent with ryridyl —Cu(II) ccerdination.
The tlue-shifts are greater tharn tl.ose otserved in
the cartonl compléxes, K(CC)4tbmp kN:Cr, Mo, )
(Section II, Crarter 3,), tut sirilar toc tlose of tlre
[Cu(tbmp)X2]2 dimers (ClLarter 1), whick rave also been
incluvded in Tatle 13c.

2.4 INTERACTICKE

CF TEICIS 7 ITE Cu(tbmp)
(X=C1C,, EF,)

2y

¢

Tle addition of a few drors of a freshly prerared

alcolol solution of NaSC(CH to methar.ol sclutions

3)3

of Cu(thnp)ZX2 (X=C1c’, EFZ) at dry-ice/acetone

4°
tenrreratures, procduces a deer tlue scluticn whkich goes
colourless after atcut ten minutes. In ice-cold solvtions,
tle colour disarpears almost instantly. The character-
ization of tkis ceer ®lue spreciecs was atterpted using

electrcnic syectroscory.

Zlectronic Srectra

The electronic spectrum (measure? at SCK) for the
reaction of t-butylthiolate with Cu(tbmp)z(C1C4)2 in
metharol is showr in Figure 11.

A comparison of the spectrum (at rcom temperature)
of Cu(tbmp)z(CIC4)2 (Table 1C) with this system shows
trhat at least three new atsorptions appear in the latter
spectrum. These are at 433, ca 487 and 625 nmr, the latter
not teing a d-d maximum because of its greater relative
intensity than the higker energy charge transfer
absorptions. Ry analogy witk Cu(tbmp)z(C104)2, the
36C nm absorption can probably e assigned as a

o (thioetker)— Cu(II) charge transfer transition but

the assignments of the other atrscrrtions are not as

obvious. A compariscn with similar werk on Cu(IIl)—



FICURE 11

Electronic Spectrum (90K) - Addition of

t-BuS~_to Cu(tbmp),(C10,), in Methanol

o(S7) > Cu?*

5152 G iy \
thicether 625

487

400 500 600 nm —» 700
i A i A

€8
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thiolate interactions suFFests that tle €25 nm
transition is protatly a thiclate @ Cu(ILI) charge
transfer absorftion. The reraining two absorptions

may also be derived from S— Cu(II) charge transfer.

ans REACTIVITY STUDIES

W

These were desi¢ned tc test the statility of

v

ttmp tovards replacement of pyridire.

1) Addition of vyridine to Cu(tbrr)zglz
WWitiout pyridine, an ethanol sclutiorn of
Cu(tbmp)2C12 exhitits two ligand fielc atscrrtions and
the clianges in the lover energy maxirur can te fcllowed
in Figure 12. The clkarges on adding successive aliquots
of ryridine are concsistent vitlq adduvuct fermation vlren
tlese srectra are corrared with tre spectrur of a

dilute ethanol solution of Cu(thmp)zCl Tre adduct

-
arpears to be quite stable tecause even in tle presence
of a ten-fold excess of pyridine wlkLere a tlue precipitate
characteristic of Cu(py)2C12 forms, the d-4d maxima of
trhe sclution remain unchanged. An ethanol sclution of

CuCl2 and pyridine has a d-d atsorrtion at atcut 662 nm.

ii) Addition of pyridine to Cu(tbmn)2(BF412

(in acetone)

Although the initially green/black solution
turns blue with the successive addition of aliquots of
pyridine, a purple precipitate does not form until a
ten-fold excess of pyridine is reached. The infrared
spectrum and colour of this precipitate are consistent
witk it being Cu(py)4(BF4)2.

iii) Discussion

These exreriments sltow trat chelated tbmp is
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TICLRE

Electronic Spectra-Addition of pyridine to Cu(tbmr)2gl2

700
2

1noo
[

— changes in the ligand field maxima are shown.

- no pyridine

- pyridine : Cu(II)
— pyridine : Cu(II)
— pyridine : Cu(II)
- pyridine : Cu(II)

1:1
3:1
6:1

@ 2

-~ large excess of pyridine

(green sclution)

(blue-green solution)
(blue solwution)
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guite statle tovards replacemrert by pyricdine as
relatively high pyridine : Cu(II) ratios are needed.
Tris statility can be ccmpared to the relative ease

with vhicl the disrlacement of 2,%-ditriahexane

and 3,6-ditkiaoctane can te aclieved, %2''°?

using a twe-fold excess of ryridine, in polar sclvents.

2.6 FARAWACNETIC 'H nmr IINE PRCADEXINC EXFEREINENT

U s . - . : .
E nmr line troadening exyeriments vsing

. _ 103
raramagr.etic ions such as Cu(II) , have tecore an

important tool in determining the nature of metal ion
interactions with thiocether ligz2nds in soluvtion. This is
especially so in studiec of ligands trat have more than

one possitle tinding site, suclk as S-metkyl-I-cysteine,

05

I-rethionine , S-Z'-aminoethylcysteine] and

(S)-p-(2-pyridylethyl)-I-cysteine.'® Selective

1

troadening of the H nmr signals of rrotons close to thLe

tinding site of the ligand is caused ty rapid
2+ 2+

I + I &= M exclange if N2+ is paramapnetic.w7

This provides a means of determining tle type of metal-
ligand interaction tl.at exists under the ccnditions of
the experiment.

Liscussion

The effect of adding Cu(II) to the ligand (ttmp)
is illustrated by the changes in the signals of the
o¢-proton ané methylene protons. (Figure 13). Tke
& -proton resonance disappears and the height of the
methylene proton peak is significantly reducec in
comparison to the slight changes obtserve¢ for the TNS and
methyl proton signals. In an experiment where CuClz.—

2H2O crystals were added to a CDCl3 solution of the



FICURE 132

1

H nmr - Additien of Cu(II) to tkmp (in CDCIB)

TMS
-CHa
a
F|
‘Cst‘
e )JWJ L« waj L
-CH,
TMS
b

- tbmp in absence of Cu(II)

[V

4

b - tbmp in presence of Cu(II) [3.3 X fal mol.l—q
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FIGULE 13b

H nmr - Addition of Co(II) to 2-methylpyridine (i CH,C1,)

'CH3

1Q

«-H

_

[[\Y

— 2-methylpyridine in absence of Co(II)

o’

- 2-methylpyridine in presence of Co(II)
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ligands, the methylene rrotons' rescrnance disappeared.
The paramagretic effect is greater for Cu(II) than
Co(II) and this is discussed in Chrarter 4.

It is arparent from tris exrerirent trat Cu(II)
excharge occurs at tke pyridyl nitrogen. Ilicwever,
it is pcssible that tlie chianges in thre methylene prctens'!
resonance are also due to tkis exchange. IJkis can te
demonstrated by adding Co(II) tc a szmple of 2-methyl-
pyridine (Figure 13). It can be seen tlat the methyl
protons' resonznce is significantly affected ty Co(II)-
ryridyl interactions. As a result of tliese obtservations,
tlie rresence or atsence of Cu(Ii)-tkioether interactions
can nct be confidently established. It is unlikely
tl.at tke methyl protons of ttmp will be rerturted ty
Cu(II) excrhange at the tkicether donor as similar studies
viintly BuSCH CstBu skhow that only tlLe —CEZSCHé— protons

2

are affected.”



SYRTEZSES

Some general comments tkat relate to all of
these syntheses car be found in the experimental

section of the Arpendices.

Diperchloratobis[?—(3i3—dimethvl—2-thiabutyl)ryridine]-
copper(II)

1 mmole of Cu(ClC 6H2O (C.371 g.) was added

4)2'
tc 2 mmecle of ttmp (C.363 g.) and this resulted in tkre
immediate formation of a dark green precipitate. ‘Vlken
it L=2d been filtered and washed with Abs. EtCEH, thLe

semi-dry product was carefully trarnsferred to a bhottle

to complete the drying in vacuo.

YIEID : C.424 g. (6E%

Qitetrafluoroboratobis[?-(3,3—dimethyl—2—thiahutvl)-
ryriéine}conper(ll)

2 mmole of Cu(PF4)2.6H2O (C.€6SC g.) were added to
4 mmole of ligand (C.725 g.) to give a dark green
precipitate.
YIEID g C.84%5 g. iM7C%)

Dichlorobis[2-(3,3-dimethyl-2-thisbutyl)ryridine]-
copper(II)

2 mmole of CuCl,.2E,0 (C.34C g.) were added to

2
4 mmole of ligand (C.725 g.) to give a dark green
solution. This was concentrated in vacuvo then cooled

to yield a lime green precipitate. The precipitate was
washed with a small quantity of Abs. EtOH and tlen ether,
after it had been filtered.

YIEID : C.655 g. (66%)

Dibromobis[Q-(3,3—dimethy1—2—thiabuty1)pxridine]conner(II)

1 mmole of anhydrous CuP.r2 (C.223 ¢.) was added

to 2 mrole of ligand (C.363 g.) tc give a green-black

90



solutior. The solutior vas reduced in volume ané then
cooled to preciritate a dark green solid. Ether was
added to tke filtrate to prrecipitate some rore of
the complex vhich was filtered off and washed with
Abs. EtCE and thkenr etkrer.

YIZEID : G.365 g. (62%)

Chlorobis[2-(3,3-dimetryl-2-thiabutyl )ryridire]-

coprer(II)tetrafluoroborate

1 rrole of ankydrous IiCl (C.C42 g.) in
ethanol-acetone was acdded¢ to an acetcne sclution of
2 mmole of tbmp and 1 mmole of Cu(EF4)2.6HEO. The
lime green solutior was concentrated and tlen cooled
to crystallize impure, green [Cu(tbmp)2C1]EF4. Pure
[Cu(tbmp)2C1]EF4 was isolzted after recrystelilizing
tre impure product from an Abts. EtCH solution at &ry

ice/acctone temperatures.

Ercmcbis[2—(3,3—dimeihy1—2—thiabutyl)nyridine conper(II)-
tetrafluoroborate

An acetone solution (containing a few drops of
trietkylorthoformate) of 2 mmcle of tbrp and 1 rmole
of Cu(BF4)2.6E2O was filtered before adding an Ats. EtCE
solutien of anhydrous I1iPr. The light freen solution
was concentrated in vacuo and cooled. The lime green
complex was crystallized by scratching the flask with a
spatula.

YIEID : C.C76 g. (13%)



TARIE 14

MISCELLANEQUS PHYSICAT. DATA

COMPLEX COLOUVR  M.P/°C ANALYSES:Calc. (Found )% CONDUCTIVITY/ohm™ 'mol.” ! em®
C I N Cther CH,NO, MeCH Cther
Cu(tbmp)2(0104)2 d.green -_ 38.43 4.84 4 .48 165 ¢N02: 28
(38.95) (4.96) (4.60)
Cu(tbmp)Z(BF4)2 d.green 14S-150 40.05 5.04 4.67 17C ¢N02: 30
(40.C5) (5.16) (4.68)
Cu(tbmp) ,C1, lime 89-90 48.32 6.08 5.64 22 65 PNO,: 4
(48.17) (6.16) (5.55) H,C: 211
E+OE:16
Cu(tbmp)zBr2 green ¢1-¢3 4C .99 5.16 4.78 36 73
(41.c7) (5.3C) (4.87)
[bu(tbmp)zci]BF4 green 12=iid 1880 5.51 5.12 86 101
(43.32) (5.56) (4.85)
[Cu(tbmp) Br]BF,  lime 123-124  4C.52  5.1C  4.73  Pr,13.48 92 100
(40.61) (5.16) (4.65) (13.97)
NCTES: - molar conductivities at 25 °C : Witromethane 1:1 (7¢-2C), 2:1 (15C(=17C).
Methanol (1CC-130), (21C-25C).
Nitrobenzene (2C=-3C)
Etlancl (6C-8C)
V.ater (21C=-25C)

- d = dark

[4¢)
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CHAFTER 3
CCFFER(I) CCIFIEXES

CF

2-(3, 3-DINETHYI -2-TEIARUTYI )FYEITINE

ARD THE

2-(3,3-DIVETEYIL-2-TEIARUTYT JEYRIDIXIUY CATICH

The Cu(I) cortlexes Cu(tbmp}nEr (n=1 cr 2) and
[Cu(tbﬁpE)X2]2 (¥ = C17, Pr~), wrere ttoph is the
2-(3,3-direthyl-2-thiarutyl )pyridiniur caticn, were
claracterized in these studies. The spectrescoric
prcrerties of the distorted tetraledral Cu(tkrp)zEr and
&u(tbmrH)Brz]z cormrlexes, can Ye interrreted with
reference to tleir crystal structures. Altkeuvgl the
structural nature of Cu(tbmp)Fr is uncertain, [Cu(tbmyH)Clz]2
prctably has a structure whicl is similar tc trat of the
tromide analogue.

Varicus attempts were made tc isclate complexes
suck as Cu(ttmp)nC1 and Cu(tbmp)zPF4, but tkese were

unsuccessful.



FICURE 14a

Relationships Between Cu(tbmp)Pr and Cu(tbwp)zﬁg

Absolute EtOH solution of CuBr, tbmp (1:1) and excess LiPr

—

Rapid precipitation induced

from a concentrated solution

Cu( tbmp )Br

Composition determined by Slow heating

microanalysis. Opaque, €——0 gradually turns <e——

microcrystalline sample sample opaque.
melts at 135-136°C. lelts sharply at
135°C.

Slow crystallization allowed

to take place from 2 concentrated

l

Cu(tbmp}2§£

Composition of clear crystals

solution

determined crystallographically.

v6



FIGURE 14b

Relationships Between [pu(tbmpH}Brz]z and Cu(tbmglngg

o = 1%2)

Cuitbmn}zggz

Abs. EtOH solution

Reduction with H P02

3
Dilute solution Concentrated solution
ca 60 cm3 ca 30 cm3
Co-precipitation of Yellow crystals of
[Cu(tbmpH)Br2]2 and [Cu(tbmpH)Br2]2
Cu(tbmp)nBr l
(n =1 or 2)

Filtrate left to

!

Pale yellow-white

stand

crystals of

Cu(tbmp) Br (n=1 or 2)



3.1 THE CHENISTRY CF Cu(tbﬁr}zPr, Cu(ttn?}Pr and
[Cu(tbmnE)Przlz

Cu(ttmp)Er and [Cu(thmpﬁ)?r2]2 were prerared and
analysed (see SYI'TIESES) during the initial experimental
work on the Cu(I) complexes of tbmp. [Cu(ttan)C12]2,

whiclh is guite susceptitle to oxidaticn, was also prerared.

i) Relationships Petween Cu(ttme)Pr and Cu(tbwp) Pr

For the crystallograrhic vicrk, some clear alrost
cclourless crystals were slowly grovwn in solutions tlat
were similar to trose from vwkich Cu(ttrrv)Pr was crigirally
rrerared (see SYNTEESES). These crystals were thought
to te Cu(tbmp)Pr. but subsequent investigations indicated
that the crystals were Cu(tbmp)zBr. Ti.is vas confirmed
when the crystal structure (see 3.2) was solved. If a
crystal cf Cu(ttmp)zfr is crushed and tlen slowly heated,

a slow conversicn tc Cu(tbmp)Pr appears to occur. The
relationships tetween Cu(tbmp)Er and Cu(tbmp)QEr Teasteware
aprarent fror these studies, are illustrated in Figure 14a.

and

ii) Relationships Petween EnﬂtbwnH)Przj
Cu(tbmn)nEr (n =1 or 2)

2

Yellow crystals of [Cu(tbmpH)Pr,], can be
prerared by reducing a concentrated atsolute ethanol solution
of Cu(tbmp)zEr2 (prepared in situ) with several drops of
hypcphospkorous acid (EBPOZ)' It also becamre apparent
tlat at least twec complexes can be isolated from the
reduced snlutions. The second complex , whick precipitates
as pale yellow-white crystals, appears tc te eitlrer
Cu(tbmp)Br or Cu(tbmp)zEr. These crystals are identified
as Cu(tbmp)nBr (where n= 1 or 2) in Figure 14b, which
summarizes the observations tlat were made during these

investigations.
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3.2 CRYSTA] STEUCTURE CF
BRCY C-RIS [2-( 3, 3-DINETHYI -2-TLIABUTYT )1"‘:’}'1113135] CCPTER(I)

The experimental methoéd that was followed in the
elucidation of this structure, is outlined at the ené of
tris Chapter. The cbserved and calculated structure
factors can te found in the Aprendices.

DESCRIFTICN

In this discrete Cu(tbmp)2Er moncrer, cne tbmp ligand
is chelated while the seconé is rcncedertate, tinding via
the sulphur atom, only. Tke Cu(I) ion is thkus tcund by a
terrinal trcemine, twc thioether sulphur atoms and the
pyridyl nitrogen of the chelated tbmp ligand, in a
distorted tetraledral environment (Figure 15).

The non-coordinated rpyridyl nitrcgen of tre mono-
dentate tbmp ligand does not rarticirate in any bonding
interactions within the molecule, or with any of the other
molecules in the unit cell. Tkere are no intermolecular
contacts of less than 3.5 X.

The important struvctural details for tkis complex
are presented in Tabvle 1%a.

DISCUSSICN

Cne of the features of the Cu(I) geometry, is the
small S2-Cu-N2 chelate-bite angle [95.4(3)0] which imposes
a rather distorted environment on the Cu(I) ion (Table 153.
Tris observation is typical of the constraints tlat are
imposed on Cu(I) complexes by the chelate-ligand effect.®

The remaining angles that are subtended at the Cu(I)
centre are normal and range from 1C<.1(1)° to 12C.7(1)°.

The dihedral angle* (w) is €8.5°, close to the expected

value of ¢C° for a tetrahedral complex.”

« W 1s defined by the planes thkrcugk Cu,S2, X2 and
Cu, S1, Pr respectively. See end of Charter for equations,
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Tl RS 155

Structure of fju(tbr'r)zga__

c29

Cis
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TARLE 15a

STRUCTLRAJ DETALTS FCR Cu(tbrp),Er
FROM ATCE  TC ATQY DISTAXCE/R  FRCY ATCK _ TO ATCK DISTANCE/R
Cu : Br 2.426(2) - c12 €13 1.42(2)
Cu s1 2.304(3) c13 c14 1.37(2)
Cu S2 2.358(4) C14 C15 1.34(2)
Cu N2 2.11(1) c17 cie 1.56(2)
S1 C16 1.85(1) c17 €19 1.53(2)
S1 c17 1.86(1) c117 €110 1.56(2)
S2 c26 1.85(1) c21 c22 1.37(2)
S2 c27 1.87(1) c21 c26 1.53(2)
N1 c11 1.34(1) c22 c23 1.4C(2)
N1 €15 1.35(2) c23 c24 1.43(2)
N2 c21 1.35(1) c24 €25 1.42(2)
N2 c25 1.34(1) €27 cae 1.56(2)
c11 c12 1.37(2) c27 €29 1.54(2)
C11 C16 1.52(2) c27 c21¢ 1.57(2)
ANGIE DEGREES ANCIE DECREES
Br-Cu-S1 1¢¢.1(1) C14-C15-N1 124(1)
Br-Cu-S2 12¢.7(1) C11-C16-51 1C€.6(9)
Br-Cu-N2 112.9(3) Ci18-C17-C1¢ 113(1)
S1-Cu-82 115.0(1) c18-C17-C11C 1ce(1)
S1-Cu-N2 111.7(3) S1-C17-C18 108.4(8)
S2-Cu-N2 85.4(3) S1-C17-C19 1€5.2(9)
Cu-51-C16 105.4(4) $1-C17-C110 11C.3(8)
Cu-S1-C17 111.2(8) c1e-C17-C11C 11¢(1)
C16-51-C17 1CC.3(6) N2-C21-C22 123(1)
Cu-52-C26 93.2(4) N2-C21-C26 18e(1)
Cu-52-C27 113.7(4) C22-C21-C26 19(1)
C26-52-C27 1C4.7(6) C21-C22-C23 112(1)
C11-N1-C15 118(1) C22-C23-C24 12¢(1)
Cu=N2-C21 117.0(8) €23-C24-C25 117(1)
Cu-N2-C25 122.8(9) C24-C25-N2 122(1)
C21-N2-C25 12¢(1) €21-C26-S2 112.1(9)
N1-C11-C12 121(1) S2-C27-C28 1€2.6(9)
N1-C11-C16 118(1) S2-C27-C2% 1C2.4(9)
C12-C11-C16 121(1) §2-C27-C210 111.5(9)
€11 -Ciie-61a 119(1) €28-C27-C29 112(1)
C12-C13-C14 118(1) C28-C27-C210 116(1)
C13-C14-C15 119(2) €29-C27-C21C 11(01)

NOTE: - estimated standard deviations are in parentheses.



TATFIE 1

101

TC}'IC CCCRDINATES ANL ISCTRCFPIC THERWAL PARANETEES FOR Cu(tbmz)zg_

 TCL x/2 v/b z/c B/E2
7 c.7¢10(1) C.23%1(2) -C.C623(1)
> C.76C3(1) C.4504(2) (.C26C(1)
5 1 C.7245(2) C.36C6(4) C.154C(2)
52 (.6826(2) C.6546(4) -C.04C5(2)
i1 €.8823(7) c.27¢(1) C.3Cc2(8) 5.16
12 C.855C(6) C.6C8(1) C.C532(6) 3.C0
C11 C.8624(7) c.233(1) C.225C(€) 3.1€
12 C.C318(&) ¢.219(1) C.17¢2(¢8) 4.15
C13 1.0114(9) 0.252(2) C.224(1) 5.25
C14 1.023(1) C.295(2) 0.311(1) 5.S7
C15 €.e59(1) C.3C6(2) C.35C(1) 5.54
C16 C.7848(7) C.188(1) C.1820(7) 3.24
C17 C.6217(7) C.275(1) C.1316(7)  3.C7
c1e C.6C15(¢) C.221(2) C.22c9(¢) 5. 31
Ci¢ C.5658(¢) C.4C7(2) c.cece(e) 5.28
C11C C.6174(F) C.144(2) C.0652(2) 4.87
C21 @48357(7) ¢.755(1) C.C35S(7) 2NER
c22 C.8216(8) C.867(2) C.C443(8) 3.¢1
c23 C.2731(9) C.82¢(2) C.0651(¢S) Sal 3
C24 C.cS58(8) C.674(2) C0.C787(8) 4,61
€25 C.C324(8) C.56¢(2) C.C724(8) 4.12
C26 0.7462(8) C.7S€(1) C.C247(8) 3.6€
C27 C.6<35(8) c.620(2) -C.1574(8) 4.,1C
c28 0.6445(8) C.558(2) -C.2C83(9) 4.97
B2S C.6571(9) C.845(2) =~0.1871(2) 4.6
C21C 0.7835(2) C.68C(2) -0.1686(2) 4.81
- estimated standard deviations are in parentheses.
TARLE 15c

ANISOTROPIC THEPYAT TARANETERS FOR Cu(tbmp),Br
ATQN B11 B22 B33 B12 B13 B23
Br 0.0C48 0.0114 0.0C40 0.CC03 C.CO14 -C.C006
cu C.C037 0.0095 0.C042 -C.0003 C.CC11 C.CCCo9
31 C.CC28 C.CCe3 c.ccec -C.CGO2 C.CCC2 C.0CCO
32 0.C03C 0.C116 C.CC38 C.C004 0.GC1C 0. BOMS



Scme bondlength data for Cu(I) commlexes of
thioetl.er and substituted pyridyl ligands is presented
with tThe ddtea Hen Cu(tbmp)zPr and [Cu(tbmpH)Pr2]2 (see
3.3) in Table 16.

It can be seen that the Cu(I)-S2 bend (2.358(4) R)
is slightly longer than the mean of the Cu(I)-S tonds
(2.312(3) R) of other thioether complexes. Tkis ~ay be the
result of the ccnstraints trat are impcsed bty the planar
an? therefore rigid, Y2, C21, C26 tackbone of the chelated
ligand. Tlis suggestion is surported b two chservations.
The first is, that the Cu(I)-S btondlengths of tlre
menodentate ttmp (2.3C4(3) k) and tbmpHY ligands (2.276(2) %)
in tiis complex and [Cu(thmpH)Er2]2 resrectively (mean, 2.2¢C
(3) &), are sigrificantly shkorter tian the Cu(I)-S2 bend.
The seccrd observation ccmes from a comparisen of the
Cu(I)-S (tlLioether) bonding in other five-merbered chelate-
ring sistems such as those in Cu(dto)ZBFJO . In this
complex, the mean Cu(I)-S bond (2.3C3(5) &) is also
significantly shorter than the Cu(I)-S2 bond of Cu(tbmp)ZEr.

Even thougt chelation may have some affect on the
Cu(I)-S2 bonding, it is still shorter thLan the predicted
Cu(I)-S single-bond length of 2.3@ R (if the Cu(I) covalent

radius is taken as being about 1.35 A% ). These observ-

ations imply that tlere ray be TI-components in the respective

Cu(I)-S1 and Cu(I)-S2 bonds of Cu(tbmp)2Br, thus supporting
the crnclusions trat have been reached from other
crystallographic studies of Cu(I)-S bonding 0

The Cu(I)-N2 bond (2.11(1) k) is slightly longer

than in the Cu(I) complexes of bipyridine, pyridine and
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TAELE 16

Cu(I)=S(thioether) AXD Cu(I)=ll(pyridyl) EFCND DATA

COMFLEX Cu(I)-S Cu(I)-N REFERLNCE
Cu(tbmp)zBr 2.331(4) 2.11(1) This VWork
@u(tbmpH)Br2]2 2.276(2) This Werk
[cutatn)ca] 2.33¢9(2) 108
[cu(ato),]BF, 2.3C3(5) 10
Cu(14—ane—S4)ClC4 2.317(4) 4
Cu(pdto)PF, 2.345(1) 2.C42(5) "
Cu(py,S,),C10, 2.417(3) ¢ 2.c2(1) 109
Cu(pyzEt282)2C1C4 2.322(1) ¢ 2.02¢(1) 110
Cu(bipy)2c1o4 2.01(2) m
Cu(pea)” 2.295(1) 2.0C0(3) 112
Cu(py)z 2.05(1) 113

NOTES: - mean bondlengths (R) have been given where more than

one Cu([)-L bond is involved,

¢ Cu-SS(disulphide) bonds.

€01



104

substituted pyridine ligands (ca 2.CC(2) - 2.c42(5) &,
Tabtle 16,) being close to tre predicted Cu(I)-N single-
bond length of abecut 2.CC & (taking tle single-bond
covalent radius of X as C.74 A% ). Tiis again may
arise from thke same constraints that give rise to the
sliglt lencthening of the Cu(I)-S2 bond (atove).

The puckered rature of the five-wembered chelate
ring is illustrated ty the deviation cf tke S2 atom
[6.743(3) ﬁ] from the mean least-scuares plane that is
defined t; Cu, N2, C21 and C26. The latter atoms are
coplanar as expected.

Ecuvation of Flane: C.2181X -C.CCP2Y-(.S759Z = 2.351¢

ATCKS IN PIANE DEVIATICYS FRCY PIANE (R)
Cu,N2,C21,C26 Cu N2 C21 C26 52

C.023(2) =C.C56(S) C.C7(1) =C.C3(1) C.743(3)

3.3 CRYSTAT STRUCTURE CF
IS [DIBROMC(1-H-2-(3, 3-DINETHYI-2-TUIAEUTYL )TYRIDINE)]-

CCPFER(I)

The crystal structure of BhﬂtmﬁpH)BrZ]Z was

determined by Dr K.L. Brown , using crystals that were

prepared as described at tiie end of this Clrapter.

DESCRIFTTICN

The two distorted tetrahedral Cu(I) centres of this
centrosymmetric dimer are bridged bty two bromide ions with
the two remaining coordinating positions of each Cu(I) ion
teing occupied by a terminal bromide ion and a sulphur-
bound, 2-(3,3-dimethyl-2-thiabutyl)pyriéinium cation
(Figure 16).

Relevant structural details for [Cu(tbmpH)Brz] are

2
presented in Tatle 17.
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FICULE 16

SEructure bl [Cu(tb-:;ri-}Br?]z

cn




TABLE 17

STRUCTURAL DETAILS FCR ‘[Cu(tbmpH)Er,],

106

FROM _ATCM  TO ATCM DISTANCE/R FRCM ATCN  TC ATOM DISTANCE/A
Cu Cu’ 3.18 N3 H3 0.87
Cu Bri 2.363(1) N3 c4 1.32(1)
Cu Br2 2.621(1) ca4 cS 1.35(1)
Cu Br2’ 2.573(1) CsS Cé 1.39(1)
Cu S 2.276(2) of3 c7 1.36(1)
S C1 1.840(8) c7 c2 1.38(1)
S c8 1.844(7) cs8 C9 1.53(1)
c1 C2 1.4701) ce 10 1.51(1)
c2 N3 1.33(1) c8 c11 1.54(1)
ANGLE DEGREES ANGIE DEGREES

Bri1-Cu-Br2 110.9(1) N3-C2-C7 117.1(7)

Bri-Cu-Er2’ 1€9.3(1) C2-N3-C4 124.0(7)

Br1-Cu-S 126.2(1) N3-C4-C5 12C.4(8)

Br2-Cu-Br2’ 1C4.4(1) C4-C5-C6 117.8(8)

Br2-Cu-S 97.2(1) C5-C6-C7 12C.3(8)

Br2tCu-S 1C6.5(1) C6-CT7-C2 12C.3(8)

Cu-Br2-Cu’ 7S IEE) s-Ce-C9 1CE.8(6)

Cu-S-C1 1€6.3(3) S-C&-C10 111.8(6)

Cu-5-C8 114.1(2) S-Ce-C11 162.2(5)

C1-5-C8 104.2(4) C9-C8-C10 112.7(7)

S-C1-C2 1C9.8(5) C9-C8-C11 11C.0(7)

C1-C2-N3 117.7(6) C1C-C8-C11 11C.&(7)

C1-C2-C7 125.2(7)
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DISCUSSICK

Tlhe closest intermclecular cortact is tetween the

ryridinium proton (H3) and the Er2 ator of an adlacent

1 ) .
rmolecule (3 + x, 3+ -y, 7 + 2), as shrwn below.

vhere N3------ 2 Gifs BPRd A ara W3-Pr2-E3 is 4.749
Botk tke lengtl cof tris ccntact arnd its gecmetry (i.e.
almecst linear N3——H3----Br2 interactions) stuggest that
tlere is a significant degree of HE3----Fr2 hyvdrcgen
bending, The N3----Fr2 contact (van der Vaals distance is

22

3.45 £ ) may even te short encugh for direct overlarp
cf nitrcgen and trcmine crtitals as sugfested for tlre
structure of [/Jr-rr.e‘t};ylryridiniwr.:|+[q}FZnErB]".”5

In tkis latter comrlex, tre Pr----N contact is 3.2 i,
vwhile Br--F—N is 12C°. Veak NE----Pr hydr~gen btonding
has been described for complexes such as Fistkiourea

16

Pyridinium Bromide' (N----Br = 3.47 R, N-E-Pr = 144°)
and [4-EtpyE])* [FeBr,]” "  (N----Br = 3.32 &, n-E-Pr = 154°).

The N3-H3----Br2 interactior in [Cu(tban)Br2]2
could trhus be described as being cuite strcng.

The Cu-Br2-Cu bridging angle for this comrlex
(75.6(1)) is significantly smaller than the analogous
tridging angles (€3.C(1)-1CC.4(1)°) of dibremo-bridged Cu(II)
dimers (see Chapter 1). The reason for this appears to be
tr.e greater Pr2-Cu-Br2’ angle that is imrcsed by the
tetrahedral geometry of the Cu(I) ions. As a consecuence

of these effects, the Cu(I)----Cu(I) separation (3.18 })

is significantly storter than the shortest Cu(II)----Cu(II)
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seraration (3.57C(3) A) tkus far observed in tke
analopous Cu(II) COTT]CXES.W It is interesting to
note tlLat the Cu(Il)----Cu(I) seraration is only (.€ )3
grcater than the sum (2.7¢ A) of the tetratedral Cu(I)

o+ 122
covalent radii.

)

CONPARISCNS BETVWEEN Cu(tbmp),Br AND [CultbmpH)Pr.],

1T

it is apparent tiat the terminal Cu(I)-Er tend
(2.426(2) &) and the Cu(I)-S1 bend (2.304(3) &,81
telonging to the monodentate tbtmp ligard) of Cu(tbmp)ZPr
are slightly longer than tle corresponding Cu(I)-L bonds
(2.276(2) R) of [Cu(tbmpH)Prz]z. The weak interactions
tetween Cu(I) anrd the btridging brcmide icns in tke latter
corplex, probably allow stronger interactions tetween Cu(I)
and 1ts otrer ligands; namely the termirnal bromide icn
(Br1) and the sulphur atom of tbmpH+. Sirilar phenorenra

have teen previocusly described for other Cu(I) comrlexespams

3.4 INFRARED STuCTEA

i) Far-Infrared

Some crystallograrhically correlated far-infrared
data and data for complexes vhose structures are inferred
from other studies, is presented in Table 1€a together with
the data for Cu(tbmp)Br and [Cu(tbmpH)X2]2 (X=C17, Br ).
There is a paucity of crystallograrhically ccrrelated data
for Cu(I) complexes trat contain bromide ligands, although
inferences can usually te drawn on tke basis of other
spectroscopic measurements.

[Cu(tbmnH)Erzjz: Tre <W(Cu-Br) abscrrticns at
1

132 and 1CC cm” ' are at very low energy (FifFire 17a) but
they are consistent with trte long Cu(I) tc brideging-brcmine

bends that are found in tle crystal structure of tlris



FICUEZ 17

IR Spectra — Cu(I) Comrlexes and Fyvridinium Salts
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a
t
182
t t
100 132
100 cm-! 200 290
2 o b o o
172  Fer-IR [QE(LEJTUL._E]E
J(Cu-Br) absorptions are shkown.
b
|
231
t
204
100 200 290
17b  Far-IR BﬂdtbmpH)C12]2

\/(Cu-Cl) absorptions are shown.
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1Te ‘U(I?+—T;') Abseorrtions

<
Cu(tbmpE)C1,],
f o =
*-
f
N
e
[Cu(tkrp?ﬁ}?rz]z
N
: (tbmpH)Br
t ot
N
'f
(tbmpH)PF,
(N = Nujol zbsorption)
th
N
3600 ¢m~' 3000 2400




TABLE 18a
FAR-IR DATA, Cu(I) CCNFIEXES

1M

CCMPLEX v(Cu-X) /em™! STRUCTURE REFERENCES
- ol IR data X-ray
BhAMe3PS)C1]3 299 Terminal Cl 119,120 121
275
CuCl(dth) 271 Terminal Cl1 82 108
(CuCl)tal-i-C;H, 194 Bridging Cl 122 Nea
(cucl)cgHy 254,222 Bridging C1 123 124
[cu(tompr)c1, ], 204 Bridging C1  This work  n.a.
231 Terminal Cl
X = Br
(CuBr)z(DPPA)3 202 Terminal Br 125 n.a
[Cu(Me3PS)Br]n 176 Bridging Br ny n.a
(CuBr)tal—CH3 152 Bridging Br 122 n.a
CuBr[dthﬂ 169,152 Bridging Br 82 n.a.
[Cu(tbmpH)Br2]2 182 Terminal Br This work This work
132,100 Bridging Br
Cu(tbmp)Br 182 Unassigned This work n.a.
NOTES: - n.a. = not available

- spectra (this work) recorded for paraffin mulls, at room

temperature.

TABLE 18b
GENERAL IR DATA, Cu(I) CONPLEXES

COMPLEX v(pyridyl rine)/cm”)
[cu(tbmpr)ca,], 1618(s), 1531 (m)
[cu(tbmpH)Br,], 1634(m), 1616(m), 1536(w)
. Cu( tbmp)Br 1595(s), 1567(m)

NOTE: - spectra recorded for Nujol mulls,
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corrlex. The absorrtiens are relatively strone and tleir

assignment is suprorted ty tleir non-appearance in the
srectrum of [Cu(tbmpH)ClZ]2 (Figure 17b). TlLe terminal
V (Cu-Fr) absorptiocn is tentatively assigned at 182 cm_1.

[9333322529;2]2: The ~J(Cu-Cl) absorrtion

at ca 204 cm” ] is consistent with btridging chleride
(Fifgure 17%), by analogy vitk tre data trat is rresented

in Tarle tfa. Tke atsorypticn at 231 cm_] can rrokatly

te assigned as teing due to terminal Cu-Cl stretching

as there are no other bands in this spectrum trat can

te assigned as sich. IlLovwever, it should te ncted trat

1

231 cm ' is also witkin the range (ca 194 - ca 254 cm_1)

observed for tridgeing V(Cu-Cl) freguencies.
Cu(tbmp)Br: A ~W(Cu-Br) arsorrticn is

tertatively assi;yned at 182 cm—1. It is ret rresitle to

ccnfidently assign the atsorptiorn as arising from eitker
terrinal or btridging Cu-EBr bonding, when the assigrments
for [Cu(thmpH)Bré]2 are compared witi these fer otker
Cu(I) complexes, (Table 18a).

ii) General Infrared

'U(N+—-El Absorptions: The brcad abtscorpticns

tetween 24CC and 32(CC crn_1 in the mull spectra of the
[Cu(tbmpH)X2]2 complexes (Figure 17c), are pcod evidence
fcr the pyridyl nitrogen having been protorated. Similar
atsorptions, their freguencies derending on the degree of
hydrogen bonding in the salts, were reported ty Nuttall

126

t al

, who assigned them as the symmetrical =U(X¥"—H)
modes for a series of pyridinium salts. For

[Cu(tbmpH)Erz]z, the broad absorption(s) occurs at higher



frequencies than in a sarple of (tbmph)*Pr™ tlat vas
rrerared for comparisen (Figure 17c). Tlis ctservati-n
sugfests tkat the Nf—moo.. Br hydrrgen tonding
interactions are less™in [Cu(tban)Er2]2 than in
(tvmpH) Br.

170C-15CC cm”| Absorptions: In tre Cu(I)

complexes vlrere tbmp has been prectcnated (i.e. [Cu(tbmpH)Xz]z)

the blue-shifts in tlre higl.er frecuency ring strectching
absorption (Table 1€b) are generally greater (up to 2% cm—])
than those which occur (up to 1¢ cm_1) in tre 1'(II) complexes
(=Cu, Xi, Co) of ttmp (Tables 13c and 24 ).

Gi2d | Bl §;99 were atle to show tlrat the absorrtions

at atout 16CC em™! and 154C em™ !

in the srectra of
pyridinium salts a2re due tc N-H deforrmation and cemtination
modes. C(n the basis of tlese recsults, the redium-weak

absorrticn at ahout 1532 cm™]

in tke srectra ot
[Cu(tbmpH)X2]2 and the (tbmpE)*X™ salts (X = Er~, B), i
rrcbably one of these modes. The second mode has not bcen

vesolved in these spectra.

ER ZLECTRCNIC SPECTRA

Although thke electronic spectra of tie yellow Cu(I)
complexes of disulphide ligands such as py282 and
(NezN)zEt282 (see Table 1S¢) have been discussed by Seff

109,127

£, all

the yellow dimer [Cu(tbmpH)ErZJZ, is the
first coloured Cu(I) complex of a sulphur-coordinated
thioether ligand, to be crystallographically claracterized.
It is probatle tkat [Cu(tbmpH)012]2 has a structure

similar to that of the bromide complex as its reflectance
spectrum is similar. Its far-infrared spectrum is not

inconsistent with this prrposal, either.
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TAELE 19

et e e e .

ELECTECI'IC SPECTRA, Cu(I) CONPLEXES

COL:PLEX STATE C.T. NAXINA (nm) REFERENCE
Cu( tbmp)Br CH,C1, ca 355(sh) This work
[cu(tbmpm)c1, ], CH,C1, ca 35C(sh) This work
435(€=128)
Refl. ca 37C(sh) t
ca 412(sh) t
[Cu(tbmpH)Br2]2 Refl. ca 375(sh) t This work
ca 415(sh) t
Cu(tbmq)20104 Refl. 578 This work
AT75
[culpy,s,) ] cic, Nujol mull 335(sh) ¢ 109
[cu(me,N),Et,8,)],  Mujol mull 293 ¢ 127

NOTES: ¢t maxima disappear in mcthanol,

¢ assigned as red-shifted disulphide absorption.

148



Th.e visitle srectra of the Cu(I) conrlexes tlat
are bteing studied in this thesis, are compared vith those
of the disulphide ligand corrlexes in Table 1¢,

Hipler Energyv laxima

+ .
- 1C nm 1s comron

The atsorptiorn at atout 365
to the reflectance spectra of all of the Cu(I) corplexes
of ttmp, tomrH' and tbmg (see Chapter 6). It is rrcratly
too kigk in energy to involve CulI)— TX1I) charge
trensfer (if the complexes of tbmp and ttme centain
chelated ligands) and the lack of major variations in the
energy cf this maximum (on changing the anioﬁ) sufFfests
tkat it can not ‘e ascsigned tr Cu(I)— ¥ clarge transfer.
"hese otservations are c-nsistent with Cu(I)— S clarge .
transfer teing resvornsitle feor the ca 365 rm abscrrticn ,
as Cu(l)-tiicetker interactions prchatly occcur in all -f
tlese complexes.

T ower Lnerry laxima

Tre seccnd atscrption (at atout 414 nm) in the
reflectance spectra of tlre [Cu(tbmpll)xz]2 dimers does
.not aprear in the spectra of the Cu(I) complexes of ttmp
and ttmg. This implies tlat tlis atsorrtion is not likely
tc arise from Cu(Il)— S charge transfer and tecause thre
reflectance srectra of tle dirers are almost identical
it can not bte due to a Cu(I)=— X~ transition. The very
st.ort and alrost linear Pr=----H—DX' interaction trat
is descrited in 3.3, is consistert with this interaction
having aprreciable covalent bording claracter. Tlis
weuld facilitate Cu(I)— BPr---—gH— N7 ctarge transfer.

Tlke 414 nm absorption 1s thus assigned as being due tc

115
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charge transfer {rom the d-ortitals of Cu(l), to tlLe
ﬂtort;tals of tlle pyridiniumr ring, via thle Pr---eol] =N
"bridge". The resitive cliarge on the pyridinium ring vould

thius te partially neutralised by tris clarge transfer

anrd would also enhkance it.

3.6 REACTICN CF [Cu(ttmrE)Clzlz_MlTH £g4AsCl

fothﬂtkmpH)X2]2 cerrlexes are totlh 1:1 electrolytes
in nitrcmetkanre anéd methkanol (tased on thre !I'.V. cf cne
Cu(tbmpH)Xz "roniomer") ard their electronic syectra in
retharol (tcthl ccmplexes Lave an atsorprtion at 3(E nm,
Tatle 1S) show that they do not retain threir solid state
structures in thkis solvent. Tkis conclusion is surrorted
by the isclaticn cof [Fh4As]CuC12 fror a retharel sclution
of [Cu(tbnpﬁ)Clz]z and Th4AsC1 (see Arrenrndices;. Tiere
are a2t least two ways in whicl [Cu(tbmpE)C12]2 (and
[Cu(tbmpH)Erz]E) can treak dovn in solution and bzti are
consistent witk the above otservztions:

i) the ccnplexes can trezk dcvn to give the
Cqu- ard ttmpE' ion pairs, or

ii) complete decomposition can occur to yield

solvated Cu(I), tbmpH+ and two halide ions. L s

possibility is favoured in hydrogen tording solvents.?®



EXTERIKEN TAT

DETEREIVATICYE CP STRLCTLHT CF Cu(tbmhlzgg
19 General

The arrroximate unit cell dimensions of thke almost
colourless crystals of Cu(tbmp)zEr were deterrined by
rrelirinary oscillation, Veicsenterg and rrecessicn
Thotrgrarhy. Tire crystals were rrerared as descrited in
3.1. Tie syrace grcup T21/n was estabtlisred freor the
s; stematic absences in tlie V.eissenterg and rrecessicn
rhetcgrarhs. Accurate cell dimensicns vere calculated
after a crystal fragment lLad been aligned on a four-circle
X-ray diffractometer. Tre least-squares analysis of tlLe
Tcsiticns of twelve general reflecticns was used to define

tre crystal orientation.

CRYSTAI DATA FCR Cultbmp) Br

M., 5C6.C3 g.
Crystal System I'onoclinic
Space GCroup P21/n

Cell Dimensions a = 16.c27(3) R}

b= R.867(1) pr = 1661 (1 )°
c = 15.371(2)
CEl Welktme U = 2268 33

Density DJ = 1.482 ¢g. em 3
B =3(n_
D, . = 1-482 g. cm 7(2=4)
Radiation N o-KeX
’Lﬂﬁo—B>0 45.7 cm” ]

NCTE: t Determined by flotation method.

Measured in NaI/EtOH/HZO.

nz



1) Data Collection and Reduction

A crystal fragmént v.ith maximum dimensions of atout
t.C2 x C.C2 x C.C2 cm was mounted atout its t axis for the
data collection on a computer contrclled l'ilger ané “atts
fecur-circle X-ray diffractometer.

TAPIE 2Cb

DATA COLIECTICH FCR Cu(tkrr)zzz

A(Ilc-E9) c.71¢7 &

Background Count Time 2C s. each side

Counting Sterps &c

Counting Time/Step 1B,

Standard Eeflections (7,3,C);(1,3,7,;(1,5,-1)

Tre data was collected from the C° < € < 26°

shell for tre hkl and hkl reflections; tke three standard
reflections, vwhicl viere checked after every 1(C reflectiorns,
revezled nc systematic intensity changes. After merging,
the 4485 measurements were reduced to 4251 inderendent
reflections, of which 2C32 had intensities greater tkan 2¢.
The usual ILorentz and polarization corrections were rade,
tut atsorption corrections were not apprlied to the data.

iii) Structure Solution and Refinement

An electron density map, phased on the tromine and
copper atoms, was calculated after the ccordinates cf thlese
two atoms had teen determined from a Patterson vector map.
Trhe atoms were given arbitrary isotropic temperature factors
of Bab> ﬁz for the structure factor calculation. This map
revealed the positions of anotker sixteen atoms and the
remaining eight atoms were found after a second electron
density map, phased on all of the previously located atoms,

had teen calculated.
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The structure was rcfined using the full-matrix
least-sguares program, cucis.” The least scuares
refinement was carried cut on F, with the cuantity
:Ew(|FO| - |FC| e being minimised and thke weight (w)
being 4(F0)%/ [CY (Fo)z]% Tre conventional reliatility
index F, converged at C.C%3 after six cycles of refinement
for which all of the atoms were given isctropic terperature
factors. Anisotropic temperature fzctorc vere tlen given
to tke tromine, corper ané sulphur atoms and another
three refinerent cycles were carried out. PRefinerent
ccnverged at E = (.C72 fer trhe 2032 reflecticns whkere
| FC|2 > 2.6 Oy 2. The final weighted R factor
r/ :Ew(lFo| — |FC| )Z/Ew(| FO|)2 was C.C78. Anomalous
dispersicn corrections were applied to the trcmine and
corper ztoms for the final cycle of refinement, tut these did
not affect R. The values of Af’ and Af” vere tzken from
Reference 290 and tley were assumed to be constant for all
values of €.

A difference map which was calculated after the
refinement had ccnverged, revealed the pcssitle locaticns
of some of the hydrogen atoms but these have not been
included in any structure factor calculations and no attemrts
have been made to calculate the positions of the remaining
hydrogen atoms.

The anisotropic atoms have the following RNS

components of thermal displacement along tle principal

axes, R:
ATCONM Re.=1 1 R _2 R =13
Br c.1965 (£) cC.2213 0.2616
Cu C.1827 Ga. 2208 C.233¢
351 C.1787 C.1217 0.2067

S2 C.1832 C.2013 C.2373



TWBLT 2Cc

VEAN IEAST-_SQUARSS TTANE I°ULTICHS

ATGHS. ¥ BLANE ECUATICN

B, Cup, 54 ~C.BET73X-C.C376Y-C.45S7Z = -11.6836
Cu, S2, L2 C.4331%-C.2161Y-C.87512 4.3347
£r, Gu, ¥ C.ET43Y+4C.4631Y-C.1454Z 12.67¢4
Cugy Sy, W2 -C.E7CTYX+C.T7411Y-C.C3C5Z - 5.6344
e, C21-25 C.1€32Y-C.1(81v-C,c7527Z 1.4CC6
¥1, C11-15 -C.(61CY+4C.9551Y-C.2E¢C€E2Z C.1373

120
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SYNTLISES

Pis[ﬁichloro(1—n—2—(3,3—éimetkwl—2—thiahutvj)Pyridine)corrcr(i)]

1 mmole of Cu(tbmp)2012 was rrepared in Abs.ZtCH and

rrecipitated by the acditicn of etlker. The sclid was

filtered, dissolved in abcut 1°5C cm3

3)

of varm Abs,=ZtCli and

then hyrophosrkerous acid (ca 1 cm was added to thre

soluticn. Tre resulting pz2le yellow sclution was cecncentrated

3

to atcut 5 cm~ and ccoled. The yeilow crystals tlat grew vere

[}

iltered ané vashed vwith Ats.EtCE tren ether. The coeomrlex has
to bte sealed in vacuo for prclonged storage.
YIEID: C.245 g (77%)

Eis[Bibromo(?-H—2—(3,B—Gimethv1—2—thiabutvl)pvridine}conper(I)]

A few drops of Lyrorhospkorous acid v.ere =2dée? to a
warm EtCE s-lution of 1 mmole of Cu(tbmp)zEr2 (rrepared in situ).
The reduced sclution was filtered, concentrated and cooled to
crystallize the yellov, air-statle corplex.

YIEID: C.20C g. (497%)

Bremo[2-(3,3-dimethyl-2-thiabutyl)pyridine]corper(I)

1 mmole of ankyérous Cufr (C.143 g.) was dissolved in
an Abs.ZtCL solution of excess IiEr. Tke syrupy solution was
vacuur filtered and 1 rmmele of ligand (C.182 ¢.) in Abs.EtCH
was added to give a ligkt yellow solution. Tkis was
concentrated in vacuo, cooled and "scratched" to precipitate
the almcst colourless crystals.

YIEID: C.243 g. (75%)

Eromo-bis[2-(3,3-dimethyl-2-thiabutyl)pyridine]copper(I)

These crystals can be isolated if a solution of 1 mmole
of anhydrous CuEr, excess LiEr and 1 mmole of tbmp
(i.e. the solution is similar to those used for prerarztion of

Cu(tbmp)Br) is allowed to stand at 4 °c for a ccuple of days.

Tie crystals were filtered and washed with Abs.EtCH.



TABLE 21

I.ISCELLANECUS TIYSICAT DATA

CCNFLEX CCLOUR  M.P/°C ANALYSES: Calc.(Found)/% cnxnucTzvaY/ohm‘1mol."1 em®

] H N Other CH, NG, M eOH
B

[cu(tbmpH)Cl,], yellow 123-i25 37.92  5.C¢  4.42  C1,22.38 <F. 115
(37.24) (5.23) (4.26) (22.45)

@u(tbmpH)Br2]2 yellow 138-14C  2S.61 3.6¢ 3.45 84 123
(29.95) (4.21) (3.26)

Cu(tbmp)Pr v.pale 137-138 36.¢8 4.66 4.31 Pr,24.61 31 35
(37.16) (4.63) (4.59) (24.6¢)

70TES: - molar conductivities at 25 °C: Nitromethane 1:1 (7C-¢C),

Nethanol (1C0=-130C)
- V = very

el
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Pae=Cte b e

BIS [2-(3, 3-DINETHYL-2-TEIABUTYI )FYRIDINE]

CCBAIT(II) AND NICKEI(II) CCLTLEXES

The synthesis and isclation of the N(tbnp)2X2 comprlexes
(NM=Co(II), Ni(II); X=C1™, Br ) is similar to tkhat of the
analogous Cu(IIl) corplexes (Ckhapter 2) and likewise, they
aprear tc have distorted cis-octakedral structuvres in the
solid state. In the presence of perchlorate arnions, the
bis-complexes are isolated with either one or two water
molecules in the M(II) coordinaticn sphere, derending on
wrkether or not the drying reagent TECF (triethylorthoformate),
is added to the reaction. The reflectance spectra of
[:(tbmp) ,(E,0) ,](C1C, ), ana [N(temp), B, C.ClC,]JC1C, are not
inconsistent witl. these comrlexes alsc having disterted cis-
octahedral structures.

In non-ligating solvents, only Co(tbmp)2C12 and
Co(tbmp)zBr2 are sufficiently soluvble to enable their electronic
spectra to be measured and it is evident that tetrahedral
species are predominant in solvents of this type. Altkough all
of the complexes are soluble in methanol, they probabtly undergo

extensive solvation.
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4.1 EIECTRCNIC SPECTRA

Three spin-allowed electronic transitions are expected

for the high spin octahedral complexes of Co(II) and ¥i(II).'”
For most complexes, spin-orbit couprling, which is only

optically important for the T1g and ng states ¥

than Oh symmetry, lead to a splitting of the octahedral field

, and lower

states. With Co(II) complexes, srin-forbidden transiticns to
doutlet states may also complicate thke spectra.

FIGLRE 1€

SFIN-AJICVED TEANSITICNS FOR CCTAEEDRAI Co(II) ané Ni(II)

Co(I1)" Ni(II)*
4T,IE(F) =3 4T1g(P) * 3,4.25 — 3‘I‘1€(P)
4T1€(F) — 4A2g 3A2g — 3T1g(F)
4T1E(F) =3 4T2g 3A2g = 5 3T2g

Increasing Energy
* Reference: 129 * Reference: 129,130

COBAIT (II) CCNPLEXES

iy Reflectance

The spectra appear to be consistent with those of other
six-coordinate CoN282X2 complexes although in general, a
greater number of absorptions are observed for each ttmp complex
(Table 22a). Some of these absorptions in the visible region
may arise from doublet transitions that have teen enhanced by
mixing with srin-allowed transitions or the 4T1€(P) level may
have been split by low symmetry ligand fields.™ Although in
principle, the main near-infrared atsorption can be assigned to
the 4T1g(F) - 4T2g transition and tle main visible atsorption
can be assigned to the 4T1g(F) _— 4T1g(P) transition,® the

wide range and multiplicity of the absorptions for these
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Co(tbmp)2X2 complexes present some difficulties in raking
specific assifgnments. Cnly two of the three srin-allowed

absorptions are normally observed for tetragonal Co(II)

complexes as the weak 4T1g(F) — 4

4

A2g two-electrcn transiticn

31

is often obscured by the nearby 'T, (F) — 4T1g(P) transitionj

e
No attempt has been made to assign the twc-electrcn
transition in these spectra.

It is aprarent from the spectra (Firfure 1¢z) trat the
centre of gravity of ilie visible regicn maxira moves to lover
energy in the order Co(tbmp)2012 > Co(tbmp)zEr2 as exrpected
from the spectrochemical series.” The urassigned absorptions
at atout 61C(sh) and €28nm for [Co(ttmp)2.0104.H2C]CIC4, move
to higher energy (56(nm) when arotrer vater molecule ccordinates
to give [Co(tbmp)2.2H2C](C104)2. It is prctatrle tken, that
some of tle urassigned transitions in Table?22a are spin-fortidden
quartet —) doublet transitions as trese too, are exrected to
move to higher energy when the ligand-field strength is
increased.’

In complexes that are known or thought to exhibit
distorted cis-octahedral symmetry, the near-infrared absorptions
are split into at least two components while the remaining
absorptions are similar to those of trans-tetragonal Co(II)
comple)(es."3 The electronic spectral data for the crystallo-
graphically characterized cis-octahedral complexes,
Co[(CH3)3PO]2(NO3)2 and Co(prmt)2C12, is also presented in
Table 22a. The latter complex exhibits weak Co—S bonding to
give a g;g-CoN252012 chromophore. A distinctive splitting of
the lowest energy maximum (ca 135Cnm) for the tbmp complexes
is observed only for Ekmtbmp)2.2H20](Clc4)2 (suggesting that it

is distorted cis-octahedral) but this does not necessarily rule



FIGURE 1Sa

. § .
Electronic Spectra-COthmr)z}_(g Complexes (Reflectance)
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708

————

Ca. 680

A = Co(tbmp),Cl, ¢ = [co(tbmp),.21,0](cC10,),
B = Co(tbmp),Br, D = [c:o(tbrrq))z.<:104.Ilz,c]cm4

9cCl



TAELE 22a

REFIECTANCE STFECTIA, Co(II) CCMNPLEXES

CCMPLEX 4o (F)——+ 2, (r) 4T1K(F)——+4T2€ OTIER REFERENCE
Co(tbmp)2C12 470,542,590 1330 cab3((sh),cab75(sh)27C This work
Co(mmp),C1, 465,54C(sh),575 15
Co(NS SN)Ll 555 13CC,1515 132
CO(prmt)2012 58C, 64C 15C6,18cC8 a5C 133
CO(tbmp)ZBrZ ca 51C(sh),542 9&355(Shjtg§64C(sh), Tris work
cab8C(sk), 7G5
Co(mmp)zBr2 42C,53GC,615 15
Co(NSSN)Br, 555 1315,1471 132
Co(prmt)zErZ 582,675 171C 870 133
[Co(tbmp)2.0104.H20]Clo4 cadC(sh),5C7,ca532(sh) cab1C(sh), 628,875 This vork
[Co(tbmp)2.2H2O](ClO4)2 ca4&5(sh),5CE €a13(C(sh),141C ca56C(br),E75 Thisz work
¢ vo[(cliy) ,P0], (N0,), 550, 612 (sh) 131C(asym) &5 134
NOTES: = all maxima are nm.

- skl = shoulder; br = broad; asym = asymmetric
t the high intensity of this shoulder suggests that it is possibly a S—Co(IL) C.T. raxirum '

-~ all complexes 1re CoN252X2 chromophores except ¢
- Co(NSSN)X2 complexes, also likely te have cis-octahedral structures

221
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A
o

ADIL 22b

3

EL-EGTRCHIC "SPECTRA, ColIL)..CGEELEXES (X 1ieQl

CCLPIEX APSCEFTICH/nm € (1.mol. ten™)
Co(tbr:p)2C12 525 11

ca €6C 1
Co(tbmp)2Pr2 1Al 8
cO(tbn.p)2(c1c4)2 52C 7

ca €45 2

Electronie Spectrs - Tetranedral Cc(i?rr}zéz Cpecies

A=Tq species

A+ excess tbmp

—— -
-

- —

600 nm-» 700
1

— spectra recorded in non-ligating sclvents.



TARLT 22¢

EIECTRCINIC STECTIA, TEITANSTTAT Co(II) CCMTIRKES

CONPLEX LIGANDS STATE “a,=r (1) /nm RTFERENCE
Co(tbmp),C1, 2K, 2C177? CH,C1, 565, 667, 712 ¢ NS Uiodk

(218)(3C1)(4C7)

¢N02 564, ca 575, 662, 7CC, TCE

(1S5 (322) (3£8)
Co(mmp) ,C1, 2N, 2C17% ¢>No2 56C, 610, 65C, 6&C 15
Co(e¢-pic),Cl, 2N, 2C17 CH,C1, 588, 625, 637 This work!
Co(Ne3PS)2C12 2% BT CH,C1, 6C4, 6592, T75C 136
Co(mmtq)Cl2 N, S, 2C1” Refl. 56C, 660 14
Co(tbmp)ZEr2 2N, 2Dr °? CH,C1, 562, 69C, 718 Trhis work

(262)(4¢2)(56()
COL’ZBr2 2N, 2Br~ Refl. 586, 621, 636 137
Co(Me3PS)2Br2 2S5, 2Br~ CH,C1, 631, 679, 756 136
Co(mmtqg)Pr, N, S, 2Br Refl. G, 6%d 14

NOTES: = for tbmp complexes, extinction coefficients are iIn parentleses
¢ also an absorption at 1375( € =37) nm.
t sample prepared by method of Allan et gllgg

* 1’ = 2-methylthio-3-methylimidazole.

6¢l
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out the assignment of distorted cis-octahedral geometries for
the otker Co(tbmp)2X2 complexes. VWhere X is chloride and btromide,
the far-infrared spectra strongly support the assignrent of
distorted cis-octahedral syrmetry to the corrlexes (sece 4.2)
ii) Solution
I'ethanol: The spectra of tle Co(tbmp)zX2 corplexes

(X=C1Cc, , C17, Br ) (Tatle22b ) suggest that partial, if not

4
complete, displacement of the ligands is occurring. Tlke rmain
absorption maximum of each of the pink sclutions is quite weak

anéd very close in energy to tkat of Co(II) in methanol.

Dichloromethane and Nitrobenzene: The spectra of the

blue solutions trat are formed by Co(tbrrp)2C12 and Co(tbmp)zBr2

in these non-ligating solvents, are typical of tetrahedral Co(II)
' (Tatle 22c and Figure 1Sb ), but tke nature of the species
of these solutions is not readily aprarent. The formation of

e

species such as CoCl, and [Co(tbmp)2]2+ can te ruvled out by

trhe non-electrolytic tehaviour of Co(tbmp)2012 in nitrobenzene

(A =2 ohm ™!

mol. ' em?). Co(tbmp)2Br2 appears to behave
similarly. Wwhile some spectral changes occur on adding excess
ligand (Figure 1°b ), the spectra remain strongly suggestive of
tetrahedral Co(II) and this implies that if an equilibrium suck
as (i) exists, it must lie strongly in favour of Co(tbmp)zxz.
The behaviour of these complexes is in contrast to that of the
analogous Cu(II) complexes, which appear to dimerize in
dichloromethane (sce Chapter 2).

(i)  Co(tbmp) X, “—— Co(tbmp)X, + tbmp

Cn the basis of these observations, it appears probtable
that the major species in these non-ligating solvents can be

formulated as tetrahedral Co(tbmp)2X2, where both tbmp ligands

are unidentate. Similar behaviour was reported for the related
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complex Co(mmp)2012, where mmp is 2-—me’chylthiome‘chylpyridine‘5
and for this complex, it was suggested tirat bveth mmp

ligands are bound via the pyridyl nitrogen only.

NICKEL (II) CCMPLEXES

(i) Reflectance

The reflectance spectra are consistent with tle comrplexes
teing six-coordinate NiN252X2 chromorhores and the tentatively
assigried ligand field maxima are presented in Tarle Z23z.
Altkough the Ni(tbmp)2(0104)2.xH20 (x=1,2) complexes do not
exhibit any absorptions below 1(CCCnm, this does not necessarily
imply that they are scguare planar as the 3A2€ —> 3T2g trans-
ition can be found over a wide range of wave-lengths (77(-143Cnm)
in distorted octahedral Ni(II) cor:plexes.43 Trke infrared
spectra (see 4.2) of the Ni(tbmp)2(C104)2.xH20 complexes suggest
that the respective chromoplkores are [Fi(tbmp)2.0104.H2CJ+ and
[Ni(tbmp)2.2H201.2+ The reflectance spectra are not inccnsistent
witk these structures. The spectra of the Ni(tbmp)2X2 (X=C17,Br")
complexes (Figure 2C) and the Ni(tbmp)2(01C4)2.xH20 complexes
do not show the marked splitting of the 3A2g —> 3T2g and

3A2g — 3T1g(F) maxima that characterizes trans-tetragonal
Ni(II) complexes.'40 Tre electronic spectral evidence thus
supports the far-infrared evidence (see 4.2) for the assignment
of distorted cis-octahedral structures to these complexes.

It would be intuitively expected, from the similarities
in their respective NS donor sets, that the relative ligand
field strength of two tbmp ligands would bte comparable in
magnitude to the ligand field strength of quadradentate
1,8-bis(2-pyridyl)-3,6-dithiaoctane in its Ni(II) complexes.
This expectation is confirmed by the estimates of the crystal

field parameter Dq (Table 23b) for each of the complexes of

these ligands. Hence Dq for Ni(tbmp)2012 (1142cm—1) is



FIGURE 2C

Electronic Spectra - ITi(tb:rn)zgz Complexes (Reflectance)
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400 . 600 nm
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T \/ﬂ{!
& = Wi(tbmp),Cl, g = [Ni(tbmp)Z.ClO/l.11,,O]C104
~ b = Fi(tbmp),Br, a = [Ni(tbmp)2.21‘.2(‘.](C]C4)2
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TARLE 23a

EILECTRONIC SFECTRA, ﬁi32§q§2 CCLTIEXES

: Snue O i 3 3 ; 3 3 R
CCMPLEX STATE A, : T1ggP) Ay — T1g(r) Ay 7T, EEFEEENCE
Ni(tbmp),C1, Refl. 45 645 1C8C, ca 13(C(sh) This werk

MeCH  415(2), [49C(1)] 77C(4)
NiACl2 Refl. 425 26 12C5 139
Ni(mmp),C1, Refl. 63C, 73C(sh) 1CCC(br) 15
Ni(NSsN)C1, Refl. 633 1111 132
Ni(tbmp),Br, Refl. ca 41C(sh) 6SC ca 11C( (sh) This work
MeOH  41C(8), [ca 465(2)] 78C(2)
NiABr, Refl. 425 725 1198 139
Ni(mmp),Rr, Refl. 65C, 75C(sh) 1CCC(br) 15
Ni(l'SSN)Br2 Refl. 645 1136 132
[vi(tbmp),.C10, .H,0]C10, Refl. ca 39C(sh) 615 9 C This work
MeCH 4C5(7T) 755(3)
[Ni(tbmp)2.2H2C](C104)2 Refl. 365(sh), 39C(sh) 63C S0 This work
Refl. 368 pr ] 139

[via(n,0),](c10

NOTES: -

= Ni(NSSN)X2
[] could be "fortidden" 3A2é——9 A

4)2

fcr tbmp complexes,

extinction coefficients are in parentheses

complexes, also likely to have cig-octahedral structures.

1
I's

d o 1
5 transition

39

£el



TAPT.E-23b

ESTINATED Dg AND P FOR Ni(II) CCMPIEXES

[

CCN.PLEX Dg/cm” B/cm”
Ni(tbmp)2C12 1142 304
NiACL, 113C 232
Ni(tbmp),Br, 1168 253
NiABr, 118C 218
[vi(tbmp),.c10, .H,C]C10, 1225 3c2
[vi(tomp),.20,0] (c10,), 1266 294
[Mia(H,0),](C10,), 1274 375
NOTE: -~ see Table 23a for reference to NiAX2 complexes.

vel
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comparatle in magnitude to Lq for NiACl2 (11BCcm—1), vhere
A is 1,E-bis(2-pyridyl)-3,6-dithiaoctane and similarly for
thie remaining pairs of analogous comprlexes. The electronic
spectra are comrared in Table 23a.

Do(Dy=1CDq) and the Racah (interelectronic repulsion)

. . 141
rarameter B, were estimated using Iever's graph procedure.

(i1)  Sclution

The weak maxima trat are otserved fer the Yi(tbmp)zxz
complexes in metranol, show trat tetragonzl species exist
in tris solvent. Vkere X is chloride and btrecride, the ccrrlexes
are 1:1 electrolytes and where X is rerchlorate, tkey are 2:1
electrolytes in methanol and tkis implies that rartial sclvat-
ion can occur. Fartial solvation and/or partial decompositicn
of the corprlexes is evident from the differences betveen the
reflectance and metlranol sclution spectra (Tatle 23a). The
complexes were insufficiently solutle to allow spectral studies

in non-ligating solvents suclk as dichloromethane.

4.2 INFRARED SFECTRA

FAR-INFRARED (M(II)-kalogen stretching)

The appearance of at least two WV(N-X) vibrations in the
spectra (Tatle 24 ) of the N(tbmp)2X2 complexes (MN=Co(II), Ni(II);
X=Cl™, Br~) suggests that the complexes have distorted cis-oct-
ahedral structures® rather than the more common trans
structures. In contrast to tetragonal Cu(II) complexes,
Jahn-Teller distortions are not expected for tetragonal Xi(II)
complexes >° . This means that cis and trans V(Ni-X)
absorptions will be indistinguishable if the absorption
freguencies alone are considered. Very little is known about
the effects of Jahn-Teller distortion on tetragonal Co(II)

29

complexes ' and sc it is not possible to predict what
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differences there will be, if any, between cis and trans

“V(Co-X) absorption frequencies.,

Co(II) Complexes

Co(prmt)2C12 (Hpymt = pyrimidine-2-thione) has teen
shovn to have a cis-distorted octahedral structure for wkich
the V(Cc-Cl) absorptions are found at 232 and 246(sh)em™! "
These are similar to those otserved for Co(tbmp)2012
(222, 249cm—1) tut for Co(tbmp)zEr2, the WV{Co-Fr) frequencies
(1¢<4, 2ICcm—1) are slightly higher tkan those of Co(Epymt)2Pr2

(176, 188(sh))."”’ Trans—Co(py)4C1 has a single V(Co-C1)

2
frequency at 23Ccrn_1 but in contrast to tetragonal ccmplexes,
the V(Co-X) frequencies of tetrahedral Co(II) complexes are

substantially higher.*

Ni(II) Complexes

While the V(Ki-Cl) frequencies (23C, 253cm™2) of
Ni(tbmp)2C12 are similar to those assigned for trans-tetragonal
complexes such as Ni(3—picoline)4012 (243cm™ 1) ™7 and Ni(py)4C12
(246cm™ 1),  both the V(Ki-Cl) and V(Fi-Br) freguencies
of Ni(tbmp)2X2 (%=C1l™, Br ) are significantly lower than those
of tetrahedral Ni(II) complexes.86 As the latter also have
two V(¥i-X) abtsorptions, the Ni(tbmp)2X2 spectra are more
consistent with the complexes having distorted cis-octahedral
structures.

GENERAI. INFRARED

(i) Anion coordination: It is protatle that at least one of

the perchlorate anions is semi-coordinated in Co(tbmp)z(C1C4)2.

HZO and Ni(tbmp)z(C104)2.H2O as the splitting of the perchlorate

'\6 mode (see 2.3) is quite pronounced (Figure 21 , Table 24 ),

However when a second water molecule is present, the'\@ mode

of Co(tbmp)z(C104)2.2H20 is broad and unsplit and in
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TARIT 24

INFRARED SPECTRA, Co(II) ANMD Ni(II) CCHPLEXIS

CCL.FLEX V(pyridyl ring) 'v3(CIQZ) v, (€10,) V(i=Z); (¥=C1",Br )
Co(tbmp),C1, 1605(s), 1571 (w) 222, 249
Co(tbmp),Br, 1607(s), 1571 (m) 192, 228
[co(tbmp),.cC10, .1,0]C10, 1123(vs), 1016(vs) 221 (m)

t [Co(tbmp)2.2H201(0104)2 ca 1C8C(br)
Ni(tbmp),Cl, 1605(s), 1571(w) 23C, 253

Ni(tbmp),Br 16C8(s), 1573(m) 194, 210

2
[IIi(tbmp)z.C104.}120]0104 1611(s), 1576(w) 1126(vs), 1022(vs) 929(m)

¢ [¥i(tbmp),.2H,0)(c10,), 1611(s), 1578(w)  1096(vs), 1057(vs)

1

NOTES: all spectra recorded for mulls; frequencies arc cm”

- 8 = strong; m = medium; w = weak; v = very; br = broad

- ~v(pyridyl ring) for uncoordinated tbmp at 1593(s), 1570(m) cm™"

- 1ionic ClOZ; Vs, at ca 1100 cm_1, v, at ga €30 cm™ 1.

prepared by leaving [Co(tbmp)Z.ClOf_l.1120]0104 exposed to air

-

¢ -v3(0102) only weakly split (see text)

8¢l
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Ni(tbmp)2(C104).2H2C it is weakly =plit. The weak splitting
of tlLe \@ absorption may result from hydrogen Tonéing effects,
vwhich can also lcwer tlhe symretry of the anion.*’ It is
more likely that the water molecules are tcund to Ni(II) in
the latter complex, rather than tle weakly coordinating

perchlorate anions.

(ii) Ring Stretckine lcocdes: Similar trends in tre shifts

of the higler frequency pyridyl ring-stretching mode are
otserved for the Co(II) and INi(II) comrlexes of tbmp wken tley
are comrared witlh the Cu(II) complexes that vere discussed in
Crapter 2. Coordination of the pyridine ring hras resulted in
a blue-shift of this f:equency for each of the cocrplexes
(T=tle 24 ).

4.3 PARANAGNETIC 1H nmr IINE BECADENING EXPEEINENT

This experiment was carried out ir 2 manner sirilar to
tt.at of tie experiment tlat was discussed in Chrarter 2 (see 2.6).

The effect of adding Co(II) tc ttmp is illustrated in
Figure 22. The paramagnetic broadening of the ex-proton and
metlylene protons' resonances is not as dramatic as it is in
trhe presence of Cu(IIl) and this can be attrituted to tkre
shorter relaxation time of Co(II) compared to Cu(II). Iine
broadening effects thus decrease in the order Cu(II)> Co(II)DNi(II).
“Y itk Co(II), the heights of the e-proton and methylene
protons' resonances are recduced while the TMS and methyl proton
peaks are slightly enhanced. The formrer resonarnces also shift
slightly downfield (ca C.C5 ppm). It is possitle trat tke
changes in the methylene prctons' resonance are due sclely to
Co(IIl)-pyridyl interactions (see Chapter 2) and so while it can
be confidently concluded that Co(II) exchange is taking place
at the pyridyl nitrogen of ttmrp, similar conclusions can not be

drawn about exchange at the thioether sulrkur.
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FIGURE Z2
U nrr — Addition of Co(II) to trmp (in Cii_ié)
. [
-CHy
a
TMS
‘CH25‘
x-H

< ppm

10

ttmp in absence of Co(II)

ttmp in presence of Co(II) [1.2 x 1€73 mol

1,71
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SYKTHESES
Some general ccmments that relate to all of thkese
syntheses can be found in the experimental section of thre

Aprendices.

Eerchloratoaouo%is[2-(3,3-dimethyl-2—thiabuty1)plridine]
cobalt(II)perchlorate.

A pink solution results from the additiorn of 1 rmole of
Co(ClO4)2 (C.258 g.) (plus a fev drops of triethylorthoforrate)
to 2 mmole of liganéd (C.363 g.). Tre mauve ccrnrlex was
isolated after concentrating the solution and ccoling it.

YIEID: C.144 g. (23%)

Dichlorobis[z—(3,B-dimethyl—z-thiabutyl)pyridine]cobalt(rz)

The addition of 1 mmole of CoC12.6H20 (C.232 g.) to
2 mmole of ligand (C.363 g.) fave a deep tlue sclution which
was concentrated to precipitate the mauve ccrplex.
YIEID: C.312 g. (€3%)

Dibromcbis[Q—(B.3—dimethvl—2—thiabutvl)pyridine]cobalt(ll)

CoBr,.6H,0 (C.5 mmole, C.163 g.) vas slowly added to
1 mmole of the ligand (C.181 g.) to give a deep tlue-purple
solution. This vas cooled to give a mauve precipitate and
a second crop vas isolated from the filtrate.
YIEID: C.173 g. (5¢%)

Perchloratoaouobis[z-(3,3—dimethgl-2-thiabuty1)pyridine]nickel(II)
perchlorate.

A solution of 1 mmole of Ni(ClC .6H20 (plus triethyl-

4)2
orthoformate) was added to 2 mmole of ligand to give a pale
blue-green solution. The pale green complex vas isclated after

the solution had been reduced in volume and cocled.

YIEID: C.121 g. (1¢%)
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Qiaouobis[2—(3,3—dimethy1—2—thiabutvl)nyridine]nickd(Igl

perchlorate.

A pale tlue solution resulted from 1 mmole of
fi(t104)2.6E20 (C.366 g.) being added to 2 mmole of ligand.
Trhe solution was ccncentrated and "scratcked" tc rrecipitate
tlhe pale tlue cemplex. It was then filtered off ard washed
with Ats. EtCE and tlen ether.

YIEID: C.25C g. (4C%)

Dichlorobis[2-(3,3-dimethyl-2-thiabutyl)pyridine]nickel(II)

1 mmole of FiCl,.6E,C (C.238 g.) was added to 2 rmole
of the ligand to give a pale green sclution. A pale blue-
green coerplex rrecipritated from tris solution vwhen it was
concerntrated in vacuo.

YIEID: (.32C g. (65%)

Dibromobis[2—(3,3—dimeth11—2—tkiabujxl)rvridine]nickel(I;l

NiBr2.3H20 (C.5 mmole, C.136 g.) was added tc 1 mmole
(C.181 g.) of the ligand to give a green solution. Green
crystals began to arpear while the Ni(II) was teing added. Tre
solution was ccoled and "scratched" to induce further

crystallization.

YIEID: C.212 g. (73%)



TABIE 25

MISCELLANKECUS FIiYSLICAL DATA

CCMFLEX CCLCUR M.P/%C  ANATYSES: Calc.(Found)/%  CCEDUCTIVITY/ohm™ 'mol.”!erm?
C H ¥ CII,NC, __VeCH Ctler
Co(tbmp)2(0104)2.H20 mauve - 82 RNCS 4.39 168
(37.56) (5.C4) (4.36)
Co(tbmp),C1, mauve 152-155 48,78 6.14 5. 6% 22 126 PrC,: 2
(48.82) (6.22) (5.70)
Co(tbmp)zBr2 mauve 148-15C 41.32 5.2C 4.82 26 138
(41.18) (5.24)  (4.74)
Ni(tbmp)z(c104)2.2H20 p.blue - 36.6C 5.22 4.27 168
(36.72) (5.47) (4.C3)
Ni(tbmp)2(0104)2.H2O p.green - 37.64 5.05 4.3¢ 169
(37.61) (5.2C)  (4.15)
Ni(tbmp),Cl, p.blue/green 212-213  48.8&( 6.14 5.6¢ 7 138
(48.68) (6.24) (5.53)
Ni(tbmp)zBrZ p.green 1€1-1S3  41.33 5. 25 4.82 2C 145
(41.36) (5.3C) (4.76)
NOTES: - molar conductivities at 25°C : Nitromethane 1:1 (7C=-6C), 2:1 (15(=-17C)
l'ethanol (1(C=13C), (21(=-25C)
Titrobenzene (20-3C)

- p = pale

gyl
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CIATTER 5

M(II) CCVNPLEXES OF

2-ETHYILTEICETEYIANINE (M(II) = Cu(II))

AND

2-METHYLTEIQ=2-INIDAZOLINE (M(II) = Cu(Il), Co(LI))

Cu(II) Complexes: The reactions of 2-ethyvlthioetkrylamine (etea)

yield Cu(etea)X2 (X=C17, Br ) and Cu(etea)2X2 (X:EF;, ClCZ,
Cl™, Br ). Tre former group aprear to be tetragonal polymeric
viile in the latter group, thLe far-infrared srectra of
Cu(eteé)zcl2 and Cu(etea)zBr2 indicate trz2t tre anions are

tound trans to each otker. Vhere X is C1C, or EF the

4 4’
reflectance spectra suggest tlat the coordinated sulphur
atoms are cis to eack other, hLowever in solution, tkey are
rrobatrly trans.

[Cu(etea)2C1]EF4 can te isclated frem the 1:1 reacticn
of 1iCl with Cu(etea)z(BF4)2 if care is taken tc ensure tlrat
the co-precipitation of Cu(etea)nCI2 (n=1 or 2) and Cu(etea)z-
(BF4)2 does not take place. Its structure is probatly similar
to that of the ctler bis-complexes in the sclid state, but in
CH2C12 it is probatly tetragonal pyramidal.

Folymerization problems were usually encountered in the
reactions of 2-methylthio-2-imidazoline (mti) and the isolation
of the Cu(mti)4X2 (X=BF,, C17, Br ) complexes was quite

difficult. Cu(mti)4(BF and Cu(m‘ti)4012 aprear to be

4)2
trans-tetragonal while the electronic spectral evidence suggests

that Cu(mti)4Br2 may be cis-octahedral.

Co(II) Complexes: In the reaction of mti with CoCl,.6H,C,

Co(mti)301 was isolated and this probably kas a distorted

2

tetrahedral structure in whkic! one mti molecule rerains
uncoordinated. Co(mti)4(C104)2 could not be isolated and a

sample of "Co(mti)4(BQ4)2" that was prepared, was impure.



SUCMMARY CF RE

SUITS—Cu(etealnX

TAEIE 26

o)
—

COMPLEXES (n =

CONMPLEX STATE STRUCTURE FIYSICAL TECENICQUE
Cu(etea)2X2 solid tetrag. Cu(etea)ZKZ electronic, infinred
(X=BF,~,C10,7) CH,Cl, (rm.temp.) [Cuetea),] " electronic
NeCH (rm.temp.,77K) [Cu(etea)Z(NeCH)Z]‘+ electronic, esr
(X=C17,Br ) solid tetragonal electronic, far-IR
CH2C12(rm.temp.,77K) tetrag. Cu(ctea)ZXZ electronic, esr
MeOH (rm.temp.) Ehﬂetea)ZX.NeON]+ electronic,conductivity
(77K) trig.bipyr. [Cu(etea)ZX]+ esr
[Cu(etea)ZCI]BF4 solid tetragonal electronic, infrared
CHZCIZ(rm.temp.,77K) tetrag.pyr. [Cu(etea)2C1]+ electronic, esr
MeOH (rm.temp.) [Cu(ctea)?Cl.T.'eOIZ]4 electronic, conductivity
(77%) [Cu(etoa)qu.VeO?J+ and trig . bipyr.
“ Cu(etea SCTF esr
Cu(etea)X2 solid tetrag. polymeric clectreonic, far-IR
(X=C17,Br ) NeOH (rm.tzmp.) polymeric structure hroken up clectrenic, conductivity

(77K)

major specles is Cu(McCH)nZ+ (n=4 or 6) esr

(vhere X=Fr , minor species is

trig.bipyr.)

94\
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5.1 ELECTRCNIC STECTRA

“here possitle, tentative assignments have been
made for these ccrplexes ard these are presented vith tlre
syectra, in Tatles?27a and27b. The assignments have teen
based on comrarisons macde within each series of complexes and
according to tlLe work of other zutilors.

A) LIGAND FIEID TRANSITICNS

2=ETEY] THIGETEYTAMINE CONFLEXES

i) Cu(etea)2(010412 and Cu(etea)2(EF422

The reflectance ligand field maxima are consistent with

the anions being weakly trans-ccordinated in a manner similar
to that of the complex Cu(NH ,CH,CH, SCP3)2(0104)2, which has
been characterized crystallographlcally and spectroscopically
47 . The maxima are virtually unchanged in dichloromethane
sclution.

In methanol, the red-shifts of the ligand field maxima

suggest that methanol is binding]45 and the predominant

species is probatrly [Cu(etea)2(NeCH)2]2+ for both anions.

ii) Cu(etea),Cl, and Cu(etea),Br,
The ligand field maxima are red-shifted in relation to

the spectra of Cu(etea)Z(C104E and Cu(e‘tea)2(EF4)2 and a

low energy shoulder appears irn the reflectarce spectra. Roth

effects are consistent with the corrlexes having trans-tetra-

90,145
gonal structures

where the anicns occupy the axial
coordination positions. This conclusion is supported by the
far-infrared spectra.

These structures arpear to be retained in dichloromethane

but in methanol the 1:1 electrolytic nature of the complexes

(Table 31 ) suggests that they may exist as the trans-tetragonal
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ELECTRCNIC STECTRA, etea CCMNTIEXES

TARIE 27a

CQTLEX REFT ECTANCE __ ASSIGNNENT CH,C1,(€) ASSICYNENT FeOH(€) ASSIGNIENT CTHER
Cu(etea)z(C104)2 250 o(N)=sCu(II) 249(214°P) a(KN)=Cu(lI)
355 o(S)—Cu(II) 345 o (S)=Cu(II) 313(2003)
ca 385(sh) a(S)—eCu(IL) 3e5(1818) o(5)—Cu(II)
537t LF 560 LF 627(124) LF
Cu(etea)z(BF4)2 250 o(N)—Cu(II) 251(23C4) O(N)—Cul(lI)
360 a(S)=Cu(II) 341 o(S)=Cu(II) 2t
ca 39G(sh) a(s)—cCu(lI) 386(2128) a(S)—Cu(II)
535(br)t  LF 560 LF 627(123) 1P
Cu(etea),Cl, ca 254(4246) o(N)=Cu(lI) 253(2436) o(N)=—Cu(IIl) Ata.EtCHE
283(6825) apical Cl=Cu(II) 27503430
ca 32C(sh) 316(2&1(,0)t
ca 376(br)  o(S)—sCu(II) 375(1€45) o(s)—Cu(li) 3s52(2678)
688 1P 750(23)t  LF 705(20a)t LF 720(br; 314)
ca 112C(sh) LF
Cu(etea),Br, 265 ol(lN)—Cu(II) 251(2352) a(N)—Cu(II)
327 apical Tr—Cu(IIl) 313(hr;2978)
scst ca 360(sh)  o(5)—Cu(lI) 375(sh;1451)  o(S)—Cu(II)
647 1P 75ct LF 715(3P5) LF
ca 85C(sh) LF
[cu(etea),L1]BF, 255(3182) a(N)—Cu(II) 252(2549) (1) —Cu(II)
281(3606) aplcal Cl=Cu(II) ya(3ce)t
ca 385(br) a(s)—cCu(LI) 350(3348) a(S)—Cu(II) 385(1¢C3) a(5)=Cu(II)
ca 68C(br)  LF 720(262 1F cec (110t LF
812 LF
Cu(etea)Cl, 3ect mixed ca 357(29c0) CilyiC,
77¢t LF 76c(13)t  LF 775 (262t
Cu(etea)Br, ca 455(sh) Br'—sCu(II) ca 34C(br) ca 46C(sh)
79¢t LF 775(215)  LF 75¢c(s63)
Cu(etea),50, 260(22C2) a(N)—sCu(Il)
326(3121)
7C0 LF 665(137) LF
NOTES: - all maxima are nm; extinction coefficlents (l.mol.°1Cm-1) are In parentheses,

- sh = shoulder; br = broad; IF = Ligand Fleld

t asymmetric maxima, implying a second, unresolved maximum,

- omission of extinction coefflclents imrlies elther partial solubllity or the resolution Ls

not good enough to enable accurate calculation,

8yl
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[Cu(etea)ZX.KeCH]+ species. The electronic spectra at room
temperature (in metiLanol) are consistent withk thris proposzl.
iii) [Cu(etea),Cl]EE,

The reflectance specirum suggests tlat this ccmplex
has a trans-tetragonal structure and tiis is in agreement
with the infrared spectra. (see 5.3)

In dichloromethane, the form of the ligand field
atsorpticn envelore imrlies tlat tkre [Fu(etea)2C1] * chkrero-
rhore has a sgrare pyramidal structure (see Charter 2) but in
rethanol, the sirilarity of tre entire spectrum witi. trat of
Cu(etea)2012 in tris s~lvent implicates tle presence cf a
_[Cu(etea)ZCI.KeCE]+ species.

iv) Cu(etea)Cl2 and Cu(etea)Zr

2

In the reflectance spectra, tie ligand field rmaxima lie
a1 energies between those reported for the tetragonal polymeric
CuenX2 (en = ethylenediamine)72 and CudtoX2 (dto = 3,6-dithia-
octane) ¥ complexes. It is probable that the Cu(etea)X2
complexes are also tetragonal rolymers and this suggestion
is suprorted by the relatively insoluble nature of these
complexes.

The differences between the spectra in methanol and the
reflectance spectra indicate that the polymeric structure is
teing broken on dissolution. If one of the species in solution
is [Cu(I\'.'eCH)n]2+ (as indicated by the esr spectra at 77K),
tiere should be an absorption at ©CC-212nm. Eowever, such a
peak is not at all obvious (Figure 23).

In nitromethane, a Brr — Cu(II) chkarge transfer absorp-
tion can be assigned for Cu(etea)Br2 and thkis indicates that

the polymeric structure is not being completely broken up as

in methanol.



TABIE 27b
ELECTRONIC_SPECTRA, mti CCMPLEXES

CCMPLEX REFLECTANCE ASSIGNMENT ACETONE ASSIGNMENT CH,C1, ASSIGNMENT OTHER
EtOH CH,NO,
Cu(mti), (BF,), 492 o(s)—cu(1I) ca370(sh)
830 LF 665(78) 620(84) 663(98)
Cu(mti)4012 287 apical CI—Cu(II) EtOH cH,No,
367 o(Np )—Cu(II) 427(1055)  o(Np )—Cu(II) 418 o(Np)—Cu(II) 383(1243)
675(br) IF 825(150) LF ca850(br) LF 670(30)  815(51)
Cu(mti)4Br2 ca 405(sh)  o(Np )—Cu(II) ca 415(sh)  o(Np )—sCu(II)
4175 Br—— Cu(II) ca 450(sh)  Br"—— Cu(II) 450 Brr—— Cu(II)
770 LF 820 LF 780 LF
HCOTES: — see Table 27a.
TABLE 27c
ELECTRONIC SPECTRA, Co(mti_)}glz__
STATE p, =1, (P)/nm 4A2—+4T} (F)/nm OTHER/nm
Refl. 585, 620, 640 1100, ca 1350(sh), ca 1457(sh) ca 370(sh), ca 480(br,sh)
CH,C1, 603, ca 638(sh), 655 ca 375(sh), ca 470(sh)
NOTE: - complex only partially soluble in CH2012

oSt



2N ETLYILBEIC-2-TNIDAZCIIKE CCLTTEAES

i) Cu(mti), (BF

The ligand field raxima at &3C nm in tke reflectance
stpectrum (Tatle 27h) sugrests that there is l1ittle tetragcnal
. . 4 . <
distcrtion® in tkis cerrlex, ccrrzred to cernplexes suck

as Cu(benzimidazole)4(CIC4)2 (526, €41(skh

Cn dissclution in acetcrne, etiancl ard nitrometranre
b

the ligand fi ra2ximza undergo a2 tlue-shift tc energies

(D
—
Ou

ti.at are ccnsistent wit!? the precence of a trans-tetragcnal

~~
L
.
a+
-

2+ S A~
L srecies.

(mti)

m
&)
o)

I(‘)
[

Cu(m=+i P
ud(m_*l4;£2

Tr.e reflectance spectra suggest tkat tliese complexes

fL==2
have siv-cocrdinzate gecmeiries.

The conductivities of these cormplexes (Table 31) show
tlat some dissociation is occurring cn dissoluticn and the
electrcnic spectra also undergo scrie clarnges. However it
appears trat the six-ccordinate structure is prctatly teing

retained althougl tlere may be scme éifferences in tkhre

degree of tetragonal distortion in Cu(mti)4C12, in gecing from

the solid state to scluticen.
iii) Co(mti 3§;2
The two spin-allowed transitions of tetrahedral Co(II)

(4A — 4T1(F) and 4A2——ﬂ 4T1(P)) arpear as intense,

2
multicorponent absorptions in the near infrared and visitle

43,129 N 3 .
3 The atsorption maxima fer

regicns respectively.
Co(mti)3C12 are typical of such spectra (Figure 24) vith
guartet — doublet transitions being responsible for the

multiple absorptions on the higher energy side of the main

151

Cu(Th I 2)4(FF4)2 (526 nr), vhere ITIZ is 1,2-direttyliridazolel®®
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Electronic Spectra - Cu(etea)z(BF¢22

A

360

Reflectance

400 nm-—» 500 600
A A A

- only one o(3)=2Cu(L[) C.T. aksorrtion is

observed in YeCl solution (386 nm).

€61
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transitions. The spectral assifgnments are giver in Tabtrle Z27c.
Sirilarities tetween the srectrur. of Co(mti) Cl2

and tre srectra of teirahedral CcN2C12 corplexes such as

Co(e¢ -picolire),Cl, (Figure 24) and col’2c;12, where I/ is

h G 7 - Q 137 N
2-metrylthic-3-rmetnylimicazole, suggest trhat cnly two
of tle mti ligands are bhourd tc Co(II) in Colr 3
It arpezrs tlen, tlat tlis corrlex h=zes 2 distcrted
tetrahedral ColN,Cl, chreropkore.

2 2
B) CilARGE TRARSFEE TEAESITICHES

i) Cu(etea)2(010422 snf Cu

c
—~
(]
ct
()
fL
M~
NN
o~
tJ
Y]
I~
r—
N

Two 6(S) — Cu(IIl) charge transfer atsorpticns arpear

in tre reflectarce (Tetle 27a, Firuwe 253) but in

m

Tectr

o

soluticn, only one

Y

Tsorption is otserved for eack ccmplex.

P -
TN
s

)

¢)]

nzlogy with the Cu(i t"n)zxz conrlexes (Crarter 2) ard

o B = 0o N 60,80
theose discussed by otirer vorkers, tlie spectira suggest
tl.at the sulphur atcms are cis with respect tc each other

in tlre sclid state tut rearrenge in scluticn tc feorm the

trans-structure (Figure 25%t).

Figure 25b

Z~"

cis - (solnd) trans - (solution)
The o(N) = Cu(II) crarge transfer atsorrtions agree
vith the assignments trat lrave teen made for other Cu(II)
47,274,275

complexes contairing coordinated primary amines.

ii) Cu(etea) Cl, and Cu(etca),FPr,

In dichlorcmethane, the assignment ol z2pical



155

¥~ — Cu(II) charge transfer absorpticns is in afgrecement
“with the work of Schugar et al“’  and witl. the resuvlts of
the far-infrared spectra. Schugar et al assigned apical
X~ — Cu(II) absorptions for the ethylenediamine complexes
[Cu(en)zx.Hzo]X where the apical ligation by X has been
demonstrated crystallographically.w'9"97

The sirngle o(S)— Cu(II) charge transfer atscrrtion

in the spectrum of Cu(etea)zPr2 (dichloronetrane) is
consistent with a trans ligand arrangement.

iii)  [Cu(etea),C1]EF,

The apical C1— Cu(II) ckarge trarsfer atsorption
(dichlororethane solution) at 281 nm is very close in
energy to the sare transitions in [Cu(Ye2KCHZCH2KYe2).201]2
(ca 275 nm) ¥ [Cu(en)z.CI.HZC]Cl (ca 28C nm) ¥ and
Cu(etea)2C12 (283 nm, see atove). The electronic spectrum
is in agreerment with the interpretation of tke far-infrared
spectrum for [Cu(etea)ZCl]BF4 (see 5.3).

The o(X)— Cu(II) and G(S);ﬂ Cu(II) charge transfer
abscrptions are crnsistent with tle assigrments fcr the othler

etea ccmplexes in solution.

2-NETHYITEIC-2-IMIDAZCIINE CCLTLEXES

i) Cu(mti)4(BF412

In the reflectance spectrum, the assignment of the

absorption of 42 nm as a o(S)— Cu(II) charge transfer
transition is supported by the disappearance of this
absorption in nitromethane, acetone ané ethranol solutions.
There is also an accompanying colour change ac the almost
black crystals dissolve to give green/yellow solutions. The
infrared spectra (see 5.3) are consistent with all four
lifgands binding via one of the heterocyclic nitrogen atoms

and they also rule out the possibility of strong BFZ-Cu(II)
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interactions whicl could account for the low tetragcral

distortion sugfested by the ligand field maximra. Strong
axial interactions would te achieved bty ckelating two of

trhe ligands to give the Cu(II) ion a ggggg-N482 envirorment.

(ii) Cu(mti);glz and Cu(mti)4§£2
For Cu(nti)4012 in dichloromethare, the atsorption

at 287nm is consistent with apical Jigaticn by the chloride

ions but for Cu(mti)4Er2 tte low energcy Tr — Cu(II)

ctarge transfer atsorpticn (45Cnm) irrlies thrat tke Br —— Cu

2

protatly has a trans-tetragonal structvre while Cu(mti)4Er2

tonding is non-axial (see Ciapter 1). FEence Cu(mti)401

may have a distcrted cis-octahedral structure.

Fev assignments of imidazole nitrogen — Cu(II) clarge
trensfer atsorrtions rzave teen made in tkhe literature '’
fut tke assignments precsented in Tarle 27ba2re in general

147

agreementvith the observaticens of Freedman et al and tlre

assignments for Cu(mmbi)4(EF4)2.2HZC (mmbi=2-metkylmercapto-
benzimidazole) and Cu(bi),(C10,), (ti=benziridazole).*

From these studies it is arparent that NIm—% Cu(II)
crrarge transfer atsorptions will be found in the range from

ca 33Cnm to 3fSnm in the solid state.

c) EIZCTRGNIC STECTFA AT SCOK

The only complexes tkat did not decompose in 2(%
Glycerol/NeOH were Cu(etea)2C12 and Cu(etea)zErz. The spectra
and their assignments are presented in Tatle 27d.

TARLE 27d

ETECTRCNIC SFECTRA CF etea CCLIIEXES AT SCK

CCNPLEX ABSCRETICN  (1.mols'cp™') ASSIGNMENT

Cu(etea)2012 366 111 c(s)—>Cu(II)
65C(br) 122 1F

Cu(etea)2Br2 366 1129 c(S)— Cu(IIl)
ca 68C(br) 138 1F

NCTE: - extinction coefficients are approximate.
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Triere are no atsorptions in the visible region that
can be assigned as X — Cu(II) charge transfer absorptions
and this suprorts the suggestion from other srectroscopic
data trhat the halogens are axially coordinated.

The ligand field maxima are broad ard it is not
possitle to determine vhether trere are any shouléers cn
thke rain atsorrtions whick vcuvld support the esr evidence
for the existence of trigcnal bipyramicdal species at these
temperatures (see 5.2).

5.2 ELBEIRCI SEIN RESCHANCE SPECTHA

The g 2nd A parareters fcr tre Cu(II) complexes of
2-ethylthioethylamine and 2-methylthio-2-imidazoline are
presented in Tables 2fa and 2&b respectively. All of tie
srectra were recorded at 77E.

2-ETHYITHICETEYIANLINE CCHFPLEXES

i) Cu(etea)2(01o412

In acetone and methanol at 77K, g, and a1 are

]
consistent with the prorosed trans-tetragonal structure

for this complex ard Cu(etea)z(BF4)2 (see 5.1). However,

it is prrobable that thre srecies that give rise to these srectra
are elther [Cu(etea)2]2+ or a solvated species such as
[Cu(etea)2(solvent)2]2+.

ii) Qg&gzgglzglz and Cu(etea)2§£2

Dichloromethane: The spectrum of Cu(etea)2C12 is in

agreement with the prcposed trans-tetragonal structure, |A“|

having a typical tetragonal value and the spectrum is

normal (Figure 26 ),

Methanol and 2C% Glycerol/methanol: The stectra

(Figure 26 ) strcngly suggest that these complexes adopt
distorted five-coordinate structures (protably trigonal

bipyramidal) at 77K. The lowest g value approaches the
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Yev teo Ficvurc 26

v
|

Cr(etéa)zClz in dichlorcemethane
b - Cu(etea)2612 in 2(% €lycerol /MeCE
/V

Cu(etea)ZEr

{@]
|

g

Te¥
I

Cu(etea)zfr2 (+ excess etea) in rethkanol

e - [Cu(etea)2C1]EF4 in nitrcretlzne

- [_Cu(etea)ZCZL]EF4 in metlarcl (2né srecies is
poorly resclved)

g = Cu(etea)Br2 in metranol

b -  Cu(II) in methencl

FIGURE 27

Cu(II) Species Fcrred in Presence cf Zicess etea

Figure 27
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AT ApE

ESH ISBUCAMAZ- eltleq CIENSIEAES

. P : 4 4
CCMFLEX SOLVENT £y 10°JAl_ ¢, e U T S
Cu(etca)z(C1O4)2 MeCH 2,187 151
+ excess I a) 2.22C 167
b) 2.21C 17C
Acetcne 2.162 154
Cu(etea)2012 VeCH ca2.C2 cai 2.172 122
+ excess 1 a) 2.224 193
b) 2.216 17C
Glyc/¥eCH 2.C1C 65 2.18C 127
CH2C12 ca2.2C ca17s
CE3HC2 2.C84
Cu(etea),Br, ¥ eCK ca2.C2 catC €22.18 ca114
+ excess I a) 2.22¢ 1¢0
b) 2.217 166
Clyc/¥eCH 2.03¢ €3 2.178 127
[cu(etea),c1]=F,  NeCH a) ca2.(2 calt 2.176 127
b) ca2.2C cal®4
+ excess I a) 2.231 1¢3
b) 2.206 175
CH,NC, €32.17 cal4? ca2.C7 ca®
Acetone 2.C95
. e
OHZ00.8 ca2.27 ca8s 2.C85
Cu(etea)Cl2 ¥ eCE a) 2.43C 125
b) 2.372 133
Cu(etea)Er2 1'eCH a) 2.43€ 129
b) ca2.CC cad? ca2.27 cai46
NCTES: - units of |A“| ard lAﬂ are ez

iso = isctrogpic
- all spectra were recorded at 77K
Glyc./MeCH = 2(% glycerol/methanol

TAEIE 26b
ESE STECTUA, mti CCMFITXES
CONTIEX SCLVENT ¢ 1ct]a g 4y e
= = L I 1 shfs isc-

Cu(mti)4EF4)2 Acetone 2.253 184 ca2.Ccs

CEyKC, 2.251 187 ca2.C3 16(gy )i16(e,)

EtCH 2.259 181 2.¢51 14(gy );17(51)
Cu(mti)4C12 Acetcne 2.115

CH,NC, 2.246 126

EtCH 2.265 175 ca2.c5 17(g))

MeOH a) 2.269 178 ]

b) 2.276 131 14-17(g,)

Cu(mti)4Br2 Acetone ca2.25 calé4 16(81)

CH3R02 ca2.23 cal1f®f
NCTES: - units of |l are e,

= 1so = isotropic;sifs = superhyrerfine splitting
14

\J
- unitis of hshfs are Gauss,
-~ all srectra were rccorded at 77F.
- replen in whic! 14Hrkrs lines arc otserved is irdicated in

parenihesec.
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theoretical value of 2.C(0C reguired for trigcnal bipyramidal
complexes (4,2 ground state) and the IAl values are
similar to those normally observed fer this tjpe of complex.
i Trigonal bipyramidal complexes zre also
typified by their "reversed" sprectra and the spectra of
Cu(etea)2C12 end Cu(etea)zBr2 fulfil tkis reguirement (see
Chapter 1).

Cn the tasis of these obscrvaticns and the 1:1
electrolytic tehaviour (Tatle 31 ) of the ccmplexes in
metkancl, the spectra are assigned to the trigcnal biryra-
midal [Cu(etea)ZX]+ (¥=C1™, Br ) species.

1i1)  [Cu(etea),C1 ] EF,

*

Pichloromethane and ritromethane: An intermediate

distcrted five-coordinate stricture is prctatly resvonsible
fer the spectra (Figure 26 ) although the high field region is
not as diffuse as has bteen reporteé fcr othrer intermeciate
five-coordinate complexes®* . Hence the [Cu(etea)201]+
chrcmophore may have more tetragonal pyraridal character than
trigcnal btipyramidal character.

Illethanol: Tvo species are present, the major one
probably teing trigonal bipyramidal [Cu(etea)2C1]+ as its
peaks (Figure 26 ) are superimposable on tre spectrum of
Cu(etea)2012 in this solvent. The minor species ( |Al~18C
Gauss) may be tetragonal [Cu(etea)2C1.KeCE]+, as the semi-
coordinated nature of the BF& anion in the solid state (see
5.4) suggests that the sixth coordination site of [Cu(etea)2C1]+
is relatively open and would allow solvaticon.

iv) Cu(etea)C12 and Cu(etea)Br2

In methanol, the major species in the spectrum of each

complex corresponds exactly to the major species in the spectra
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of CuCl,.2H,C and Cu(ClO4)2.6H20 under the same c~nditions

2 2
(Fipu:e 26 ). Thi; imp]ies trat the polymeric Cu(etea)X2
complexes are being troken up on dissclution, with

Cu(IieC‘H)n2+ (n=4 or 6) teing the najor contributor to ttre
spectra. Vhere X is trcmide, the minor species that is formed
probatly has a trigonal bipyramidal geometry as its lowest

g value is arpproximetely 2.CC and the Lyperfine splitting on
the righ-field side of thez spectrum is very small (ca 47 x 1(~4
cm_1). The rature of the minor srecies wlere X is ciloride,

1s not rez2dily arparent.

V) tgdition of Excess Tirand to Cu(etea), X, and
[Culetea) C1]EF,

In methanol, tvo srecies are formed on 2dding excess

ligand tc any of the Cu(etea)2X2 complexes (X:CICZ, Cl™, Br )
or to [Cu(etea)ZCI]EF4. The spectra (Figure 26) and tre 2
and !AHI values, are consistent viitl. bcth complexes heving
tetragonal structures. The deep blue scolutions are also ferred
in other solvents. In dichloromethane at room temperature tle
d-d maximum is at 642nm ( €=13¢) and a o(S)— Cu(II) charge
transfer atsorption can te assigned at 341nm. A concentration
dependent o(N)— Cu(II) charge transfer atsorption can bte
assigned at about 25Cnm and this assignment is suprported by the
appearance of 14N superhyperfine lines in the esr spectra
(Figure 26 ).

The two most obvious types of complex that could be
formed in the presence of excess ligand are shown in Figure 27

2-VETHYITEIC-2-IMIDAZOIINE CCMPLEXES

i) CU(mti)4(BF412
In acetone, nitrorethane and ethanol, g“ , gl and |A"|

are normal for square planar CuN4 &t or tetragonal CuN4X2
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systems involving imidazole and substituted imidazole ligands.

146,149

Nine 14N suprerhyrerfine lines are otserved in the
lowest-field corper Lyperfine line (Figure 28 ) in a
nitrcmethare glass. The intensity rattern of these lines 1is
very similar to tkat wkich is calculated, in computer
simulation studies, for Cu(II) in an environrent of four
ecuivalent nitrogensfso A sirilar superlhyrerfine structure
vas also reported for Cu(DNIZ)4C12, where INIZ is 1,2-dimethyl-

imidazole, in an ethylene glycol-H2C glass.]46

1i) Cu(mti),Cl, and Cu(mti),Br,
s 4

Tre spectra are generally similar t- those of Cu(mti)4f
(BF4)2 altrough in nitrcmethane glasses the 14N stperhyrerfine
lines are not obtserved in Eq In the spectrur of Cu(mti)4C12
in metlranol, two sprecies of atout egual ccrncentration are
ocbserved (Figure 28 ). Cne of tkrese (|A"| =17€ x 1C_4cm—1),
is protably trans-tetragonal Cu(mti)4C12. The low |A"|
(131 x 1C_4cm_1) cf the second species suggests trat it may
be either a tetragonal pyramidal comrlex such as [Cu(rrti)401]+
or a tetrakhedrally distorted Cu(mti)42+ chromophore.

SIO%) FAP=INFRARED STECTRA

2-ETHYITHICETHYLAMINE CCNPLEXES

i) Cu(eteg)zglz and Cu(etea),Br,

In an extensive study of a series of CuI2X2 complexes
(where 1 is R2NCH2CH2NRE), lLever and Nantovani *° reported
that the V(Cu—X) frequencies were below 2C‘Ocm_1 and were
outside the range of the spectrometer tlrat they used. OCn the
basgis of crystallographic and electronic spectra studies, these
complexes have been assigned trans-tetragonal structures. As

a general guide then, V(Cu—X) absorptions will be found btelow
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1

2¢Cer” ' if the Cu(II)--X btonds are axial as ir [tu(er),C1.7,c]C2

2

and [ou( en)2Er.H20] pr, 8%

The atsorytions fer Cu(etea)2€1 (1€2, 188cm_1) and

2

Cu(ctea)zEr2 (163cm_1) respectively (Tatle 2% ) are consistent
vith these complexes having trans-tetragonal strucivres
cirilar to tlre ethylenediamine comrlexes. The ivo absorrtions

tliat are otserved for Cu(etea)2C12, el te due to tre symretry

Fal

cf tlkis cenrlex teing lceover tkzn D4}. Cnly cre aYsorption is

. 86
exvected for this symmetry.

ii) [Culetea), c1]EF

==l
This ccorrplex arrears te have an axial Cu—Cl tond as
the V(Cu—Cl) atscrpticn frequercy (ca 1€7(vr)em™ 1) is very

Tarle 2¢ ),

similar to the W(Cu—Cl) frecuencies feor Cu(etea) 012 (T

2

iii) Cu(etea)(,l2 and Uu(etea)?rz

Thiese complexes hLave polyreric tetragonal structures
similar to thLose of Cu(en)X2 e Cu(py)zx2 for wriclh far-
infrared data has teen reported (Table 13a). The W(Cu—=IX)
frequencies [Cu(etea)Cl2; pas 265cm” ! and Cu(etea)er;

226 cm”'] are also witkin the ranges [V(Cu—C1); 312—2(fcm™!
and V(Cu-Br); 233——-187cm-1] otserved for other tetragonally
distcrted octahedral Cu(II) corr.plexes.72
2=-VETHYLTHIC-2-INMIDAZCI INE CCL'PIEXES

i) Cu(mti),Cl,

The mest prorinent abksorvtiens (Tabtle 22 ) occur at 142

and 286cm_1 but a satisfactory spectrum, witl which comparisons
could be made, was not crtained for Cu(mti)4Br2. The electronic

spectrum of Cu(mti)4012 in dichloromethane suggested tl.at the

Cu-Cl tonding is axial (see 5.1) and the far-infrared

1

absorrtion at 142em” ', if it is a WV(Cu-Cl) atsorrtion, would



TATLE 29

INFRARED STECTRA, etea AID mti

GEH B LELBS

CCMPLEX v(N-K) v(-X) V,(C1C, /PF,)
Cu(etea),(C10,), 3317(s),3268(s),314C(w) 1097(s),1(52(s)
Cu(etea),(BF, ), 3333(s),3282(s),3147(w) 1052(s),102C(s)
Cu(etea),Cl, 3236(s),321C(s),313C(s) 102,189
Cu(etea), Br, 3220(s),3198(s),3113(s) 163
Cu(etea)Cl, 3277(s),3222(s),3143(s) 254,2€5
Cu(etea)Br, 33C7(w),3252(m), 32CC(m), 3132(m) 226sl)
[Cu(etea)201]BF4 3342(s),3287(m),3217(s), 3132(s) ca 187(br) 11CC(s),1C3C(s)
Culmti), (BF,), 3392(s) 1@5C( e, 1033(s)
Cu(mti)4012 3234 (m) 142
Cu(mti),Br, 3444 (w),3422(w),ca 3247(m-br)
Co(mti)4Cl, ca 3167(br) 31C, 318
NCTES: =~ all spectra recorded for mulls; frecauencies are cm_,1

- V(N-H) for etea: 3367(s-br),33C4(s-br) [neat Tirand] and 338C(s),33i¢(m), CHCly so™

- v(N-

—_ S A=

ionic ClOZ and BFZ,'U

1) for mti: ca 3093(br) [mull] and 343i¢

v(C=N) for mti: 1554(s) [mull],

strong; m = medium; w = weak: br = bread,

at ca 11CC en” !,

3

5) [cvc13

soluuon] s

691
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be ccnsistent with tlis structure. The zxial chlcride iens
must te very weakly bound if tlis assigrment is correct,
tecause tlre aﬁsorpticn is atout 4Ccn“._1 lower tran in 1§§ﬁ§—
tetragonal Cu(etea)2C12.

Tre atsorpticn at 286cm—] is consistent witi. it teing
a V(Cu-l) =atsorpticn as thlese have teen assi¢ned in the
-1

region from atcut 24z tc ZC2cm in trke Cu(II) ccrrlexes of

- . P 147
Z-sutstitutec imicazcles.

9 4 Ceo(rti).C1l.

8 ( _lj__d

The two W(Co-Cl) atsorrticns (31C, 318cm_1) trat rave
tecen tentatively assigred (Tatle 2S¢ ) agree with tke proposal
(5.1) that tlis comrlex has a distorted tetrakedral structure.
The far-infrazred spectra of tetralkecdral CoTZEC]2 cerrlexes have

. 86,137,142
teen thorcuglly craracterized.

2.4 GEEETAT INERARED SFECTRA

2-ETEYITEICETEYT AV INT CCLFI Z¥ES

il ) Tigznd Coordinztion: In contrast to ttre [K(CC)S]zetea

(N=Cr, V.) and N(CC)4etea (l=Cr, Yo, V) complexes (Secticn II,
Crapter 3), the V(IH) atsorptions of the Cu(II) ccmplexes
show significant srifts (Table 2¢) to lowver frecguercies cn
coordination. Ur to four atsorptions are obtserved, comrared
to the two atsorptions (due to the symmetric and asymmwetric

151

V(NE) vibrations ) in the spectra of the free ligand.

ii) Anion Coordination: The weak splitting of tke perch-

lorate and tetrafluoroborate "V, modes ir tlke spectra of

3
Cu(etea)2X2 (x=C10,, BFZ) and [Cu(etea)2C1]BF4 indicates trat

tl.ese anions are prctatly participating in weak, axial btonding
in a manner analogous to Cu(en)2(0104)29‘ and Cu(en)z(BF4)2

N
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[s2
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« cm™’
Cu(etea),(C10,), ¢ = Culmti),(BF,),
Cu(tbmp)2(C104)2 a = Cu(tbrrﬁp)z(BFﬁf)2

(N = Yujol atsorrtion)
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The splitting of theé 'V3 mode in the srectra of thre
etea ccmrlexes is not as prcncunced as in tke srectra cf

Cu(ttrp) (Cc1C and Cu(tbmp)z(EF4)2 (Figure 2¢a ) and tkris

4)2
suggests that in thLe latter ccmplexes (Charter 2), the

Cu(IL)-—zricn interacticns are sigrificantly strenger.

2=-VETEYITEIC-2-INIDAZCIINE CCNFI=ZXES

i) V(IE) Arsorptions: In an carly study of scre retal
ccmplexes of 2-substituted irmidazeolirne ligards (e.g. 2-(2-pyridyl)
-2-imidzzoline), Freiser et @_lm skhowed tilat tre V(XNE
frecuency dQecreases on liganad coordinaticn to Ix"2+. Hence
althcugl the retal probably btinds to the imine nitrcgen ‘52 .

a ccnsideration of tle two resonance strucivres for tlre
imidazeline ligands, provides a rechkarism bty vhich trhe WV(IE)
frequency can te lowered (Figure 2¢t ).

FIGURE 2Sb

10°

Mn binds to imine N

ln »”~ e

" COORDINATION  INCREASES +/

CONTRIBUTION OF b Il'

Q

Weakened N-H
Eydrogen bonding effects in the solid state spectrum
of uncomplexed mti, result in a substantial lowering of the
V(NH) atsorption freguency compared to the spectrum in
chloroform (Table 2¢). The WV(NH) absorption in the spectra

of Cu(mti) 2 %5 (X=BF,, Cl17) is relatively sharp and this

49
suggests that Cu(IIl)-ligand bonding and not hydrogen bonding,
is responsible for the decrease in the V(NH) frequencies on

complexation. Cu(mti)4Br2 and Co(rr1.’ci)3C12 have relatively

broad V(NE) abtsorptions. For the former complex, this may
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be due tc its hygroscoric nature wvhrile for the latter
complex, electronic and far-infrared srectrcscoric investig-
aticns and conductivity measurements (Tatle 31) indicate thrat
one of tre mti ligands is unccmrlexed.

ii) V(C=K) Absorrtions: Py analogy vitl other Cu(II)-imine

corplexes suck as trese of the N-(2-threnylidene)alkylamine
ligands'? |, the “VW(C=X) frequency shouvld decrease on
complexation to Culli) or Co(Il). Althougr for Cu(.rr,ti)ACl2
the decrezse is nct very significant (Table 2¢), tle decrecaces

in the spectra of the remaining cormplexes provide enoug: evidence
to cenclude that the ligaznd is tinding via one of thke heterc-
cyclic nitrcgen atoms. NLore csrecifically, it is prctatrly

ISi2NS8

tindirg via tre imine nitrogen.

iii) Tetrafluoroborate Coordination ig_Cu(mti)4(EFd12.

The EFZ ‘\/3 mode is weakly split (Fifure2€a) and tkis
ray te interpreted as incdicatirg trat the anicns are vezkly
coordinating. LHowever, only a very weak absorpticn is found

1

at about 771cm ' wvhere the 1J1 gtsorption is expected and tris

weak abtsorrtion is also found in tle spectruim of Cu(mti)4012.
Cther studies have skown that the 'V] mode (ca 76Cem™") should
te of mediur intensity if tlre FFZ anion is seri-ccordinated
14315 . These results suggest that the BFZ anicns remain

uncoordinated in Cu(mti)4(BF4)2.

285 REACTIVITY STLLIES

These were dcsigned to. test the stability of etea and
mti towards replacement by pyridine.

i) Addition of Fyridine tc Cu(etea)2(010412

In Bthanol: With a 1:1 ratio of pyridine to Cu(IIl), the

electronic spectrum provided no evidence for five-ccordinate
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adduct formation as the éd-d maxirum at 5€5nm rerains unchkanged.

In Acetone: In the prresence of excess pyridire the d-d

maxirum skifts from 57Cnm to 5¢5nm and this implies that
adduct formation may bte taking rlace.
[Cu(etea)2]2+ ——KOEB S XS [Cu(etea)z(py)n]2+ (n =1 or 2)

In Pvridine: The total replacement of etea from the Cu(II)

coordinaticn sphere is achievec on dissclving tre perchlorate
ccrplex in pyridine. A mauve rrecipitzte wvwhkiclk wes isolzted
from this reaction, wvas claracteristic of Cu(py)4(C104)2; i'tys
d-@ maxirum teing at 585nm in the solid state.

ECIZ: In etharocl and acetone, tre ligand-field atscrrtion

of [_Cu(py)4]2+ is at 7CCnm and 64%nm resrectively.

ii) £ddition of pyridine to Cu(nti)é(FF422
The changes in the erergy of tlre ¢é-é abtsorpticn
(Abs.EtCH solution) cn adding different ratics of pyridine,
zre slovn in Tatle 3C.
TABLE 3C

Cu(II):pyridine ¢d-d maximum/nm

1:0 62C (green/yellow solution
iz il 622

1:2 624

1:4 625

1:large Excess 65C (blue/green sclution)

In the presence 6f a large excess of pyridine, the
shift to 65(nm suggests trat an adduct, such as
[Cu(mti)4(py)n]2+ (n =1 or 2), is being fermed. A green oil
was 1solated from this reaction, but it could not be
crystallized.

iii) Discussion

The results of tlese experiments are similar to those

involving the complexes of tbmp (Chapter 2) where the ligand



was shown to be cuite stable towards replacement by pyridine.
In tre cormplexes of tke chelated N—-S ligands.tbmp

and etea, tlie presence of coordinated nitrcgen aprears to

confer greater stazbility to thre Cu(Ilj— S tonding as

similar experiments have shown tiat the displacement of

chelated dithioether ligands is rezdily achieved (see Charter

1

16 EARAINAGHETIC 'H rmr I1IKT BERCADENING EXFZRINERT

Trhe principles that are involved were discussed in
Crapter 2 (see 2.6),.

Gul(ll) interactions with mii:

In Figure 3C, it can be seen that tre —NH-—
rescnarce increases in intensity with an increase in the
concertratior of Cu{Ii) and tris implies that there is a
decrease in tke rate of exchange of the —-lH— proton.>’

This resconance alsc shifts upfield ardé tiis may be cdue to
decreasing hydrcgen tonding effects in soluticn.

As there is no significant effect cn the res-nance
of the -=5ke protons and tlhere is no troadening of the -—NE-—
resonance, the results can be interrreted as meaning trat the
Cu(II) ions interact with the imine nitrogen under tlese
ccnditicns. In contrast to the spectra of the K(CC)Smti
complexes (M = Cr, Vo, W) (see Section II, Chapter 3), the

—CH2— resonance is not split as a result of the Cu(IIl)--N
interactions. This suggests that the rate of excharge of
Cu(II) at the nitrogen binding site is too rapid for the
-—CH2CH2—- protons to be "seen" as being ineguivalent on the

nmr time scale.
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SYETHESES
Scme general comments trhat relate to all of trese
syntheses can te fcund in the exrerimental secticn of the

Arrendices.

2-ETHYILTHICETEYI.ANVINS CC PLEXES

Diperchloratobis(2-etkylthioethylamine)ccoper(II)

The addition of 1 mmcle of Cu(C104)2.6H20 (C.37C g.)
to a slighkt excess of ligand (C.22C g.) have sn interse,
deep blue solution. A purple precipritate zpreared wvhen
almost all of trhe Cu(ILI) Laé treen zdded.

YIEID: C.2¢8& g. (€4%

Ditetrafluorotoratotis(2-etrylthiocetivlamine)conper([I)

UU(etea)z(EF4)2 was isolated frerm an attempt to

synthesize Cu(etea)4(BF 1 mmole of Cu(PF4)2.6HZO (C.345 g.)

e
vwas added to 4 mmole of the ligand (C.421 g.) to give an
internse, deep blue solution. A tlue cil vas deposited after
the solution hzad teen concentrated and etler had teen added to
it., "Scratching" tre cil gave a turrle sclid vwkick was
filtered and vashed with Abs.EtCH and then etlrer.

YIEID: C.15C g. (34%)

Bis(2-ethylthioethylamine)copver(II)sulphate

This complex was isolated from a gualitative attempt
to synthesize Cu(etea)nSO4 (n= 3 or 4), in wlich some
CuSC4.5H20 was dissolived in neat ligandé. The dark blue
mixture was heated for about 1 minute and tlken ether wvas
added to precipitate an oil. "Scratching" the o0il induced
solidification; the blue solid was filtered and then washed

with Abs. EtOH and etler.
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Dichlorobhis(2-ethylthioethkylamine)coprper(II)

.1 mmole of CuCl,.2EH,0 (C.17C g.) was slowly added to
an excess of the lifand (> C.21C g.) and tke dark green
solution was cooled. Tre trecipitation of tke tlue corplex
was induced bty "scratching" tre flask.

YIEID: C.2CC g. (58%)

Dibromobis(2-ethylthiocetk

larine)corper(II)

et

Trhe same rrocedvre as for Cu(e’tea)ZCl2 was fellcewed,
using 1 mmole of CuBr2 (C.223 g.). Tark green flakes
precipitated from the solution after atout 1 minute.

YIEIES ©.308 g. (7Ch)

Dichloro(2-ethylthiocetlylarine)copper(II)

Cu(etea)Cl2 was rrerared by the cuzlitative addition
of etea to an excess of CuCl2.2H20 in Abs. EtCH, to give
a blue-green preciritate.

Dibromo(2-ethylthiocethylamine)copper(II)

1 mmo6le of the ligand (C.1C5 g.) was slowly added to
an excess of CuBr2 (> C.223 g.) to give 5 fine, dark green
prrecipitate. This was filtered off, washed with Abs. EtCi
and air-dried.

YIEID: 0.118 g. (36%)

Crlorobis(2-ethylthiocethylamine)copper(II)tetraflucroborate

1 mmole of Cu(etea)z(BF4)2 was prepared in gitu using

an excess of etea and the solution was filtered to remove a
small quantity of light blue precipitate. Slightly less than
1 mmole of anhydrous 1iCl (< 0.C42 g.) in Abs. EtCH/acetone
was then added to this solution. Thke total volume at this

3

stage should be about 5C-60 cm~ in order to avoid the

precipitation of Cu(etea)2(BF4)2 and Cu(etea) Cl, (n= 1 or 2).



179

The resulting lighkt blue solution was concentrated in vacuo
cooled zrd "scratched" to induce tke precipitation of impure
[Cu(etea)201]BF4. Tﬂis vas recrystallized from a minimum
volure of hot Abs. EtCH.

YIEID: C.1C4 g. (26%

The filtrate yielded imrrure precipitates trat
contained dark blue Bhﬂetea)2C1]EF4 ana vhat arpeared to bte
Cu(etea)612 (green) and Cu(etea)2(EF4)2 rurrle.
2-VETEYITEIC-2-INIDAZCLINE CCLFLEXES

' Bs For the preraration of the Cu(mti)4X2 complexes

(X = BF,, C17, Br ), it is essential to have the Cu(II): mti
ratio as close to 1:4 as pcssible, otherwise large guantities
of gelatinous precipitates will appear.

Tetrakis(2-methvlthio-2-imidazoline)copper(Il)tetrafluoroborate

1 mmole of Cu(EF4)2.6H2C (C.345 g.) was slcwly added
(vwhile filtering) to a warm solution of 4 mmole of mti
(C.464 g.)t The solution was reduced in volune to about
1-2 cm3 than set aside at 4°C. Iarfe clumps of black
crystals grew and these wvere filtered off and vashed with
Ats. EZtCH and then sodiurm-dried ether.
YIEID: C.361 g. (51%)

* It may be necessary to filter tle brown-black sclution

at this point, to remove a dark green gelatinous precipitate.

NGCTES: -~ forced precivitation with ether gave a complex

that analysed as Cu(mti)4(BF .xH20 (x =1 or 2),

42
- the crystals of Cu(mti)4BF4)2 decompose over

a period of several months.



180

Dichlorotetrakis(2-methvlthio-2-imidazoline)coprer(II)

As for Cu(mti)4(EF4)2, the ccmplex should be
allowed to crystallize siowly from a'concéntrated solution.

The slow addition of 1 mmole of CuCl,.2H,0 (C.17C g.)
to 4 mmole of mti (C.464 g.) gave a green-tlack solution
thhat had to te filtered in orier tc rercve a sm21l quantity
of a gold-coloured rreciritate. Thke solution wv=2s recuced
in volure and cnoled for a prolonged reriod to yield the
blue, hygroscopic complex.

En ether-forced preciritaticn gave a yield of 14%.

Libromotejrakis(2—methy1thio—2-iﬁiéazclinelconrer(IIl

1 mmecle of CuEr2 (C.223 g.) was slowly added to
4 mmole of mti (C.464 g.) and the green-black solution
was filtered in order to remove a gelatinous precipitate.
The solution was then concentrated in vacuo and cooled for
2 days tefore the large clurps of tlack crystals (that are
blue vkren tley are broken open) that resulted were filtered
and washked with a minimum of cold ibts. EtCH.

YIEID: C.266 g. (3S%)

Dichlorotris(2-methylthio-2-imidazcline)cobalt(II)

Co(mti)3C12 vas isclated from an attempt to synthesize
Co(mti)4012. A solution of 1 rmole of C0C12.6H20 (&.238 g.)
(plus triethylorthoformate) was added tc 4 mmole of mti
(C.464 g.) to give a deep blue solution. This was concentrated
and navy blue crystals were grown at 4OC. These were filtered
and washed with a minimum vclume of Abs. EtOH,.

YIEID: C.188 g. (39%)



TAPIE 31
MISCELLANECUS FHYSICAI DATA

2

COMPLEX COI OUR M.P/°C ANAIYSES: Calc.(Found)/% CONDUCTLIVITY/ohm 'mol: cm
¢ H N Other CH,NO, VeCH Other
Cu(etea)2(0104)2 purple - 20.76 4.79 Cl1,15.32 127
(2c.64) (4.93) (15.14)
Cu(etea)z(BF4)2 purple 175-177  21.47 4.95 6.26 15C
(21.59) (5.23) (5.31)
Cu(etea)2804 blue/green 178-180  26.69 6.16 7.78 Insol.
(26.31) (6.13) (7.31)
Cu(etea)2012 blue/green 114-116  27.86 6.43 8.13 21 109  EtCl: 24
d (27.96) (6.68) (8.0C)
Cu(etea)zBrz d.green 115-118  22.15 SE. it 6.46 319 116
(22.36) (5.24) (6.21)
Cu(etea)Cl2 blue/green 122-123  2C.C5 4,63 Cl,2S.59 13
(2c.32) (4.76) (29.25)
Cu(etea)Br2 d.green 109-111 14.62 3.37 4.26
(14.41) (3.54) (4.33)
[cu(etea),Cc1] BF, blue 114-116  24.25  5.6C  17.07 76 136
(23.73) (5.53) (6.78)
Cu(mti)4(BF4)2 black 119-121  27.38 4.59 15.97 1717 Br0,: 51
(27.19) (4.84) (15.409)
Cu(mti)4CI2 blue 114-116 32.C7 5.38 18370 64 144  Ac 20
(32.52) (5.6C) (18.71)
Cu(mti)4Br2 black 101-103  27.92 4.69 16.2° 9C 144  Ac.: 36
(20.27) (5.06) (16.46)
Co(mti)3012 navy blue 13f-14C  3C.12 5.06 17.57 31 119
(3¢.C1) (5.49) (17.75)
NOTES: - molar conductivities at 25°C : Nitromethane 1:1 (7C-80), 2:1(15C=17C)
Methanol (1cc-13C), (21¢-25C)
Nitrobenzene (2¢-3C), (45-55)
Acetone (100-130)
Ethanol (6C-80)

- d = dark;

Ac.

= acetone
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CEAFPTER 6

CCPFER CCLFIEXES CF

2-(3, 3-DINETHYL-2-THIARUTYL)CUINOLINE( tbmc)

£XD

3-( 2-NETHYLTEIOPEENYI I} IKQO) CANFECR(L)

2-(3,3-dimetkyl-2-thiabutyl)ouincline: Cu(tbnq)ClZ and
Cu(tbﬁq)Er2 were the only Cu(II) ccrrlexes trat were

isclated pure, even viere tlre reacticrs irnvelved a two-fold
9

jo)]

excess of tre ligand. Tre electrcnic, far-irfrared an
electron spin resonance srpectra are consistent with both
corplexes having flatterned tetrahecdral structvres. In tke
reactions with Cu(ClO4)2.6H20, cnly very small cuantities
of an imrure Cu(II) corplex wzre isclated, a2s tke soluticns
decompose to give a Cu(I) ccmplex.
Tre Cu(I) ccmplexes, Cu(ttrrg)Zr, Cu(ttﬁqH)Erz ané

Cu(tbrr.q)z(:lc4 are alsc briefly discussed in tlis Charter.

3-(2-methylthiopkenylimino)camphor: Tris ligand is very

susceptible to Cu(II) catalysed hydrolysis in prctic solvents
(e.g. EtCH) where a ccordinating arnion such as Cl1 is rresent.
Ccnsecuently tlie only cormplexes trkat cculd be isclated, from
a reaction in acetone, wvere CuJ(ClC4)2.acetone.xH20

(x = C or 2). The electrcnic srectra of these complexes
svggest trat they probably have flattened tetrzhedral

structures.



6.1 EIECTECNHIC STECTRA

Thie tentative assignments for the Cu(I[) complexes of
trece ligands are precented in Tatle 32,

2-(3,3-DIVEATIVI-2-TEIARUTYI)CUINCI INS CCI'FI =ZXES.
e(IL) CONPIEXES

i) Iigand Field Transitions

Tre two low energy, ligand field waximra in tle

reflectance specira cf Cu(trmg)Cl, (€5C, 12(C rnm) and

Z
Cu(ttrr.q)?r2 (E5C, 1462 nm) (Figure 31 ), are tyrical of

’ such as tre well

distorted tetrakedral Cu(II) cemplexes®

characterized btis(X¥-alkylsalicylaldimirato)copper(II)

(R = isoprcpyl, t-butyl),”® Cu(éraer)X, (émaer = 2-(X,N-

dimethylamino)ethylpyridine)® and Cu(ﬁ—isos?arteine)}iz96
systems.

Cn dissoluticn in dichlorcmetkzre, the ligznd field
maxima move to higrnier energies and this is an irdicaticn
trat the complexes are not as distcrted in solution.”

Tre assignment of flattened, tetrahedral structures to
Cu(ttmg)Cl, and Cu(tbmg)Er, is ccnsistent with totk the

electrcnic and electron spin resonance spcctral éata,

id) Charge Transfer Transiticns

Trhere 1s some uncertainty as tc the assignment of tle
oc(S)— Cu(II) crarge transfer transitions in these corplexes
because of the nearby X~ — Cu(II) absorptions. Ecwever,
the assignment of the low energy Br — Cu(II) absorptions is
consistent with the observations tlat have teen reported for
distorted tetrahedral Cu(II) complexes containing coordinated

59,157

bromide ions. The low intensity Br — Cu(II)

charge transfer absorption at 592 nm ( € = 564 1.molT! em™ 1)
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Zlkeetranie

“pectra - Cu(itme)?

184

(reflectiance)

d—d MAXIMA

1462

nm —»
800 1200 1600
BA 3TE 32
ELECTACNIC SFECTRA, tbme 4B I COVFLEXES
COAF1=zx RENI ECTANCE  ASSICIRENT CHQQZ(E) ASSIGNLITND ACETCNZ(€) ASSIGIMENT
Cu(ttmq)Cl, €a395(sh) a(s)— Cu(II) 395(21¢C) o(S)— Cu(II)
ca41C(sh) C1™— Cu(II) ca415(sk) C17-—= Cu(II)
540 n(s)— Cu(II)
850 I¥ cafC0(sh) iF
1200 LF 1C75(2¢C1) iF
Cu(tbmq)Er2 ca362(sh) a(s)— cu(II)
495 Br — Cu(II) ca45C(sh) Br~— Cu(II)
615 Er — Cu(II) 592(564) Er — Cu(II)
850 LF 77C(269) IF
1462 LF 115G(2¢8) 1P
¢ Cul(C10,),.ac. cal3c5(1¢75) o(S)— Cu(II) ¢ca39c(1666) 6(s)— Cu(II)
755 LF 760(15C) 1F ca620(sh) LF
1300 LF t 1200(102) LF
NOTES: - sh = shoulder; IF = Iigand Field; all maxima are in nm,
- extinction coefficients are l.mol. 'cx™
¢ soluticns contalned triethylerthcformrate
t poorly resolved, weak shkoulder on low energy cside of 760 nm. raximum.

ac.

= acetone.
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. e 8 E g 157
in dickloremetbhzne wray be 2 "fortidden" transition

ard sirilar ahbsorrticns have teen recognised as Pr — Cu(II)
cl.arge transfer maxira bty ctler workersk712
Tre blue-skift thlat is extiitited by the Pr — Cu(II)
absorptions in dichlorcmetliane is also good evicence fer
Cu(tbmq)Er2 teirng less distorted in soluticen. Elue-stiftis
are exrected as tre Cu(IIl)— Tr tonds beccme more "in-plane',
43,59,157

Tre assignrert of the etsorpticn at £4C nm for
Cu(tbmq)Cl2 (reflectance), is in agrecrent with the
assignments rade ty Scrugar et al, for TI(S)— Cu(IIl) charge

7

o 5 4 . . .
transfer transitions. Tris absorption (54C nm) is toc

higr. in energy to te a ligard fieldé corronent cf a c¢isterted
- 157 3 .
tetrahecdral complex and 1t arpears to te tcc low 1in

nergy to te a €1 — Cu(II) atsorpticn. GEven in tetrakedral

2- .
CuCl4 y, tre crarge 1iransfer arsorptions are otserved only

15
as low as about 455 nm."8

Cu(I) CCMFIEXES

Althicugl ar interpretatle reflectance srectrum cculd
not bte ottained for Cu(tban)Brz, the spectrum of Cu(tbmq)2—
ClO4 st.ows a distinct atsorption at 378 nm ané a lower
intensity skoulder at atout 475 nm. In metharol the forrer
atsorption shifts to 36C nm and tke latter atsorption
disappears. The Cu(I) complexes of ttmp and tbmpﬁ+ (see
Chapter 3) also shcwed maxima at about 365 £ 1C nm and these
vere tentatively assigned as being Cu(I)—> S charge transfer

transitions.
By analogy with the Cu(I) complexes of 1,1C-rhenanth—

159

435 nm)

454 nm))*®  tre shoulder at abcut 475 nm is

roline (A

and 2,%-diretkyl-1,1C-phenanth-
max

I

roline ( xmax
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rrotatly a clarge transfer irarsition from tle Cu(I)

d-orbitals to the ligFand's erpty Miortitals.®

3=(2-NLETHYILTEICFLERYT IV INC ) CANFECR

In Yotk tlLe scliéd s:iate 2nd in scluticn, tlre Cu12+

cr.rercprore aprears toc rave a flattened tetraledral
structure sirilar tc tiat of the ris(l’-alkylsalicylaldinminato)-

coprer(ILI) corrlexes, whrere trat sutsiituent is isoprooyl

1=
@

156 - - . -
or t-tutyl, and the complexes of reiated sutstitrted

o . 162,163 .
camplkorguinocne ligands. Tke klue-skift of thre

ca
ligand field maxima in acetone (Tzatle 32 ) sugfgests trat the
complex is less distorted tcvards a tetrakelral geometry

than 1t is in tke sclid siate, 2s observed fcr thre

@7

Cu(tbmq)Xz (X = C17, Br ) ccrrlexes thzt were discussed

atove.

In acetcne and dichlororethane, thioetler binding
is apparent, tut this region (ca 3¢C nm) is pcorly
resolved in tle reflectance spectrur.

6.2 E]BECTRON SrIV -RESCHANCE SPECTRA

The g and A rarameters fcr tlhese complexes are

rresernted in Tabhle 33a. AL1l1 of tke syectra vere recorded

et NG .

i) 2-(3,3-DINETEYL-2-TEIARUTYI )CUIKNCIINE CClIEIEXES
Acetone: The spectra of Cu(tbmq)Cl2 (g" = 2.412, g = 2.1CE&;
la,l =143 x1¢%n™") and cu(tbmg)Br, (g, ~ 2.412, g, =

2.116; la,) ~135 x 174

cmi1) are consistent vith the
complexes having flattened tetrahedral structures. The
relatively high g" values suggest that the Cu(II)-ligand
tonding in these complexes is less covalent than in other

distorted tetrahedral systems (Tatle 33t and this may be

a result of steric effects imposed by the ligand.



TARLE 33a
ESR_SPECTRA, tbma AND 1 CC/PIEXES

COLTLEX SCIVENT g 1Ciig"L___g”_[15“L__‘_gl 1o4laﬂ___
Cu(tbmq)Cl2 Acetone 2.412 143 169 2.108
CHCl3 2.264 164 138
t CH2C12 2.140
Cu(tbmq)Br2 Acetone ca2.41  cal35 179 2.116
CHC1, ca2.4C  cal44 169 2.115
Cul(ClO4)2.ac. Acetone a) 2.412 141 171
b) 2.352 157 150
+ TECF a) 2.414 135 17¢
b) ca2.35 calse ca148
¢ CHyNO, a) 2.381 133 179
b) 2.342 142 165
¢ CH,C1, a) 2.426 12C 2c2
b) ca2.Cl  caSé 2.14 82
¢ YecCH 2.427 124 2.095
NOTES: t isotropic spectrum; (giso = 2.140),
¢ tnese solutions containeéd triethylorthoforzate (TECF),
- all spectra recorded at 77K,
- units of A) and A} are cm—1,
- units of g /|AM are cm.
TARIE 33b
ESR_SPECTRA, DISTCHTED Ti Cu(II) CCLFIEIXES
CCNELEX A 104|A"L___5HJLJ_5”I £, R%.FEEENCE
Cu(N-t-butyl—sa1)2 2.27C 145 157 2.C68 61
Cu(N-s—butyl-sal)z 2.253 156 144 2.C55 61
cur'c1, 2.3¢3 121 181 2.085 162
cur! (3%,), 2.269  13¢ 165 2.073 162
Cu(dmaep)Cl, 2.3Cs5 o8 235 2.118 39
2.C57
Cu(dmaep)Er2 2.3NM 51 402 2.116 39
Cu(sparteine)Cl2 2.2¢¢ es 27c 2.C75 157
Cu(thioacetamide)42+ 2.152 &1 247 164
Cu:tmtd 2.125 93 228 2.C21 165
2.C5
Cu(SPRzNPR2S)2 2.1C7 e 177 2.C30 166
NCTES: - Cu:tmtd = Cu(Ii) doped tetrarethyltlkiocuramdisulphide

- units of |A"| and g“/IAHI are cm.

1

and cm. resp.
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The ratio g” /|A"| has teen suggested by Addison and
Sakaguchifo to Ye a pcssitle guide in estimating the
degree of distorticn tovards a tetral.edral gecmetry in

fecur-coordinate Cu(II) cerplexes. Tor exarple, thre

39

2
Cu(erarteine)C12,% have g / IA"| ratios of 236 cm and

distorted tetrakedral complexes Cu(drzep,Cl and

27C cm resrectively, whkile Tfor souvare planar ccrplexes, the
ratio lies in the rarge frcmr about 1C5 to 13% cm °°

Tlie ratios for Cu(tbrr.q)Cl2 (16S cm) ard Cu(ttrq)Prz (17¢ cm)
lie at veluvues trat are consistent with tle ccmrlexes teing
flattened tetrahedra.

Chloroferm: The spectra (Tatle 33a) indicate trat the

ccrrlexes are less adistcrted tevarcs tetrat.eér2l geometries
in this solvent, the e /|A"| rztios Yeing 138 ecm (X=C17)
and 16S cm (X=Br ).

ii) 3-( 2-NETHYLTHICFHENYLININC)CAKFECR CCYFIEXES

Acetone: Two species are present in the glasses of the
CuI(C1C4)2 corplexes. At least one of these srecies

cortains coordinated vater and tkis is demonstrated by its
almost comrlete disaprearance (Figure 32 ) in tke rresence
of tre drying reagent, triethylorthoformate (TECF). The e,

and |A"| values of beth srecies are consistent with them

having flattened tetrahedral gecmetries, similar to those

trat have been proposed fcr other Cu(II) complexes (Tatle 32b)

of this type.®

Nitromethane: Two distorted tetraledral species are observed

as in acetone, except that the presence of TECF has no
effect on their relative concentrations. This suggests that
one of trke complexes contains coordinated CH3N02, perhaps

" g 2+ .
teing a [CuI(CHBLOZ)] species.
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'T'RE 22

ESE Spectra = Cul(€10,), at 77K
’ plo 2 115

2800

: Acetone
- _/_
N NI
'-'_—/‘M":\ ' ' | R
g9,=2-352
After adding TEOF
g9,=2-426
S e e e ————
‘_/L_/\,_/lx,/ Dichloromethane
[g,=2-01

GAUSS ——
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Dichloromethane: Even in the presence cf TECF, two species

are evident in the srectra (Figure 32). The "reversal"

ofl T SHEE+TEn o Ral-Giels Worm D], il = e x @@dcn )
implies tkat cne of the species has a trigcral tipyramidal
structure. Complexes cuch as [CuI(ClCi).HZC]+ or

[CuI(ClC4)2] may have this tyre of structure. The seccnd
cerrnlex in these spectra prerz2vly has a dicteorted tetraledral

structiure.

l.etkancl-T=CF: Tirect evidence for the instatility of tkis

Cu(II)-ligand system in prolar solvents is provided the esr

Liscussicn: Ft ik Rot Perj Eleer friom tliese reasulied s S

vwrat tke fourtk ligand is, in the distorted tetraliedral
species. In orcder to achieve a four-cocordirate geometry,
thie corplexes of this tridentate ligznd lzve a choice of
perchlorate ions, vater or sclvent molecules (if a ligating

solvert is used), as potential ligands.

6.3 NFRARED SFECTRA

2-( 3, 3-DINETEYL-2-THIABUTYI )QUINCI INE CCKFFLEXES

i) Far-Infrared: Althougk at least two V(Cu—ZX)

aktsorprtions are exrected for tetrakedral Cu(II) complexes,

7 only one cruld be assigned in eaclk spectrum. For

Cu(tbmq)Clz, a V(Cu—Cl) absorption is assigned at 268 em™ !

and for Cu(tbmq)Erz, a V(Cu—Br) abscrpticn is assigned at

23C cm_1. Both assignments are consistent witl the spectra

trhat Lzave been reported for other distcrted tetrahedral

157

Cu(II) complexes such as the Cu(sparteine)X2 and

Cu(isosparteine)01296

systems.
A satisfactory spectrum was not obtained for the

Cu(I) complex, Cu(tbmog)Br.
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ii) Ceneral Infrared: Four ring stretching modes are

normally otserved feor 2-sutstituted cuinoline ligands in
the region frem 17C0 to 15CC em™' *®  but very little is
knovwn abtout the effects of metal ion ccorédinaticn on
these absorptions.’®

Cu(II) and Cu(I) Ccrmplexes: The spectra (Tatle 342) show

trat trere is generally little change in tre ring siretch-
ing frequencies (17CC-15CC cm_1) of ttrme vrpon cermplexatien,
Cnly trree atsorpticns are ctserved.

TABIE 34a

ILFRARED SFECTRA — tbme CCUPLEXES (17CC-15C0 cem™1)

CCL FLEX SPECTEUK (em™, Fujol Full)
tbmg 1613(w), 16C1(s), 156C(m)
Cu(tbmq)Cl2 161¢(w), 16C4(m), 1565(w)
Cu(tbrmq)Er, 161C(w), 16C2(m), 1563(w)
Cu(ttmq),C1C, 1615(m), 15¢4(s), 156C(m)
Cu( tbmq)Br 162C(m), 16C1(s), 1562(m)
Cu(tbtmgH)Br, 1617(w), 15%7(s), _156C(w)

[also 164C(wﬂ

A Cu(I) Complexes, General Infrared: The \J3 mode of

tre perchlorate anicn in the spectrum of Cu(tbmq)2C104, is
quite sharp (1084 cm™') and this shows that the anion is
not coordinated (see Chapter 2).

In contrast to [Cu(tbmpH)C1 and [Cu(tbmpE)Er,],

2]2
(see Chajter 2), the spectra of Cu(tbqu)Br2 in ¥ujol Mulls
do not show any broad absorptions that can be readily

assigned as V(N'— H) modes.

3—( 2-METHYLTHIOPHENYLININC)CANPECR CCNPIEXES

The hygroscopic Cu(II) complexes have almost identical



192
infrared spectra (Nuiol lLulls), both showving broad ~V(CH)
atscrptions.

&ABIé 4b

INFRARED STECTRA CF Cul(C10,),.zcetone.xH,C

Complex \/(C=t3)°,/cm_1 v(C:J)° v3(0102) V1(Cloxl
Iigand 1743(s) 1672(ms)

Cul(ClO4)2.acetone.2H20 17C2(m) 1633(m) 110C(vs),1052(vs) 928(w)
CuL(C10,),.acetone 1701 (m) 1627(m)"  1106(vs),1C71(vs) 936(w)

¢ Afssigrments are in agreerent wit: Reference 168 .
Tre V(C=C) atscrrtion, which also has a ligher
frequency shoulder, will alsc have an acetcre V(C=C)
akscrption component as tris 1s exrected tc te in tke

: . 151
Ssarie regicn,

depending on hydrogen btonding anc¢ cther
interference effects. The relative sharrness cf the
ztsorption in these spectra suggests that the Letcne oxygen
of the ligand may be bound to Cu(II).

Unambiguous siifts in the V(C=I) atscrrtion are
arparent and this is good evidence for tke involvement of
the imine nitrogen in the Cu(II) coordination sphere.

The perchlorate’\/3 modes are broad ané weakly split
and the appearance of tle \Q mcde implies that at least
cne of the perchlorate anions in each complex may be
weakly tound.

1

6.4 PARAMACNETIC 'H nmr IINE BRCADENING EXPERINMENT

Cu(II) interactions with 3-(2-methylthiophenvlimino)-
camphor
Then Cu(II) is added to a CDCl3 soluticn of the

ligand, the =SMNe resonance absorption is significantly

troadened (Figure 33 ) and this is good evidence for the
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existence of Cu(IL)—thioether interactions under irese

Lhydrcrhotic ccnditions.

EiGURE 33
TMS ,
' nrr - fddition of Cu(Il) o
(in CDC1,)
i
-SMe CH3\
|
| | '
| .i il
| “ !
|
|| | ~ 1in atsence of Cu(II)
CHz' ‘I ‘i
| "
cw-| }\ J
il Sl
< ppm
|
|
r
l
1
ﬂ - in presenrce of Cu(II)
| I
| ‘,;
! | ;l [e.c x 107% no1.1.7"]
U
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SYNTHESES
For the synthesis of the tbmc comrlexes, the general

metrod is described elsewkere in thkis tlesis (sece Arrvendices).

Dichloro[2-(3,3-direthyl-2-thiabutvi)cuinoline]copper(II)
In an attempt to syntresize Cu(th:q)2012, 1 mmole

of CuCl,;.2E,0 (C.17C g.) was added to 2 rrole of ligand

(—t

¢ £.ve a brovn-green sclution. Thre light trevm complex

ct

I.at precipitizated from trhis scluticn zZave anzlyses
corresronding to Cu(tbmq)Clz.

YIEID: C.175 g. (4£%)

o

Dibromo[2—(3,B-ditethyl—Q—'hiabutyl)ruiﬁoligglcorrerﬁgnl

Tliere was no charge in the sclution of 1 mmole of
CuBr2(0.223 g.) as the ligand (1 mmole, C.231 g.) was
added. Vhen all of the ligand Lad been added a black
precipitate apreared. The mixture was left to staend for
atout 3C minutes and tlen it was filtered.

YIEID: C.176 g. (3¢%

Eromo[2-(3,3—dinethyl—Q—thiabutyl)ouinoline]ccrne;(I)

1 mmole of 1ligand (C.231 g.) was slowly added to
1 mmole of anhydrous CuBr (C.143 g.), that had teen
dissolved in the presence of excess IiPr., Tris resvlted in
the deposition of yellow crystals.
YIEID: 0.1%4 g. (52%)

Bis[?—(B,3—dimethy1—2—thiabuty])ouinoline]conrer(I)perchlorate

The addition of 1 mmole of Cu(ClO4)2.6H20 (C.37C g.)
to 2 mmole of ligand (C.462 g.) gave a green sclution
which graduvally turned brown while it was being filtered.
The solution was concentrated in vacuo and cooled to give

a brown-black oil. This was sclidified (brown solid)



by prclonged "scratching" vithk a spatula. Clumps of
trovnish crystals were grewn fromlan ats. EtCH solution

of the brovn solid.

11CTE: The rate of reduction of the green sclution dere. ds
on tre age of the ligzrd., If freshly treciritated ligand
is used, tlre green soiutien will persist for several Yrours.
Attempts were made to isolate the pure Cu(Il) comnlex, but

tte green solids tlat were obtained, were injure.

Eromo[2—(3L3—dinethy1*2—thiahutvl)cuino]ine hydrobrgriée]
corper(I)

Eypcrrosphorous acid (ca 5 ércps) was added to
1 mmole of Cu(thmq)Erz suspended in warm methanol. Vhen
the dissolution of tre Cu(II) complex was comrlete, a
yellov-gold complex precipitated out. Tris was filtered
and wasled vith MNeCH.
YIEID: G.0% g. (25%

Complexes of 3-(2-methylthiophenvlimino)carphor

Two Cu(II) complexes were isolated frcm acetore
using Cu(ClO/)2.6H20 as the Cu(II) source. Fowever, if
CuC12.2H20 is used (in Abs. EtCH) hydrolyesis of the ligzand

occurs.

Svntleses: An acetone solution (plus TEOCF) of Cu(ClC4)2.6H20

(1.5 mmole, C.556 g.) was added while filtering, to a
filtered acetone solution of the ligand. The solvent was
removed (in vacuo) from the black solution to leave a
black o0il. The solidification of the oil was induced by
thoroughly drying it in vacuo and then adding dry ether
and working the residue with a spatula. A dark green

hygroscopic solid [Cul(ClO4)2.acetone.2HzC] was isolated

195



in this vay. If TECF is added to th. ether, a darker,
almost brqwn hygroscopic solid [CuL(ClC4)2.acetone] i
isolated. Foth complexes revert to the cil if they zre
wasred with acetone.

YIEIDS: CuI(ClO4)2.acetone.2H 0 : C.21¢9 g.

2
CuI(ClO4)2.acetcne § 0LCET g,
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TAPIE 35
MESCRELANECES THYEICAT TATA
CCMPIEX CCI OUR A=Y e AMATYSES: Cale.(Found)/% CCIDUCTIVITY /ohm™ 'mol | em®
» i oy Cther 'H3ZC2 VelE
Cu(tbmq)Cl2 1.brown 11C-112 45.97 4. 6E 3.83 gR, 1C EBE e 64
(46.C2) (4.61) (4.02) (1 S
Cu(tbmq)Br2 black G9-1(1 36.¢8 3.77 3.C¢ Pr, 35.15 i 75
(37.12) (3.7C) (3.35) (35.44)
¢ Cu(tbmqg)Pr yellow 1¢8=20C 44 .86 4.5 3.74
(44.58) (4.44) (3.88)
Cu(tbmgH)Br, gold G€-009 36.8¢ 3.67 3.21
(36.9C) (3.98) (3.07)
Cu(tbmq)zclc4 or./brovn - 53.75 Bl . &t 4,48 &1 €5
(53.28) (5.67) (4.54) gRC,: 27
CuI(ClO4)2.Ac.2H20 d.green - 37.3C 4.85 2.18
(37.8C) (4.56) (2.2¢)
Cul(ClO4)2.Ac. br./ereen - 3¢, 5] 4.4€ 2 . 3
(3¢.22) {4.57) (2.44)
NOTES: - molar conductivities at 25°C : Nitromethane +1 (7C=¢C)
I"ethanol (1CC-123C)
Nitrobenzene (28-30%)
- 1 = 1light; or. = crange: d = dark; hr. = brown,; Ac. = acectone.
66C £. Calec. for wonomer and dimer, and 75C resr

¢ in chlorcferm, aprarent M.W. =

L61
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CHAPTER 7

PIATINUN(II) AXD PALTADIUL(II) CCLTIZYES

CF

1,2-FIS(PENTAFILUCRCPHERYLTHIO)ETEANE

AVD A FIATINUL(II) CCLELEX

Althouvgh etrylthiorertaflucrotenzene (C6F5SEt)
forms the very unstable complexes I»(CC)CC6W5 3t (I'=Cr,W)
(see Section (fI), 1,2-ris(pentafluororkenyltric)etkane
(fpte) is guite vnreactive towards the Grour 7IE netal
carbenyls, Cu(II) and Ni(II). Tke reactions of trese
ligands with Tt(II) and Id(II[) were thus investigated
and as a consequence, the complexes gig—ﬁClzfpte (N=Ft(II),
TA(II)) and Eg@gg-?t012(C6FSSE )2 kave teen claracterized
ty far-infrared and eleclronic srectroscory.

There have teen at lezst three recert investigations
on related ligands where highly electronegative perfluoro-
alkyl or perfluorcaryl substituvents are adjacent to the
sulphur donor(s). As a result, crystallograrkic and/or
nmr data is availatle for Ft(II) comrlexes of the

1694170

rentafluorothiophenclate anion and the ligands

0’ 171
CFBSC}ZCH SCF3’ IeSCF2CH2SLe and CFBSCP eCh2SCF3

The electronic and far-infrared spectral preoperties (vhere

arpropriate) of these compcunds, have not been investigated.



199

7.1 FAR-INFRAREL STECTRA

i) cis-'Cl,fpte (M=Pt(II),Fa(II)

The spectra of PtClprte and PdClzfpte are culte
similar (Figure 34 ) except for the strong, tentatively
assigned, V(}--Cl) atsorption in each spectrum (Tatle 26 ).
In the atsence of tke srectra for ithe analogecus }'Pr. fpte
cemplexes, the secend V(I1--Cl) Tand tilat is extected
for each spectrum}7z ras nct teen icdentifieéd

cis structure to FtCl (C S®E t)

£°s’
can te ruled out on the tasis of the dissimilarity tetween
the Tt—Cl stretching frecuencies of tkis ccirrlex and
ItClzfpte. Tigands of sirilzar dcror atilities =re
exvected, cn tre tasis of tre irans-effect,’’ to give
rise to sirilar V(I'—X) freguencies for their g;§—¥X212
corplexes.

In Tatle 36 , the V(N—Cl) data for the cis and
trans complexes are compared with the data for otler

tlicetrer—1(II) (¥=Pt, Fd) complexes.

TARLE 36

FAR INFRARED SFECTRA; Pt(II),PA(II) TEICETEER CCNELEXES
cis-CCVELEXES v(¥-Cl) REF. trans-CCNFIZXES -v(Pt-Cl)  REF.
PtClz(Me25)2 342,33C 173 PtClz(KeZS)2 344 173
PtClz(Etzs)z 330,318 172 PtClz(EtZS)z 343 175
PtClz(PhSCBH6SPh) 317,312 174 PtCl,(dpd) 346 176
PtClzfpte 329 This Work PtClZ(C6FSSEt)2 342 This Work
PdClz(PhSCEH4SPh) 277 174 Ptc12(pms)2 341 177
PdClz(PhSC3H6SPh) 278,262 174
PdClzfpte 3C6 This Vork
NOTES: - dpd = 1,12-bis(phenylthio)dodecane

— pms = phenylmethylsulphkide

- v(M-C1) frequencies are in cm™)



329
A: M=PH*
B: M=Pd”"
306 em™
5 190 . 200 \ 300

-t

he

(3 -Cl) atscrrtions are skcwn.,
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LISCUSSICN

cis-Corplexes: The arrarent increase in the N-Cl

stretchking frequencies for Ptcl2fpte and TdC]Zfrte,

when they are compzred with the analogous cemplexes of

the FhS(CH2)nSPh liganés (n=2,3), is consistent vith thre

general otservation trat as ligznd electrcnegativities

increase, tie 1L.-Cl stretching frecuercies also increase."”’
Tre cause of this effect is éiscussed in 7.4.

Irans-Complexes: In their study of a wide variety of

trans-FtX .
e z

I, complexes, Adams et 17  noted trat

Vv(Tt-X) remaine reclatively constant corrared to the

variaticns that are cbserved for the corresrondéing cis

corrlexes. For FtClZ(CePESEt)2 then, w{Ft-Cl) is riot

incensistent with tris complex having a irans structure.
Figure 35

L

Cl Proposed trans- structure.

g™
" L= C F,SEY

Cl

Te2 E] ECTRCNIC SFECTEA

The outstanding features in the electronic srectra
(34C-74C nm) of toth the cis C6FSSCH20H2506F5 and trans
C6F55Et complexes, are the red-shifts of the ligand field
maxima (Tatle 37 ). These shifts imply that tlre net
ligand field strengths at Pt(II) and TA(II) are lover than
in the complexes of the other thioether ligands.waqm

Tre mcst probatle explanation for the lower
ligand field strengths of fpte and C6F58Et, is tre

inductive electronegativity effect of the pentaflucrophenyl

substituents on the sulphur dcnor atoms (see 7.4). Yolecular

rodel studies tend to rule out the possitility trat steric



ELECTRCYLC SPECTRA, Pt(ILi) ANE Ta(IIL) COREI YIS
cis-COVPIEXES 4 -— d‘)f:f_yz SOIVENT RZEFERERCEH  trons-CCRTLEXAC  ARSGUTTICYN SCIVERT
PtCl,(dmedt) 365 DN50 183 FtCl,(apd) 325, 351 Ch,C1,
s , 857 Refl.

Pt012(dnxdt) 372 DNSC 183 Pt<;12(ms)2 304,427 Lull
PtClz(dbedt) 375 oISe 183 PtClz(C6F53Et)2 cad(5,cabC Lcetene
T'tCl,(fpte) E TR () Acetone This work catl7,ca5(C  Hefl.

3¢E Fefl.
rdc12(dmedt) 328 Acetone 183
PdClz(dmmnt) 38¢ Acetone 183
PdClz(dnxdt) 3¢2 Acetone 183
FdCl2(SN) 3¢2 Acetone 184
PdClz(fpte) 422(1C77) Acoctene This work

417 Refl.

NOTES: - all complexes are M32C12 chromontiores,

- maxima are nm.; extinction ceceificicnts nre Iin rorentheses,

-~ shoulders are indicated by prefix cz,
- T Ptbl2(pms)2, maxima assigned as Uinglet d,=—3d , (3% nm.) and
£ S
. e o 5 ¥
Triplet dxz,dyé——+dxg_y2(427 nm. ). Assignments yrobarly analcpous feor

other trans-complexes.

[40)4
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effecets are resrcnsible for the differences in the syectira,

7.3  IECTCETZCORCY _SYECTLA_CF frie, btmtt, rett and m-lotkb

The U.V. rlLotoelecliren srectra* were reasvred fer

bmtt, tett, m-btmtb (sce Sectien (IL)) =nd frte in an

atterpt to raticrnalize ihe arrarent rasicl

Tetreen dithicethers suck as tmtt, tett ard m-bztb, and thre

lircands tlat are tle sutjiect of ilis Crapter. licvwever, the
Thotoel setrion sreetrim 6f C.F-SEt could net Te ireasuresd

1 i & L)

as 1t ayreared tc dzamage tre instrurent's detector.

RZSULTS

T

For trioetlier ligarnés such as R

-

tiie highest occurieé rolecvlar orbitzl is largely localised

or Wile sulpkir etew znd i pesrpemdéioulen fo Be molecuder
- 186 ¥ . " i o

eli cOE . cvwever, viere z lig=z? centizine thc ES=

rrours las in brtt, tett, p=krt’ frte), the Lighes”

cccvpied melecular crbitals ox Ttoth sulpkurs =rc ccurlesd
to form a syrmetric (ns) a2nd an antisyrretric ceotinzilicr.

brtt, bett and m-bmtb: The antis etric cembirn=ztion

interzacts uith tle aryl Ti-ortit=l! to give rise to IT1 2rd
IF4 (Tarle 38 ). IF2 is largely due to the n_ cermbinzticn
and the crvital is lccalised on the sulplur atcms, while
IP3 is derived mainly from the aryl M-crrital., [TF,
wrich has more tording chraracter then IF2, arises from the
"otker" lone pair ortital cn each sulplirr (nc ).

fpte: Only three tands were observed for tkis
ligand. The first tand is protatly anz2logous to either
IP1 or IF2 tiat were obtserved for tlre otlier thioetler

ligards.

* Tl.e spectra were measured and arelysed bty Dr. liclael

. 185
Wwe1lNET .
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TABLE 38

ICNISATICY FOTSNTIALS (eV) FOR TITHICETEER LICANDS

TICAND IT1. IF2 Ir3 IT4 [T5

tmtt 7,85 £.43 c.11 ©.c3 1C.7¢
tett 7.78 g.28 i N0 g e 10.45
m-tmtb £.C¢ &.34 C¢,66 1C.23 10.¢¢
p-turtd* 7.€3 €.EC ©.2¢ 1@.1C
fpte .07 G.7C(Br) i1.65

NCTLES: =~ =* Sec Feference 187 .

- 1F2 arnd IT® are essentially lcne vair ortritals,

DISCUSSIG :

£ &+ o M g = - g 2 3 + 3 4 -+ P g L 4
of the E=l'e ana E=Et svbstitvents rarsllel tre orser ElLEre
f “wla © =yA T+ ’\‘]88 Ml-m 4+ 5§ -~ o+ Pricr et s e 5l S o

oI Le,u Z20NC LT-~2 . sdigl L8y TLE LOLLEZTCICU CTC Ll

of the suvlrhur lorne rair electrons (IT2 ard IT5) decrease

i
no

3 Cn2SC6r5 is

cormrared with the other ditrioetrer ligands in Tahle 3%,

in gecing from R=Ne to R=Et. \len C6FQSC
~

the icnisation potentials indicate tiat tlere are
significant clectronegativity effects on the energy of tlre
sulphur lone pair ortitals. This is shicur by the ITS5 data,
vhich suggests tlLat the lcne pair electrons are rore
tightly held than in the ctier dithioether ligands
containing aryl substituents. Simil=ar electronegativity
effects have been reported for tlicether ligands such as
(CH3)(CH201)S]86 and for phosphine ligands such as
PF3,'” thie latter ligand having a significantly reduced
o-doncr carpacity comyared to other substituted pliosprine

. - 189
ligandgs.
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T4 ANATYSIS OF THE E]ECTRONEGCATIVITY EFFRCTS

In addition to the relatively hig: ionisation

potentials of the sulrluvr lone rrir electrons of fpte

-

(sce arcve), t¥iec eff_ctes of tre electronecgative
rentafluocrortenyl substitvents are also reflected in tre
low rk, of pentaflucrothicrrenol (pKa:Q.GE) cempared to

\ 170

thiorrerol (rk_=6.42). The net result of these

c¢flTects is that S--1. o-interactions are wvwealienred. Tilis
is arrarent in ihe red shifts of tre ligand fieléd waxira
in thke electrcnic srectra of the IFt(II) and Fa(LIL)
comrlexes (see 7.2) and these effects may =zlsc help to
exrlain vry statle cormplexes zre not ferred in the

reactionz of these ligar3s wit:i Cu(IIl), FPi(II) an

(@)

tre
zerc-valemt Creovp WIE metals (W(Q)=Cr, Vo, i,.

The wezakening cf S—N(II) interacticrsz (MF=It,7d)
also exrlains wky the M(II)—Cl stretching freguencies
of the ng—NClzfpte complexes are liglker tkan in the
complexes of the related PhS(CHz)nSTh (n=2,3) ligands
(Tatle 36 ). As fewer electrons are rlaced in tre I'([I)
molecular ortitals trans to the cocrdinated chloride
ligands, the I(II)--Cl bends are strengthened bty an
inductive mechanism.'”?

Conclusicns: The srectrel investigations intc the

properties of these Ft(II) and PA(IL[) complexes and the
chemical studies into the "reactions" of fpte and C6F58Et
with other transition metals (sce atove and Appendices to

Sections I and II) terd tc sugpest trat Li--S T-kacktonding

is a relatively rinor contributor to tke net strergth cf
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l.-t¥icetler interactions. Suyyort fcr this ccenclusicn

cemes from the results o

]

crystallegrarvrkric investigaticns
irto the Tt(II) corplexes of CF4SCIT"eCli,SCF, 7
and (CFB)AIC}E CH, FFL,, ,'*° In the latter cemrlex,

tiere is a sutstartial storterning of the Ft"—P(CFB)Q
bend, tut in the Tormer wcomplexsy It--thi

T -interacticns de rot arreazr te te



AXTRT I T -
(,\ AN .S.FLS

cis-Dickloro[1,2-bis(pentafluororh enylthio)etkane]-
platinun(II) ' '

1 rrole of Pt(PhCH)2C12 (C.472 g.) (see Eeference
292) vias =2dded to a filtered tclucre soluticn of 1 mwmocle
of frte (C.426 g.) and the mixture vas refluxed for
2C minutes. A yellow preciritzte zrpeared cduring the
discsoluticn of t're Ft(PhCH)ZCIZ end Wil wass £l Fered
off while the mixture was hot, vashed with etrer znd
dried in vacuo. The toluene filtrate vas refluxed for

a further 2C minutes to give a2 seccnd crop of thie

(o)

llow complex.

<
v

e, (64%)

ois—?ickloro[1,2—bis(nentafluororlenylthio)ethane]-

Ealledt vm(FT)

A methanol solution cf 1 rmole of IaZPdCIA
(C.2%4 g.) was added to a suspension of 1 mrole of the
ligand (C.426 g.) in methrzncl and the mixture vas
hecated to dissolve the ligand. Zuring tlie reating,
an orange precipitate appeared. This wz2s filtered off
and then wvashed thoroughly with KeCH/HZO, I'eCH ard
ether respectively. A furiher cuantity was isolated

from the first KNeCH filtrate, after it lLad been cooled.

YIEID: ©.283 g. (47%)

trans-Dichlorobis(etrylthiopentafluorobenzene)platinum(II)

Excess ligand ( » C.228 g.) was added to a hot
filtered solution of Ft(PhCN)ZCIZ (C.5 mmole, C.236 g.)
in toluene. After 45 minutes of refluxing, the yellow
solution was filtered, concentrated (in vacuo) to

3

about 1-2 cm” and tkren ccoled to yield an oranfe

207
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crysialline preduct. The orange, diethvletler-s luble
complex was vashed vith petlreleum etier after fijterinrs

nd then recrystallized from teluene.

o

YIELD: C.174 g. (4€%) - tefore
recrystallizatieon.



NISCELIANECUS s TYSICAT DATA

CCVMTIEX CCLCUR % F£°C ANATYSES: Calc.(found)/%
© H Halogen S
¢ PtCl,(fpte) Yellow >23C 28.29 G, 5¢ 10.24
(25.11)  (1.23)  (1C.30)
PdClz(fpte) Crange >23C 27 .86 (.67 i1.75 (.62
(27.77)  (i.13)  (11.63) (13.C4)
PtC1,(C FgSEL), Crange 135-14C 26. 60 1,36 S
(27.64) (1.87) (gréc)
¢ although the complex was recrystallized fror acetone and washed with not %foluene, the

C and H analyses did not

improve.

60¢



2-picolyl ckloride hydrcchlcoridée (C.2 role, 32.¢Cf g.) =znd

tren t-tutyl tricl (C.Z2 role, 18.02f g£.) vere adifeld to

t¥is solution., Lefluring the so

tre raprié precinitaticon of 2 l=rge cuantity cf 7aCl =fler

atout 3C rinutes. This caused the sclution to sizrt

N

tumping vielently. ATter the mixivre 124 teen lelt to

(@]

JUpeeey e S -3 7 I =+
tzred and ¢istillcd vater vas

etler. Tle etier extracis vere cried witk arhyércus 1l egSC,
11_

and filtered. After tks rercvel of tis scivent (in vacuc),

tre dark revm o0il was distilled te yieid tre cclourless

YIELDE 27535 §. (768
2-(3,3-dimethvl-2-thiabutyl)ouvinoline (tbmg)

After sodium (C.14C role, 3.22C g.) Lkzé teer é&issclved

1
vi

in cold Ars.EtCH, 2-(cklorcmeiryl)cuincline rydrcchkleoride
(C.C7C mole, 14.S87 g.) vas added to the scluticn. Tke slow
additicn of t-tutyl thicl (C.C7C mole, €.313 £.), vhile
agitating the flask, helred thre 2—(Chloromethyl)quinoline (0
dissolve and ¥YaCl was dercsited. The resulting susrensicn
was refluxed fcr 15 rinutes, cooled ani filtered. Tle
filtrate was concentrated ano cdistilled water was added to

rrecipitate a btrown oil. This was extracted intc ether.

The ether soluticns wvere dried with anhydrous Ua2304,




filtered and toe solvent remeved in vacuo.

witll some difficulty, small cuantities of the pure,
off-viite, selid ligand can Ye isclated Yy ccoling a
cencentrated ibs,nHtCh solulion of the iryure cil* to dry
ice/acctcne temperatures., hen solidificatien ifas heen
induced, tre rrixture rucst be filtercd raridly. Tho sermi-dry
sclig@ rest tmen te put vnder vacuum to dry.

The unstatle ligand turns grey cver z reriod cof
artout a month.

X Ixtercive decc.ypcsition cceurred curing zr attenrt

to c¢istil tkis cil.
3=(2-methyltkiopkenvlirino)eanrrkor (1)

% elight excess cf 2-pewlrpltniogrilime ( >1.3¢2 ¢.),

( = )carrkorguincne (1C nmole, 1.662 ¢.,

2nd & trace ©of gy’ @4Cl, (ea B TE.) were
Fomb and hezted for 2 lours at 1E5 °C in
reaction vrccucts wvere tlen dissclved in

sciution

vas remcved and the resicdue dried in yacuo.

atdded to the residue tc precinitzte jyellcw crystals.

vere rec:ystzilized frcm ligroin,
air dried.

NIEDLDE O g8

EOTE: A

in the 1:1 condensatiocn prcduct teing

vwes filtered tlreougl Kieselguhr

£

isolated.

vwacsked with pentzne

rerared as in Ref. 293)
gezled in a teflcn
2@ ovien Flre
dry etrer. The
before tlre etker
Tertane vas
Tlese

(342)

2 mole ratic of 2-metihyliriocaniline also resuvlts

Treleonged

reating redvces thre yield and the vresence -T ZnCl2 is

essential.
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1,2- }Ls(rfrtaflucvnh}cw‘]tllc3e iane (frie)

entaflucrothiophenol (C.C(SC rele, 1C.((6 g.) was

to a2 sligkl excess of scdiur ( >1.15C g.) dissclved

refluxed (under K,) fer sbout 3C minutes, Iuring 1kis time,
“
it Jest its srell e colowr =mc Kagkr preciviiuecsd, g tre2
mixture v.2s cooled, ire ligand g2lsc rrecipitated. Tistilled
. S 2 I A L] = | -
water (cz 4CC cm”) was added and the insoliubkle vwhite ligané

vas filtcrea off. It was viashked vwith 3ietill=zd vater and

then Ats.LtCE before teing dried in vacuo.

TIRLTYy i3S 5. (650
Etlyltricnentafluoroberzere (C F SEt)
zilyliricreniafluoroberzere (CoXg

A solutien of sodium (C.(25 mcle, (.57 £.) and
pertafluverotiicrhenol ((.C(25 rmele
rreprzred, to which etlyl icdide (C.(Z5 mele, 2.E¢C ¢.) was
adéed. Tris solution was refluxed (under X,) for an rour
ant left to stzard cvernight. DTistilled vater was z28ded to

cil. TZre cil vas ex

(&)

2

precipitate a light re
etrher, The etler extracts wsre tlen déried vitr aniydrcus
¥2,C0, anc filtered before tie ether was remcved in vacuc.

e oil vw2s used without any urther rurification.

ii) LICANL TRTFARATICHS

2-ethylthiocethylamine (etea)

In a typical rreraratiorn, 2-ethyltlioetlylamine rydro-
chloride (C.C6S mole, ©.£21 g¢.) was neutralised witk a
slight excess of 2.CK. YaCE. An crange cil which vias
isolated after several ether exiractions, was distilled to
give the colourless ligand.

YIEIT: 6.33C g. (£7%)
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FESULTS

ATFPEALANCE

I.T/B.P/0Other

ANATYGES :

Ad 2500 e Cﬂ,l(".(F(‘l"-nd)/;:’

tbmqg
pte
C6r50A

etea

mti

colourless
oil

off-=white
solid
white
sollid
p-le-red
oil
yellow

solid

colourle:
oLl
white

solid

128-13¢ °c
[12 mm.Hg]
51-57°

100-104°

D 7200
[“]D—~+l_1 E-\ . ]z
in Abs.HiCF

<29
[14 mm.Lg]
7720

7.73, S

C 66.25, I €.34, H
g (7.4¢

(66.31) (8.43)

C 72.68, W %.41, W 6.C6, § 72.8%

(72.48)  (7.20) (6.C5) (13.29)
=& = : = o e :
Nass Gpect. — small C.8zu=4 npeak

, Rl

(dlsvipldde Lmpurity)

i . .
i rmr - weak impurity peaks
.

e

ppm cdewnfield

C 7i.
(71.C4)

H7.37, o

AET, S 1145
(7.44) ‘

- \
(4.54)
1

I' nmpr -

1. : L
B NWMr — No USROG s

% T4
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YIFITS: €2-7¢%
iii) RISITTIATICY CF 56208

reduced pressure using cuickfit wicrodistillation ecvipment.

214

To prevent cxicdaticn of the Iigands, cxrgern-free, cry dirnitrcgen
was slevily hled tlrcughk tle gystem Suring each adistillaticon.

iv)  I.IGAND RE:CTIVIIY STLDIZS
a) Ireraraticn of (thmnB)PF,
- \v

G554 HFF6 until the fuming cezsed., After varzing tlre

or atcut 1 minute, Lbs.EtCH (ca 1C cmB) wzs added

)

sclu*ion
to it. A white precipitate vas isclated Tt} zdééing ether
to tiis sclution.

t) Freparation of (tbtmpE)Pr

Eyxcess EEBr vas bubbled thrcugh an 2bs.ZiCl scluticn

]

(@]

of tbmp tefore removing tre solvent. The adéition of dry

ether to the residue precipitated an cil. After teing thor-

ougrly céried in wvacuo, the cil was crystallized (bty "scratckin

to give an off-vlite sclid.

Infrared Srectra of (tbmpH)X salts

at
PAY

The frequencies of tre V(N —1H) atsorrticns

(abkcove 2(CC cm—1) are dependent on the counterion, X . In

+ : . +a- s e A
gereral, WU(N'—1i) decreases vitl increased "IE----X¥X hydrogen

bending.”®

nay
£ )



Trotenation of

ttup 15¢3
11“§E)1F6 3252(w); 31%2(v-sj);311C (),

ca 342(g) 1622
e ) e ca 2TCT{m); gz 2557 m);

cz 238i(m) 1612

(211 ¥rcad)

% S 191 S g R .

erniles . igtilled water vwzs added 1o the cclourlecs
reduced solution te przcipitate = wiite conplex., T:1s vwzs
extracted into mentane and tl.e perntane sclutlon Sried vitl

ankydrcus 1'gSC Aiter filterirng the mixture the pentane

3

i
v

. - ; ° 0
was removed in vacug. Creamy flakes (I1.T.=84-C€7) cr; stall-

izea from thke reciduve cn "scratching".
YIEID: (€.23C g. (46%)

Infrared Spectrum (Tujol rull)

Tre medium intensity w(C=X) hand at 1671 e

68

. o o 1 . . .
in the imine disaprears on ferring tlhe white cemrlex

and a sharr, wezk WV(1-}) tand arrears at 3356 cm-1.

1

H nmr Spectrum (in 03013)

A sharp dcuble (J=4 Hz) appears at 4.CC prm in
tre spectrum of the reduced complex. T:1is rescnance is rot
rresent in the spectrur of tie irinz and it is assigned

te the -NE- proton.

Vv (oyr.ring)/en” !

215
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T PERDIE EE

i) CENNPAT SYRTUUSTS CF €0 TIZXES

Lrorn isclatiorn, eack ccoplex was carcfully vasled

in all czses vhere sclvents were rercoved in wzcuo,

a rovary evaprcrator vwas used. rere cornlexes or residues
werc 6ried in vzcue, an evacuzted (ca 2-5 rm.Pg) &rying line
vwas used.

ire relting roints ¢f percklorate szlts vere not
dctergined.
ii) REACTIVIP: SEUDIESy =] FIICENTEY Z70ATTS

a) Additicn of myridire to Culthmm) X, (I=EF, and CI)

Both ccrplexes were yrerzred (in situ) in tleir

respeetivie selwemts (¥=EF,, aceteme; X=€1 , ABs~ZiCH) to

give corcentrations of 5 x 1C_3 rmel.l. . Svuccessive

B
s

GGl t]

=
(V]

alicuvots ¢f n;
by b hacts

t) Additicn of nyridine to Culetea)

= l

(o]
—
|)—‘

1 mrole of the ccrrplex was Trepzre

areut 1CC cm3 of A's.EtCE. Tor a 1:1 ratic of riridine:Cu(Ir

3

(.08 cm” of the Ta2ge were used.

c) Addition of pyridine to Cu(nti)“_(EF_,)_2

+

*.5 mwole of Cu(mti)d(EF4 , was rrepzred (in situ)
in Ats.ZtCE. Successive aliguets of ryricdine were added

to tris solution as recuired.



Th,asCl (C.247 g., (.50

+

a sclvtion of frecrly rrerared [CL
(.5€% mxcle) in warm Velk. A coup

seeornts of yellew and willve erystia
czrefully remeving the soclvent in

18}

ct
(o]
[ apd
4]
[
0]

-

cryst

. .
als arpesared

e .
89 mEole) NS i
£
(trnpiE)Cl,], (C
o -
A o -
1&g oI ureps ot
m ~ i
Tr.e seraration
1g was aifected
VECUC.
Felting peints
£ reints

4

LIad

write erys

[rr,25]cuct,

217
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P T TONT TN A T
ATTERNDEX IEI

lecirernicec “reclra vere rececréed on a Scirzdzu
ki = RNl r o T
'TE-5((C gpectrcphetcreter.
Reflectanee spectra were recorded for eitrer finely

ground saiirles tiat had been diluted vwith ragnesium oxide

or the pure samples were crusked cnte filier pzrer. Tle
clecice depencded on tke cuvalily of ilte srectra tlat cculs

te ckttainezd.,
™

The scluticn specira (1C xm. cuartyz celis) were

recerded, viere ressihie, in soivernts of v

V)
[
e~
l"
3
™)
—
}. vl
m
4
=
’-_4
73
o}

AFI11ty,

#)]
Gb

%)
o

)

T
crtical cgualizty. However, care must te

[oN

m
—
M)
%)
m

es of agce
tallen 1c ercsure trz2t the cuvetles 2are ccoled slovly and that
frcst deces not feormr on tie cuvette windowes. Standard 2 om.
acrylic cuvettes (Shimadzu) were uced.

Tlectrcen snin rescnance srectra were reccrded on 2

4

1C44 spectrometer. Ti.e soluticns vere cccled to

L]

Varian
77K using licguid nitrcgen and =31 data is for this
temrerature.
Fegul=sr calibrations cf tre instrument (with ITFE)
l:ave skown that the single absorption peak cf TFTFH cconsistently

falls at 322C 5l 5 Causs. This value Las been used in



calculating trhe £ and A yaranctcrs fron the speectra.
Tre g y E g ing A lines_vcore measvred using the
- = 4 " l g
- I 1 -
nermal First-order periurtation precednres '? zrd thre
rarameters vere calculated using foraulae z) 2 B
a) g = x (VY
/ € = ErrE < £T i V rle)
-4 4 4 - 4 - J_\_.
o are WJ‘F\. = A0 "CEuss
=nd Favmres = 2.0026

o
~—-
T
—~
()
b
"
=1
>
1
=1
b
—~
c
-
0
n
~

A
Ferce 14l = g x li(Cauvse)| x C.4€GEE x 17" em !
LCTE: ZFIL = diphenyl rilcryl tyéragzyl

gctre emuld rot he imrrcwed e
igctraric # tes bcen Eeporied.

. - .
Infrared srcetira (4CCC-ECC cm ') were recerded on a

Tecrman [R-2C specircplotcmeter and calitraied vizin
rclystyrene film,

- . ’ = -
zr-infrared srectra (4CC(-4( cm” ') were oktained

D
&
()
|
-

]
L 1
e
£
et

i
(]
J

i

(vsing a Crutrb-Farscons Cute I'kII iInt
terrerature fcecr petroleum [elly mulls on polythene dices.

«

The V(' -X) ztscrrtions were tentatively asszi;ned by
cemparing tlie srectra where the Izloger hzs teen chznged,

S

and ty intensity censideraticns.

Conductivities were measuvred (for ca 1 x 1C_3 rol.1l”"

scluticns at room temperature) usine a Thilips IRSECC
conductivity meter, fitted with a Frilipes FVCE1C cell.

'H nur spectra (pararagretic studies) were reccrded

using a JECL C-6CHL Eigl. Eesclution Li'l. srectrometer.
Tetramethkylsilane (T1'S) was used as an internal standard

fer all srectra.
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Por ench exreriment, a concentira

ligand in CDC1

Stazndard metkarel sclltieons 'of CUCIP.ZEZC Foad
y-

(]
@
Y
=t
.
L35
(@)
4t
)
¢v)
[
')
P
(@h
5]
9]
e
i
W
W
e
5
g
m
4]
O
b
O
e
~—
i
=i
g
e
b}
'
(]
~
.
=i
|
-

Lolecular weightis were deterrined using a Fiizckhi

Perkin-Zlmer 115 l'olecvlzr Veligkt zrraratus.

ii) SOLYENTS

a) Svegctrescorpic Investiezations: A)1l sclvents vere

reidistilied tefcre ucse. Nitiremethane z2nd niircbenzene

redicstilled: zcetcone vwas AR, grade. Dietnyl etler - as

redistilled over l'a vire.



221

a) Synilesis of dichlewo 2-(2,3-direthy]-2-thinbutyl)-
pyridine =ine(Il)

2 rmole of ligans: (C.3€3 £.) vnere 2dded to an
grxcess of éry ZnCl, (> C.272 g¢.). The scluiien, after
teirg concentrated and ccoled, yielded the vlite
crystalline covplex.

YIXID: C.254 ¢, £395)
3B = 188-169 SC
Anzlyees: Cale.(Feuré)/i%: C 37.82, H 4.76, N 4.4
(2€.C€) (4.83) (a.20)
Corductivity: CH.IC, ( A = 4); YeCll ( A = 27)
Far-IR: =u(zr-C1) 2t 316, 32C cm™ ',

thmp

Zn(ttmp)Cl

:_3 —“’_2 -
1.28 imS

-~ chemical shifts are prm dovnfiel
- = CLCl1 2 ing Corrsuvzl
G dovtlet; ccupling corstzrnt

The itvo W(Zn-Cl) zhscrrticns are concistent with tiis
conrlex lirving a distcrted tetrzahedrzl stiructure in tle
solid siate.”’Fewever, in (CD3)ESC, tke 'H nor spectrum
is virtually uncltianged frem tle free-ligand srectrum. 7Tri
is in contrast to the significznt dcvwnfield shifts that are
otserved for trhe o« -H and -CE,S- resocnances in the

2

I(CC)4tbmp ('=Cr,Yc,%) corplexes (see Charter 3, Section II).

T’l«-

[oN)

Starility cernctant measurerents fer

2-(rme*hyltriometryl)pyridine’

eccrreses on dissolutien (te yield

[logK

he 1H nmr spectrum thus suggests trat tle corplex
tre free ligand).

tke related ligand,

5. om(cust), .66



very stable corrared te the Cu(il) arnd TWi(Il) cernrlexes of

T | ~ -~ . P

b) Cull) eemrlex of eustearine Lydrochigride
M m ' mnipmns, + e e 3 e e W b 4
“rhe Icrmatlion of an unstarle, yellowu-vhite

ceimrlex from the Tekellon of Cull. C witk cystearine
_C.
Lyérechnleride {1SCE G117, . EC1) vas rfirst reycxried by
E 2 2 Ne ¥
; e, 193 R -
carake et gl in 197C. Loaever, the corrlsx was

Brecekloriée e 1 Cul £l

ot

T TR L by » g e e N ) W 2x .8 T ; a1 TR R

ard the t : 2 seluticon vas z22justed (with dilex

aenenya svrceria) t = g e st SIT_ 1 v e F3om

il « o Glal2 ) @ 2 Tl C o R S = Ve Lo aginz L
- i

added drorvise (zqueols sciuvilicn) while stirring
e | 3 s v gad & e 5 el s N - I - B g
scluiion.: Tre wWiilie precipitate whici &appearsd Was TiLtL:

ard vasked with vater ard tlen Abs.ZtCH., Czre must e taken
to erstre tiat the compornd is nct exrcsed to air,.

Tre dzmp ccrplex was dried in vacupo 2nd sezrled
in vacuo. JIrelonged exposure te light causes the complex
to tuvrrn a darker yellovw.

Two independent preraraticrs toik

(o8]
3]
)

™
@)
[0
(o))

analyses for Cu (QCHALthP2.H01)C1.

Celculated: O 8.73, ¥ 2.56, Gl 25.7q, B Wi.a5 %

Fcund: (e.74)  (2.57) (26.12)  (11.68)
c.ce) (2.¢¢ (2€.12)

c) Reaction of Cu(B“412. HoC with mti (1:2)
In Abs.®@tCH, a very fine, ligit Plue ccmplex

rrecipitates on rixing tlie starting raterials
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¢

.
¥
(4

3
| Fa

- wipe® .
_-.-.:.‘J‘.. ELVES Te
T =5y - A
r«-_‘-L'L ulateds

Zowid -
A simils
ut ite zmnalyrs

cnirne, metlionire etkryl ester and

- sintiesis
- reacticn ¢
- osyntheses
- reducticn
- reacticns
Cu(CHBCI?)4
- 1sclatiocon
— reacticns
— reacticns
- formation
- 7reacticns
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C 7.2%, I 2%, M@ 2R i
(7.21) (2.88) (2.69)

_8f GUE] - .80 wits mwEl (1%2)
TN g L alis et
ne, 2 ingclvble Feld o ecnylex resuliss
Y 1 (_\_'Lr 1@ Vlr‘:q! A & f‘ \ (;1_‘ - > \ f:] —
' b o { ' I‘;‘ 1
¢ 21.84, L 3.870, & 52.74, Gy 21 S
(21.71)  (2.¢4) (12.74) (ci.12)
r g6ld c¢ormrlex precipitated from ivs.

of Cu(tknq)zXz (Z = c1cz, EFZ),
o e + ) 13 wi 4 T
£ go(utmﬁjz(c1cf)2.“zc vithe TiC1 (1:1),
of Zn(tbar) Ci. 2nd In(irti ne., v
s (Lb )d i 1 ( l).f-r(C'J' 47909

- iletca) 10 Solo) 4 € ol el &
of Culet *’E(C‘C4)2 né Cu( LL)4C1d
of etea witi Cu(FCB)Z.EL algZna

Clc

o

Co(nti)4(0104)2 and pure Co(vti)A(P¢4\

of o9

frte with Cu(ILI) ard Mi(II),

of C6F5SEt witnh Ka2FdCl4 in NeCH arnd EtCH,

imines from camprorcuinone a2rné rmethi-
etea,

cf CuCl, with 3-(2-retiyltkicrhenylirino)

2

campl.or and 3-(Z2-methylthiorkenyiarinojcamricr,
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~yorne T i e ol - @ R e

= formativn of brdp.a fvck w2 and 2,0-diceeiyv] -
|‘!_"l ("I p
o 1L - m

cerigletunt vith their teing Cu(i) cerrlexes. n the

vieihle rezicn, tlre srecir2 2re Garinated ty an intense

(o
i~
0]
(]
[
2

o
()

m
[}
(4-
n
¥
W
’_.4
i
(&)
—
—
~
Q
)
H
3
(-
M
\f‘
(]
2



225

iV

E o

~f

!

—NT Q!Ab\i.ﬂuao10?1059913989,81230025326005309903“063410.'.-29U3~’0A.0\A7316“70749472223002“6Q1?540 * 746001.0.
7—,(-.1../...(4;)1Db,(?’?bl.‘ll“:jl.‘){b lvczo.lll,(_,(k...l};l.’ruL)OnLJbQ-J\A NN—~TIMINN O DT NI OTM Nt =t N NA= Nt TN T Nt et Nt e - N T T =T
— — -— -— — 3
-
“.A*g O;)Nbdqg .J\Juvu.l)._qu.\..ou‘k49OVSQI\LOI\JDOUINU.)ZU\L,.’“U'Q..UOZOQA.QUQ:?“U,’J)&.,V':O‘J NONRIOD QODOQU’ZVQOQQ\UOQ,ZT’UVO N S~ASOMOT
[a\Uaalaa ToFIaNE= T o IVAlS 4 FIOPR - O N MO — T N i — M PN = NA NN OV Cad N MM ™M et PN D LNt et (N T 6331‘52??63131“2112‘121 Mg Q) T
— -— -— L
[
—J
5(07830955“31013“581?8765432101235631,U0,876543210126198765“320123!)6057Q§‘09876400-ﬁ7532157 TN~ TN
——b g 2010 R N L I SR I B B Rkl I A NI I B B | el L N B L A —s 103 PO N R R T B B B R B B X ] *
Ty L LN B L} ] ] ] L} *
-
.222233333333333.333“4 4&.Q.Aﬂqq,4ﬁoqaq.NaQSSSSP):)SSSSSr)rJSSSébbb 0666666666677777778888669999999001 * —D DO
-t~ el ¥V 0 0

2039050595521417322.34239272809 1399&85“56620525 90.0;5032226 026676780595131&226125736671“6058?)391487
29212\121}31373q}lélﬂ-«/—lﬁi..\nljlt)ér)4 "N M T TONNAN T 053311\-6\171:10,‘50,‘.‘11 ‘\L9“04«4..-.:).‘.‘1“1.-.‘(11 J“b.‘b.tz.ll.ldu'(-
. —— O} Lo —— -— vt N -—

O T~ OMN—0 15445624152023207750751 MANN O ONND O UNARIIRN DO O — DNTOD~NDON NN 2“).05633’“.‘"*5411?3“0

5‘4243?2309&/64‘Q3513ﬂ24a7}2295 OTMM N N0 O Q16135231u222185035Q3189432122“51511‘2761Q3
-

FONNOOI~NTITNO TSRO

17?2??213136572‘
e

—t— e -— -

5678029565430124567590136321012345759076%2012345678008765“32112347890876503210123467830965432101234
—q 000 —~eeld 0 0 0 2 8 —e 0 0 4 s 8B —ee) 4 4 ¢ 9238

——f 8 7T 000 —aoa—d 0 00
] s

- et = NNV NI N (RN VNN

33333333322?22222222222111111111111110000000000000000011

qqqqqq}]’)s’}aa\a}
.------.-.--.-—---.-.- I ]

—TIOMNON~ 62“41“0090796990753909800 elte) “67646.{4211622?4712“ 286661487070841“53429896 S OO~ = O NN . DN N

-
[ e las IaVEaV« IaVEe RialaVig ) ANNT ~NON—~NNNIWN—~ TT O~ * N~ ™ 4 ™V e O\ 223239Av37.121Q117.221213412&)13035_3352\12,)._“7015\.356
U - — -—
E
033521636370“7216«“35657397305397.O — TN N O NO OO DD U2520.‘21.5.,.)790.?1.0704-%3?.&.063051.:*17.010.09(0 NN BON TR
M M OO Lo Q?2r45331?5?‘121452145 0 NN —M e N T —~ NN VG O 4320g211{‘?21?2233‘.25 - LN VMO N G CMe— T aMIT O
n —
po
04.:03510?\12165432101229875328655 ‘.512452347832101346789065312345790g32012345678023665032\10123Aﬂ
—t 0 ——t ) —~2 20000 <t 8 020 33 0 02 - L} [ I ] —t —eet 00 —teeel 1 U VB DE
L] .0 L} L} *«
-
- 009999565587777777?77776666‘36666666555555555555.)55‘-‘4qqqqqh—.hﬁqa

55555566666677777777778888889991
-— ---.-.----.-..

11--.-..----..----.---.--.-
(3 }

6270203812161“532353977“266“511260385“65564507

nnvb-2814757832512Q.n.wA8352nﬂ13156627711286"&65686906
DM NN TNAN— T AN M

(8] -
10 . 2421331Q152j?2ﬂ21314Q1452454983169617I215043051443622121211(4804341362Q22?
T - - -— o~ e O\ — L)
o *
v o 569775/7?6612567328426351225155957106010071051Q773265176)3510522798002l622124079800“16513215
an 241123!A1&1371323&13&13520735631577277203847852334612221211329&Q33136042245132223552?3QG1813
o n - -— et - -—
-
¥ 769174605023&786215675125632101236795543210136365036902157412356875021177642710984573109760Q
. . —t T 0t () ¢ v e L —1 —~——l 00 seas 0t et et P )
" ] [ » 4
-
X » 10099857666666655555544443333333333222222222222\1111111000000000111111112222233333334444444&

111-.-.-.-.---.--5-..b-h.-m-....-.u..-s.-..--
s



ONONTNDVODBCOORPRNNATTNNNNTM DA Ot ONNDO FITNMNDODOTMOTMNNDVDONTINDOMM MONOAMNNNMNNSNONONDDVONDNTEC AN DDNANNINNO—~DOONOMINNND —~O
ONNVNANDAM NN A Nt M A=t TTINT NDOA (N Netea et 00T TIODNODHAON NNT AN TN DNNet e ta (Nt N MIMO NAOTNITNANNSNNNITINO O ~MMTIANNNMNMON A~ NN"TO NON
——

-— —t— Tttt e

OMMNAOQA D TTCTOOATANOTINOOONNITONOMNOAMDOORAITODPRDOMMNMAN O NN Nt et et ONAD DDT ONTNDONITDNIONODI-MOMNNNIMON ~F DR —~T N TDOORNRITINDR
ANANONNAMAAR MO~ NN T o~ T TOUNND Ot NN (Nt ot G T T NN et A et et (NN L =N ND MO Rt MM Nt (Nt MO D N A TOTUVNMNNNMN T AN D et MO T =~ MA NN NO O
-— ———

— —— et -

NTNAO~NTNOR—~OVONTMNNHD—ANNTNOND SOV OTMNNO~NMTNECOOVNTMN— O~NMTNANON~AANONTMI N O —~(NMNTNOVD® ~P AN ONTN—AO~NMIUNND O—~RDOONTMN
Lt —~t Tt ~i1 T 00 e EEEEN] et D 0 P B B0 ~T 108220 —~—t 280 O
[} " [}

OANNNNNNNNNNNNNNNNONNN et ettt vt vdet pg i vt et et et o4 e OO O O DO OO
O 00 P P OB RN ORI YL YYD

=3

V00OV VOVO0 VOV NNNNNNANNANNANNNNTTITTITTTTTTTMMMmTMMM™M MMM M@
LINL IR I R R R I O A DA O I O A IO I I I B RO N O BT N O IO T U DN B NN IO T T 2N B N B T T I I I BN

AN ONA OO0 VOVIO M~ D~ NDTANONMDNIND MNONONTMTNONIMANND QORI O O~ NORROANNO OOONNM MOPON O O0—~OSNITIMOOOR VO OVWV—~IDNN
NTINAOFTARAATMOINNSINOIINNMONNITITIN —~MMNTOTNNOT —~NT Nt NI NNt N Yt NI~ I N NONN = N NTFTIN NN T~ NN O TIT NN N

— e L

NAM =M ONTI- NOMMNOMONMNIN—HNM AN NO T INT ~OMNNANORD—MMOMMNTO O NNO DNNOTANNOOD T N NOONIOMOOO—~MONOVIONONNTCMDONDOT
ANANANOTN —~CIOT VNN —MNCUNNMANMNT MANNONTA T NANG et (NS Nt (NN O T N NNV N N~ NN (N - NI NN TMANNNG et VMMM TN O NN
— ot st — -

VOANT A0~ TON O M-I CA Nt MO — 'O

Petae | 2 3 wtwn

NAO OOV NTMNIDANMNTANONONT MN—~ONMMNT MAN—=ONT MmO ~(NMNT A OO ONT ~O M T OO T~ T Mot ~ON T

<) 2 22 30D —1 s 8 0L —eteteme—] ) 2} —el 30 00 b 00 e )~ ) 1t 11 —el

t9 ) LN B B B ) L) 1 L} [}

TTTTTTTTTTTITTTTNNNNANNNNANANANNO OOV OIOVOVOOVOOVOIOOSAARARARNANANNA O ONN IFOROOOD— —=OOOOPTINOPOODOOVDODODUANNAANNAAN O
et gt e D bae Lo Lo 0 TR NN I SR B N BN ALY N O IO I Y IO DY IO DO TN Y B O |

MTOOMN—OMINODNAT =«M=NNINMO R OND=DOMAOMIONNOMO—AN MO — O P e~ ~NONDORFRNINNONMONRAMetOD OO O MONDN NN ORI~ M DO N es A M et = O
FTOATIANMNNNNAST 00 NNAVNT ANt NT ONNNA IS TNARITNNNAODONFNVNDINNTDNNT AN =t et VNN T 4D Dot A RN Nt et = TN O T MOt T T I D et
- e —— -— Lalalal -— Ll alal\') -

O CM ~C NONNNANOTMNAOMMOAONNANMIANDTNNDOTMINOOORDARNNTMIAONTRA Ottt PO I DNNNNNMNONA RO ONONAR DT AN—MANLOT OO (N~
l.nv N NN O NN TR O ONNN T et (NS O TTAN = T OO T Qe (VOO T NT =~ ANNNNNNNCRM T NO—~ONROM ettt OO T OM T —NT MN MmN N
—t -— ——t -— e tabalY el -

08S CALC

NI O~ OOV NMNO e~ (NI N OO N~ O OO NN~ (UM TN DODMNONTMNA O~ NMTNO RO N OO ON T MN O~ N TN OMN O DN ON TN ~O ~NMT OO ™M
abalall NN NS NN BN I BN BN BN | ety 08 L 2 01D -—

—0 5 010 vae=il 1 0 0V 7Y —~t 030 002
L) 11 L ] 1401 :

NANNAN Vet et et et et 74t et ettt et 4 1 et et OO DO D O OO DO OO O O D OO vt 4 ot 4t vt o4 v4 04 ot 74 +4 ot ot 4 o4 et = N NN NN N NN NANNNNNNN MM A MM /M MM N AN N O T

K

H

1100 0T Y Y UYL YOS

ORI TOMNDOMONMNOTN—NAT N OOINNTDO P DOMOONTTNOAMODDMANNTOATONSOOAAND T TR~ NDANTOINAN VDOOTTDODO~DTOONONT NN
NIDINTTNOM=NNNMTOIONMIIIANITIN NITTONNNOHIT~HITTODTANONNANTOAMTNNADATA Nt O MNMNANDN ~~ ANNNNARAN =~ O I NNt TIN ND~T OV
- - -—

TTHAOTINOTANNOIT~TONNNS DOMN—DONDINNINCONNDT = NTIAN=OD DTMINTDIDINATANMNIRANDO T O DINAT Ot Nt ON T~ D INNAN M =N

CIMANNNM et NN TN T N NS LN T OO —CD — T MO T et (VDM e~ T NN~ N O (N AO M et N = M s N N AN O O et O N0 O M e @ T O OV CIND
— - v -—

U8s cALC

670130.567900235678905“321234676907653211234575965“32102(«“56789016543210123a5679016765ﬁ M~
—s 1 0 —1s 0210 a8 8 1 et 3 3 ¢ 22 et 0 0 5 00 01

K

O PODMODOMDDMA-A- AR A AN A 20 0 00 00 0000 OO NUININNVNNNINNIINNNVWNS T T T TTA T T T T TTTTMNMMO MM MO MMEA MM NN NNAINNNNN N
LRI L N D2 D R O D R B R BN DO A IO RO RN DN B DI NN AN D RN N NN RN N U IO B BN BN R N DN B 2N AN B BN BN I DN IO BRI I RY BN IC IR N R INT I I I D T T AN TR R AN IO IO I B OO TR I I I B I B A A Y RY |

H



227

~ANONONN—ONONTONNDOMONNO OTANONNMMINDOPONINMNODOD~ON —~O NV OND~tMOD MM Nt TR TON OMARON™MOTMNIN ¥ NITONITTNONNTOMN=NNIROO
N MTNOMARARNNANAA=TNIDNIONMT ANSNMTINIT ODOODNINNNMNO LT NNNNT=NNT O~ TN NANN et =N TTIN AN N NN N * et Nets (NONINT NANNNA = N TN —NN
-— -t - -— *
-
Rt NDMADONOOD~AMNIO~ONTTINNTDIEOINTNT ~ODDONNDMANND T —~NT O 0PN N O NDNMINDDAON WO DO O N N N OONVDAR=NMPARNM TN VD Dot T
NNV Mt DN MNCINAMO R D~ MM T NN TN TN D CNNOIMNMNO T NN Tevs(NT AN T M O U et wor  (NM M OGO MOt (N e (Yo Lalalato s Tall o VIAVES VAYQIIA WAVES Do RaVE o atla QT ToV]
-— — .t — — L]
-
OCOMNONMN—~te—=(NONTM ~ OO ONTMN—~ONOM—At O DN ONTMEINMOCDODMNNT M «ONOR DM OITMAONDITMANONNN~NDAN MO NMAtODNTN~OMODRMON\veee (V™M
Ll L I I B I S | e~ 1 5100 0 e ) 1 07 0 02 el 0 0 0V U S —0 vt et} 1 0 0 ~F 00 0 - LI | LI B B ) LI )
L] 51 08 1000 LI ] ] 003 . -
-
MMM OMAMM MO TITTIITTIITTTTT TTNNNNNNNNNNININO OO OOV O N0 OORMANRNANANANANDDOOOOIUORONONROD - OO MWMMOVD D VDDA AN NN
—t—e Lo JU RN I T I T B IO U B N D R S IO Y B B |

€85 CALC

K

MNTNONAOOVORAAINAN S NT A O OMIUNT T NN DDA D MO DNND ~DORNMONAROOTONT O NNV D~TRNDMNAM—T MM OMONOITIAMNT M —=NT O T ONN-MMD
NANN NN OM-4MD =D ~DONN NOINNOOTIMNMOMTMNNIANUINNO~ITIMNMNDITTNNDOONRAM DI AT TNA~—~N DADONNOR LT T AaNTTOONON O =N~ T I =N
-— -— — e — — — — - — ——

O—~NDVDOVRADNONIVANNANTORAFT OSTDOIDMNONNDDINMIITANINTRINAI TIONDIOPIT M ONONOND ONONORAINASMIOTNNO DI~ TOAA—~TMIODOTINIANNNI RS AN
NN NN AU NN Ot P (NN IO N AT QM NN T MNP NN = NN QG NI T NN O OMNNI M T Nt et et O~ R 0 MO OO ICITNNT T O CANIA D Nt MM (M
-t — -— i~ -— -— -— -— —r -— Lkl

OARDAPRNO TN O =N T NONDONONN— O~ NTNAD TR ONTMN A0 ~NMTNONNORTNT TN AOANNTNOIOLANONTNAO M TN~ O O ONTMNAO—~NMOMN
—9 0 70 GEE [ I I I B ) o2 0 0080 Y ——eg 23OV Eakak AN BN BN I R B ] ) L LT TN - -
LI ] 1 [ I ) (I }

TTTTMMNMAMOMMMOM MMM NN NN NN et et et et et et et ot g et 74t et et et et D DD D OV OO D O O OO O ot vt v ot 74 et ot ot =t o=t =t 4 o= <4 (N VOV NN ANV NN N VNN N Y M
LN I B B B B U B B B AN B B NN N R NN NN AN I B R AN BN DN DN R BN N DN BN N R BN B T BN NN BTN B I RN I I R N ]

PR OO NV TT—NNTTNONNNNO—~DT - ONOR~TFPDDODRRNMNOMNNIOUMNMeet Ot TP O~ ONT NG OMNNIAMANSAANM et DMNO NOB® DO TTOANNITINN—~ION
Nt ONNNMINNT YN Nt ™ NM M) O o e ¥ ANt et NA NN A NNANMN A T T I TNAN NN NINIANTMND ANttt <t A ONMO RN TNAANNT NN TN~ T
-« - — Ll oL X 2] Ll
-«
PP ODDANNOONM Dt RO MNP AN 4 ONDMNDVMDOOVMDNMORN—AMANCONNINTNMITIAOSONOSNNORSNANANDE T NNNNASNONTCDNRA =AY T 0~
NS N NN M NN~ NN M ™M) N NV (VO QAN et — NNV T NN N NN T T OT Nt MINN MM NG MN et et (NN et (Ot et AN O D NN M et M e (NN T T e N e O
1] — -— — ettt
-
OO NT MMNFTONTMN~ONMOROTORNT AONTNOA—~ONMTUNINDR Ot (Nt = NTUNDO S NT ANt O eetM T NDR —~~ ONMN O~ NTNOMND O NTMN e~ T
~—h 090 tye s 024 LabaX BN EE BN B BN} -« [] el 0 Tte v ~T 1 v R —~e 0 0 2t 0
1 [ ] [} *
*
[ S o S o et el o Loliellolio]. o X. o Jo Yo Yo Yo b No to laY =] « DO DWRODDWO DO’’’ OOV OO OI0 00OV NNNNNNNNNANNNNWVN ST TTITTTTTT
O 90 0T 0 YR OO0 S0 BB Y OB P TOLY ROV FEN YL LT IR LOY QLY

08S CALC

X

ot 4~ ¥ £ 030 27 2D J0 000 0 SIOYOOVDS

NN—OTDMMON ~DOVMOIOMOPN—~ONMO ~d TNOONDRA DO OTARONDOROD TN OOMMAANNINOITDATONON~SAINCNNTONNT NS T NP = NN ONND
NINOTATNNAN=NORTOODN NNOANTINTNA — ~OFPT T ITMMet I MONT NN~ T DN T OTNADIOINAAN—~ONNDNTINN NN~ TNN—~DMITMNO T INTNN—~N
-— e - - -— — —

N—AODOMNAMONAAPT DR~ CTAA AR NN At =t ONNNOMTD OO =D OVNIDOMINOMDOOVON Ot = DDOD P ONTNDOONDMNDANNNONDMINNRMAD Vet MO W NONNNTD
NONNMAT ONNN— DR T OO0 TOMNMAMOT Nt (Nt «CNT NN T Mot @ MONT Mt (N T DT OO0 OOMRNMNANNAN At ON~AMNIANNNT I NMeDO NTOIMONDONT TM —N
- ——— -— et e - -—

NN TNOMNDON—~ OO ONTMN O et (NMT O~ OR DR ONTMNAO ~«(NMTON D~ OPFRDOMNONT MONO~N NMNTONMORALCONTNOAMORINOTMN OO OTMN~O NN
1 ] vdose——l ¥ 2 2 1 0 0 0 —estl D0 9 D DR 0D ~_—e) 9§00 YOO . il 0 Y 3 0 @ v 02 22 00 <l 2 2 7 0 8O Ll
LI I | 11 18 1 s 4 (I} 1 ]

h 5
OO0 O0O0O0OOTTtrtvtrtet mtetrd vt ot v oot et waed et et = (N NN NN NN AN NN N NN NNAN NN MO MO MMM S T T ST T S T ANNNNDNNININ OO O W0 00 00 O
|



228

0B3 CALC

K

H

OMAMAMTOUNNON—AN MO ~OD NN~ AN —=NO0OMON—~MNOVONMNT = O DDONTMNONDINNORMAONDOMAN—~T OO ONNNRA’ D =T MANNAND OD—~ON—~D RO —~N O NI MOOoNaT ™M
TOANO NN NDNNA T AN—MANNO NN QAU NNt P OINNN AU T O D O FINANN v~ et NN TDNAAANA N ND D MM =« NN NN T OO Nt M NN~ TN NOMJert TN~ N O
-— - e -— -t -— — -

SNANNSNOOIONDINNOTMN—ORTOND TNANARINNTOO ONMODODR =N AT ONMTNAON~NO —~CI~ TNMOOT RAONO AN NM—=NANNORRMOADON O ONNANODNMO
QCAMNO—AN O OO MAN M MOANNCN S NO @M et N O NOAIN = MM T A N0 MO C TN NN OO NN 0 (VO 0O NN ANNMM ANT OO0« N NN~ T @ (NN OM N —Q N N0 —
— e -— ——t —— —— s

VOO ONT MNe=O =« NN T O RN O O ONT Nt O~ NN T OO MN—AO RO NT (Nt et N T INDO T ORAONT MOt NNT & (N~ OO OO INT M N~ O~(NM Mt AN O TN — O T
10001 0 et ) 0§ 3L R0 eweteeeald 00 00 00 —~—y 211002 —~etoeeaf & 0 0 0 0 ¢ % 8 —e—f 30 1808
10 11 [N ] [ | [ )

D anmand SVISVL VI VI VI QT VIV o VIQVI o VI VT Vo Vo VIoV o e g Taa Taa oo laa e ae Lo Tag o Lo Tog |

MO NNNN NN VOO IO (N etot ot ot ot [eloleolalelololvlolo]ololololalelal] ——
L I I AN BN T B B e B B I B O I I I I R B N I B S BB A B A )

NDOMOODNIRPDTTTNATNAA—AaMTNODONT ~TNTONNONMNMOANM N O ORANROINPAIONRNA~ OO T O~ TN

NN T~ OUNMON 0D O ONN e (Nt N -
MM A NNNAM T MG NNNNMNDN W ANMAMNMN At A NN AA T Tt NVNT TN AN A NN OO ONNA A A TN T O OLT A eda et et NT N~ O T MM~ T NN T NN DA NN
* —— -
R
OVNONDMNNNNO e~ gagNOT TN O OVD~MANDMANNANANTNONON—~T IOOVO MO OM NI OMNTOTMNINDIOOD—~DMOOVMNIITNOOTMH A —~NIT NTO
MM es NN NN VAN NN N NN NONONNMN =t (VNN T T NN T NI NN Nt OO DA NN A~ T NT et O TV~ NANT MANAA SMIMINTMONT MMM O D NN
0] —— —N
-1
NTO—~TNOOCDOMOVOMNOTDVON SN TN TNOMTORNN—HO ~NMTNDOT MAN—O~NMN VO PN INTMN—~OMNODROOOVNMNO—~NMONDFONONTMNN—~NMT
1 e d 4 08 —~0 ) ~0 12k - [ 1 (] [ IR Y I —~0 44010 ~=d ) 002 LI AR B R A
402 3 L * [] )
-
ANNSNNDODODODVOCRRIDIDOO - OCOORIRC DO DXMAODONAAMNAANNMNA OOV OVOVO0V0 O ONVNINNNNNNNNNNNNTIFTTIITTITITITTIMMMMMOMMOMMM N
R e et dC R IR I I B A S BN N I SN R N N N I IO RO IO O T I I T IO I T TR A I S NI R N IO IO O IR IO IO IO N Y IO BN I BN R I R NI B R B B

0BS CALC

K

H

DOINIATOITNMNOMMINIORO NN O ONDNR—e—rt ONDD DMNNOTONNIMNORNMNOARRIONTOOMIONMTINTNOTMeaN <O~ TRNDONMMMNNON TR DODMODOON
MNASNONASDODN I TN ON 0NN vt (ot O~ 3107617. Jl...l?.lhas.b2122537413211336.“319)..'/_505221 NOINNTNA TN —~NN TN~ OONNN NOO

- -—

6.‘{949715509667531 QOO DVDOVO~-VMNIMMODONDOVOVOMANT DNTMNORMNOADVRAIITNNNMODONTNODNANIDIAINNIRID ~ONNND OOAN® DN O N NA-
At3129571395)/ﬁ. AFNTN AN A Nt OtV N A TN O ANT TN~ T TOONNVNNNNAOIN T« (UN— et VMO M e DN N O NN Nttt NIOUNN T NN e NN TN = O DZZZrd.{_77
lalalal - Ll - -

OMO O ONTMNINAO—NTNN—OROMNCNTMN—~O —~ N T O TNO DM ONT MO~ (VMU0 MN—O OO M ONT NO N T NO NN~ O T AN M (Nt O OO T MO et (N O @O
~eg t L0 00 0 s ~e— e~ L 00200 ) 8 02 a0, et atetel R LK) eteead 8 8 00 b g T80 —~—t 1
LI | [ B B L B ] 1001 LI I I | [ } L I )

DOt ettt et ettt ettt At 1 NN N NNV N NN NN NN NNANN NN N MO MMM MMM ag 373 IIITTIITITTIONNNNNANNNO O 0O0OIDO0 JOONNARNN

VT AN~PROPNTOND D=t ONAMNDAODD ONNIPITNTOTTIOMTINOM—~MN OV OFDO DD TMMAMANODOODOTANIONAMOOVTNOMNTITNA~PINANNMONONONIT OT
ANNTITNT DOIVNTINTNANONANNTONT T Nt t S ed et NN T et T ot T VDV Vot ot et 22?.“)..:79322 AN A NONNT I ITIANAO NN NN TN DODMNMONT I NN NNSOTTIOIINT

— — -

OFTONONTITNOOERN NONNIPNONCANDODRIAONSERANDNARNNINNTORIRO0OPINO OVTOOO0OTMNMMNOTITOONANIMNCAN~TOIONAONIDIVDLONN OONRIAND INNT 00~ IND
CIOM T T N MO NN O N VD I T NVD v N — tea UM T = et TN N Mt et~ NANNITNNIA DO N = (Nt et (Nt NI O N DO N O~ NNNNM TODEM =N NN~ NN OGN T

- e - — -, e -—

VPN TN =N TNOO~ONTON At (NN TN VDO AN ONT N ONMTONDNO NTMNAC ~NMTUNANN A ONT M N O~ TN O N NN SO~ ONM T OO DM OT N\ o™
117111

—vetl 9 03 V0 et 0 0700 ey a0 —eel & 08 00 bt BN B AV | L dL BTN I N O B )
L} (I } (o} L}

AP 0000 V00OV OVO0 VOO NNNANNVNINNNNDNNNT T T TIITITITITTMNIN MMM AN NN NN NN NN NN et o et vt et et g 4 et et et 4 0 D D D DO DO DO D
850 08 0 000020 Y B NANS DR



229

MMNO DV~ NTOITMOD—~NOT AN DL TONNITMMIT SMNOIDOVONNMAONO—~O0OMOD DO VVDNNDONNNNNDDNTNIONDVDTNOMNMTNDODOMNNNOOMOTAh ~T—~ONMT

NINA NN TN DINNNT~INADNINNO DINMNANNNTTISNTANNNVNNNAM PRIV ANANSOANNANINSA NI ANNNAANNANINTANTI OITINMOIT I VM NNNNNIM
—— -

MODOIAINNDIINOAININTINON INNDRAONA~JITINITATNSOMNTAASINITINONNA~IDI OO~ NNO OO0 ~00NNTITNTINT 020 INTITNITIMONNANONINNN
Na /1?1513?33113.u141230?7633221122&.515&12212214129631326160256213312?502533?45247&2365883222293
— — ——

56652101235673?_0234720123567975“2101234567076532101?8 O NTMAotertNTNAMNAOTTNONITMOANT OO T MNAD~ TN ODO DN
110 1713 [ I UL B I —3 0t 13 t1 0001 e 1 4 8201 14880 080 —1 8
1 | I [}

I VL DVODVDOVDWMDANANANAAA OOV OOV VOIVNNNNNNNNNNANINTIIT T FTITTITTINMMMIMMIMNANMMANIANNCSNNNNN NN NN trtetrdedvtoted et et OO0 D
LI I I I A B B A D I v B D B I D I IR AN D I RN N N S R B BN BN BN NN RO RO N DN DN NV B DN T R NN D NN B NN RN N AN A N BN D RO DN AN DN BN BN D R NN BN R RN N U N BN BN I I R IO R R B BN R N B B BN )

TNNOMODOMAOPIT OO RAMONAODONMNTNMONDODMDO—UIDO = MRV ON—MOMONCNTODV O NAMDMT I MDD OMBN T — O IND T N~ - R ee (Nt D
VAR NN ANeted Nt NA DRI P O Mot NNAMNe et Dot N N1 M T TN T i1~ NN OV M et Nt N4 D DN Mt =t DY Nt O TN . ANttt Vet T T NNTINNO M I NN YN - Ny
—— -
-
MATONODOODODANAR ORADNIRD DA RNCTAIRNORANNNTINIDI~ AT IDOONNNSNENTNANCOIDINIRINDIT AN INNNTANDISIAINRA TN DONNT ~O0DOIOT T 0V NN —~IT
VA~ M MU= (N TN~ NN NN —MA e~ O NN M @ NN AN N NSV Mt NN QUM Mt et M NONO NN A M A= NN N T TN MANON T T MNMN NN
— 1]
—
O~ NNTNNA OO ON TNt et M T TN DONTMNAOANTN O DO TMAND~NMNMTNNT OO DMNOTOANAOOMANTMNASNCDOMONTMNO RO ONT O oNoamM
L] el b 0T D 0 C 4 et 001 08 0 ——l s 00 rtveeaet 0 0 b6 kel o B I I B Y B EE N B B B R BN R Lo Pl I I B B B B ) | -
rel Lt v (] s 8000 L ) ) LA | ' -
*
Tt A S NNV AN NN NN NN UM MO O NN NN OO I T 33T T T T NNNNONLINNN NN 00 OOV VO VOMNMAN AN DO DOVD VD00 O L [=Te e Xb o)
—— —l ot

1l

IO NONNONMNC O —~ND DNNENONARRM T ONMA DO TOORN—NON NNNADANNMNDVM O~ N Nt T ONNMNO DN QO —~TM D ON—=N=TODDOO

o

d NN TONMTNN TPt Nt MT T Tt Mt MeetN et et MO DN DO TN OO —NANMNIT T MNOT MNT AT ANNVNAN <D O T A et PNt NN At (NNT DTNV TNANN A =MNAN DT OVO

- -— -— —t— -t

Q

VWV OM—A—~IDFITANR IDMOARAINMOMMOAMNDDVIN—A RO NT A TNAMOAMNIDOITNDRIONLINN ND MTAININIOAINNAD DT AONNNIODTIOAIADNANIOMASTIANININDNSAIRNTIN—<AN

M ANTUE MU D v UM N =M e Mo st C L NN M CA e~ N CM I @ MUY N2 Q =M M A=~ OO N O SN e NN vtom o~ MO T N MO T N N AT UA e O N (U O

(W] - - (N~ L)

¥ NOONAOAT NODORCLOMOTMANANMNO O OO ONTMN—O—NMNTORONT MNet DA NMTNOD DL~ OROMN ONTMNMN Ot TATORTMAN O T MU~ OOD0 DN ONTMN
LSO T S S NN Y |

LI | —e ) 40 0 —t 00y et | I I I I O ] el 3 0 3 L &V LD —i 18 03 41

L} 4, 20y L} L]
VONNNNNNINNN ST TTTITTTTITTT TOMOMM MO OO OO N NN NN NN At rtet vt et et vt v et ot ol T2t 4 et~ O O OO0 DD OO0 0 OO OO vt rivtot vt ot et
LI S S S I D I B T D U B D N RN U DN NN N I N N BN N A N I B SN NN NN NN S N NN BN BN DTN D DN T TN N NN R NN N B R R RO I IO D DY R A B R B D N N B IO B IR B B A )

it

DO VVDONAtrt N ONODNNOMNMOVOTTNT INACNOONDOOD

TRAANMNO AN~ ODONUV- 0D T M O M e~ OONOM T M et T OMMO R DO O~ O Nt DN — O
SFONNAN At ONNT N ~OINNNVNA TONT AT NN NIt e T T NN

NN~ T NVNTINOMCIN N NI AN M et T MONN et NN NIV N oAt T MO TN AN vteteet NN~ TN a T NT NN

-—

NMNODNIAD— OTN—MOD INNNNMNAOTNNMD OD NN TNON

O—ONNMTDTNTDOTOON T NNNNINANTAMO R RINNNO O 0O —ND ~OD e~ NT ™M OO QNN T T
CIN (Nt LNV MCVANM AN~ d MmN M@ UNM (M NN Q Mmm

NPt T ANMNCGI NN MTMOUQ I MANNNNANMIN O et M e M T MO NN VNN G Ve NT AN
-—

N 223?52101379 OO~ O ~«NMOOMNT MMINO—~N™M

NN AOAONMO NT —~OR DO NMAN—O—AMTI NMN—~ODOMA MAN—~INMN—~O D TMODOTMNNART A OTOD
LI I | Tt 41880

—tedoecteel ) 8 st 0 3 0 0 V2 tvtetea ) & 0 DV 0 el 0 R 00 ) B 0 D erepg 2 VNN
t1 ¢ 802 s 0 LI I I | 46 0 00 L} [N )

xaty L & 7 sx#x

TTTITITTITTITT T NNNNNNNNNINNIEWN 0O VOO OOV OOV ONSCANNNANANMANOODV DD OO O OO OO DOVDDDDVDLDODNANMN’NNNANAN VOV OV VO VOVO00
—t—t Lalalal N JNY N NN NV NN NNV O SN 2N NV DAY NN IOV N N S DO BN B B NN DN I B BNY BNV IO BNV I )



230

ODONTONO Q=D M—~UNMOTONDO DVt (Nt NN NN T et O = NNON OO MON ON—= 0D —~~MNONT =M MNOOVTRAOMTAROOMP I T Ot Ot N

CDNOMITN—~D -

NN T T NN L ONNASNMINNTE  aNeANT M AN INT T (NNT O NN NNM et et N O TNNNANM OO TNNANOTTTINAT = NMMMNNNODN—~N= NN D
-~ Lalal Lol
-«

OO MANI DD~ N D o 5_33507317774473113689017633366522200456a462.34457792565U533554897841~[6639..)9{)9609070197

NP SN~ NN — VOO ONNT Tt At Nt VTN NT T NNVT R NN AN T A~ NOWS ON T NN Nt M O T O VNN O T I T At Tt (NI M AN~ DO~ NNV N O
1 e -t
-

NOO DO VORON Mt NTNT NNt N T UNO O NN ~ONMONTMO~NM T U OO ONTM et Qe (VN T D DO Mt O ~MUNONDNT Mt O~ PO PO NT M N—=INMNONO O NT

el 8 00 —8 0 ¥ « 9 23 0 LI B T 010 i 0t B O 02 ~——t 01 22 rete et ra2 s 0800 ~—~5 100

] ] - ] [} .
*

Par A A A OO OO # OO ODVDODDVDWDIT DDA’ 0000000 O OONNNNNINNNNNNINNT T TTIITTTTTIOMNINMMM MMM OINNNNVNNNNVNOON NN et ot et e

R R R R R R R U I I I I O BT TR IO I T IR Y U I N I N O B O S B O |

039S cALC

K

H

LN I AL B N N O DN R A A N B B B DN R B BN N DN D BN BN BN D B NN DN DN BN NN DAY BN NN B Y BN BN B

NTMeet N~ OO ONMORMOVUNIN A~ TTNOQ@D MMM O OMDANORO T NA O OMANOTN AV ITNOR et MADOMM D NN TNACTDODOITNDORANNNR—DITMNO—~NMNM
PROINNSNANM TN NIt 0D OONT ToaNNN IR NNNY AVttt P DN T Feaeta NNTADDAND = MTANNT NI NN TOANTMNAANOD et NAMNMINT 4 NT NN OOMM TN

- - o -—

MONNANONFOMDMOVOONALUT O NONOOTORRMDOMADO NOVODAROART T~ OO0V RAINMMIAN NNOND DT ND —~ONMNDN- TAD—~NOORNNMONMNADIOICh—~NONTITT
NN N—AM T = NN NN DI MO0 UNT AN NN O ANCM =™ et Mot ot T (N O M T €T ve4 (NN T A D o~ N s~ M o= N\ NONMT MM Mt (VAN O Nt MMM MT N T~ N OO0OMM TN
— - —— -

TN ONNMT OO ONT MN—~O NFHIN O O O ONT MNO —~MUNO MO N M Nt M NN = O DO N T Nt ON—~ O DA ONTM At O~NTNIN RO TN~ OMN—OR DN T N
v —~— et el B R R RN —~t st e I I N N R P I B I R I I | et LN et LA E
1 i ' N [ ] NN [N

et et 1t 1 DO D OO0 0 DO OO OVttt et edet et trt et ot et et it (U N NN N NNN NPT T T TUT I T T T TNNANNNNNNNNNNND O 0000V V0000
T8t f
I

TORMODNNDO N~ T O NN AT ONNMOD~ONNOOVPONTONPONDON—HDNVNNNDIOINODINANNOO T OO TN MOV ID NP TOONNSTOANCRrRENC IO

N D ot F O OD e LY *

S ONNN T et P e - NN N NNt TNVt OO N Mttt N YA NT M At MNP I N Qeterd e 4™M T ONNAANM O M AN A O Tt =t U NI Dt TONT NN TANNNS N N TN TN VT O O
<« - -
-«

NN AN NN © O OLTODANTO —=NODNDDO NNN~AONM OO T A0~ N O~ MO O MO DD O NMODNURMARDNADODOANO IO ANDOCDTARADRNOONTA~M
AT NG - UM ANNM Al T N4 M L0 VA MO NN T M et M M N MO = NN T VAN MO MM ANNNO T ~“ NNTITIN O TN T =N M T AN N OM M ANNMON T Q DA
L] J -—

|
T TMONNTMO NRAANMN O = NIODON O ~ NN OO T NSO~ NNTON~NMNTUNNOD ~O O ONTMO TN D NIV ONTN—ONMI VORI OT MN—~—~NOM—~ O DA-ON
I et 1 2§ * [] ] ] [ BN} 1412 —~—t b 02 P T I B I B | —11t e —~e—ee D1
18 [] - (W] [N} ] 188
-
A D OO O O™ * MMM MMM MMM N NN N O N NN - < et ettt e
[ I T T T T T O 0 N O IRF I A O |

039S cALC

K

A

0
i
3
9
9
9
-0
-8
-g
-8
~d
-7
-7
-7
-7
./
L7
-7
-7
-7
-6
-6
-6
-6
-6
-¢
-6
-5
-G
-6
~5
-5
-5
-5
5
5
=2
=5
-5
-5
-3
-4
-q
-3
-3
-4
-4
-4
-4
-4
-4
-4
-4

L2 T T T T T IO IO N ARV IO N S B B BN

NTODINDOITODONTTMNORAR~NANDAONNT AR D~ttNUNM Ot PR DOR O~ NOR AL RTN M et et NNNM s et T TNt MO =t et P e @ O MO OMNVB NN ONMO DN NBNC O
MNNMINVIOANNS 2 YNA=DIRD—4 QOMINAN=NTNa NDMT DR ONNNAN N T INTFTONA~MIONNTANNIIOMINANTNAMNAMN Nttt UM MNO A NN~ NI N NVT e N

MOINAMONP VNN~ NN At et e O O N O OM N~ I T OUUNR M 0 O OO NN (UM et NN T A N et e~ MO U T NN Q) M N et et Mt M T o~ T M Nt (NM MO —~ MM NG N MG v

- -— -t e e

VNTMN=O~NMTOMNNTNOONONMINO—MONT A0 L ONT AN A —ANMT T Nt DR DN TN~ —~ N TN D OT AN NNTNODONTNAO N~ O DN Nt OO OR= 0N
LIS I B B ) =t 03201 ettt £ 0 60T LY eteeeal 4 2 8 0 0 )¢ el ¥ 0 50} e i 2 8 0 0 0 latabal BCEE BN .o To I BN IR B )
s 8 180183 LI I B | LI | L I ) L3 ) 218

OO0 000000V OO s rtvrtvrt rtrtet et rt e et NN NN N NN NNNNNNNNN M MMM MO MMMMAC T TTT T IONNNNNDANNNNN00 00 OCONR’NA RN



231

ONDVDNONCNA DM OSSN INNOT TOTHAOON DD TNON~—~TONMT
AN— OMNOIMMINNT NIT ettt N NN O T NS~ T MMNNNNT —N

At TN AN~ O ORNTOOMNDMNON—NIDINIANMNOTITNMMOD TN—ANN O~
MO M S LM NG et OO MINIAT VMNMT NIV T MRS NN g~

O NDOPNODONDMOONTMTIVNNMEANNTRAROTOARN ~DONANAT TO et O T O
d O ITOIVINNAANDIT NN~ ONNATAN NNNATMIMOAT~NINUT D O0OTOM 1Tt
«C -—

o

N FINNSNNNTODT O—TMIMNNNNANDON~DD 3 OAMNO ONN NN~ et N T OO
D W TS ONNNNNDT TN O UMN T N NN A M MO M OO F —~ NN TOO T - 1ot O T ot
o —

x

H

MNAHO—~NMNTNANNMINT At ON TN ORD O TM =t O =N TMAO DA ONC Neet N OO O T AT M N—et O RO OMO NT M OR DN ONTMIN—=OMN—~I DO NT T

LI ) t 7200 —
1}

TTTTTTTMMM™MMOIN
o0 o0 0 02 2 2o o0

te 0 el 7 v 0 0 50

=1

eeensels 0108 ¢ Do Be = ¢ a0 o R RN ettt ] 0 80 0 10T el § 0RO G —
e . 8 14 RN [N '

—ODOOOOMOOODDet Mristetetrt (VNN ANNNANNAKNNNNMMMMOMM MMM d o aTgT TN
’

NTOONMNMTAROAMOAANDNNODOP NS ~AtNOO TN ODODNNMNTNAN MM P Attt MO TN D O O MNNTNT TNNONOT N
ST ITOANANIAITNIN TN MINUNNNANNT =~ OND Ot T AND—=NIORPINGT TNTITN I NLTNANNOMN YNVt MO~ M e

DAPITNOVNODARNAR ORODOTONONIONAIMNN—AORNNDIIIMNMDOOMNDNINNAAT T 0 IDONNNDMAMAN RO - ION
— T TS NN T MO e <O N OV N UM (N DN O O Ry T e (YD v~ 2 SO O N S T N T M) (NP ) 3 NS N O O U e M N N

NTMAORPONONT OH~ONMTMOORD OTMONM 4O POMNOUNNM et O DL OUITMODVDONMINT ~OPDONMANMN—~PRON MO O
e~ 1 0 2 ¢ 02 12 It abak N RN BN BE B R T ol A S R B A e R R I N I I B B Bl B B B B B L o e N B I N B BN B DLl B BN B Rl |
LI I I | LI ) L LI ] L} LI ) [ I I | "

Ottt etotetrt rtet ettt et et VOV IV NN ANNNNM MMM MM T ITITITT T NNNNNINO OO OO0V OO OSNANAN DO

=12 *rre

+xkx

NO~NITNNTTMHAOMNNMMONO—~T T T NMOUDO
ATt At NN DDA NNNNANAS T v TTIVINARN

NO OIS O0DIDD OO IMTNNNORNOIONM NS N
et N T et S OVNN NS NN ™ = CI NI O T T MMV ey \ O
'

NN OTMEONOT AT O ONTMN O~ OT
] LI B B ) e st Tttt b LI I )

O MaTmMOO @ OOVAMAO——tMOTAMONO~ONMNO—~NNNTONTNNDINODODNAOVOOVOMNANANDND et D~ DN OMA At OOt DT~ O ODM ettt MANRIN ANV Nt TO— TN
-4 NNNN— ¥ NNNDAENANINNINA=A et P et I NNV DR AMNMN et AN AN NN TMNANOINNNS DT ONT AN TN ON ORIt T ANt =t (NNMNN =TT VOt @ (NN T T NNNSNNM
< *
o *
Y AN ANO o AN At NDTDRATINNS AN ONNSOMN D=t OO DD NI INNANMN TODON At O~ ITNND DM ANAO Tt MNODIORARDNO DD INO DNDINNANN NAND O
@ NNNNes — NNV =48 o (NN (VNN = NI (ot CIM I MM ot QN = L o DOV MM e NN NN 207 MO NOIN I M OCIOMANTIONINN A TN T NMO—~ T N NP TN NN ™M
9 1
)
b4 ODN—O NOVMNM —~OMANAO~TOTMNMNAO TN OTMNOANMT—~TMNMT AU OUM At Ot VMINANDOMNOTMea D=t (NMNUTMN AN AO~N MM B NDNMOIe—~ O~ (™M
] §} e - 1t LI I ) " LI I I I ) Tt —t 1 —3 003t —eedl L 0 0 22 eivd—d 3 1 @ —e—t 4 48T
H} LI} L [ 4 (] LI I | LI}
-
T ODOON™ *

999533857777765666.066555555555544qqﬂ.43333333333332222222\(222221111111111111000000000000
60 0 9 0 a1 20 8 8 0 0 08 4 0B €000 00U A A e N0yt

PODVDTNDVDIR O OVRD At M At (VT TOOMONITIANODANDNOOVOMIMOAM ANV O OO OMNMNOATNNIRAM = ANNONO~MND NN IOONNITNODTODITTMAIATOND DT
NPt (NN NI NSt At M N M ettt T T I NINDITIN MONANNTOIRINT DO A NANATHAODTNITINNOINT AN NT NIONR DM At M NANIN DA N T =N NN TAMN—N
0

— - - -—

TNANOODONNDODOIRNOTNVNNNCTNDN OONNAORINIDIONNAIMNODOONMONIONNNINDONONORARAS NSO NINOITNINAITINT I DSNANDOVMOORMDIO OO0 —~DOM
N~ NN Mt N T INUIM et Mt NI NM =@ T M MO NN OO NN =Rt N~ VNN O TN T T I T NN VNT MOONO OM N~ NN OO MT—=NANNTTTNNN

— - -— - -—

MAONMN—~OPDMNONN—O~NMNN—=OCOMNOVONTMNAO—=e(NMNTNT M~ O DOMNT Mt (NT MOt ODNONT MNMNTMORDMNNTN NN OO NT ANN—~ONO OAN TN
L} Ladalo ol BN BN NN SN N B | LaialolX I TN BN BN B I B BN ] veedee— g 0 2 00 30 tee——t ) 1 7 1Y ecetee—) 2 2 0 2 O evrtietedl D 0 8 U evvevtoel § 5 1 0 o~

T2 49 103 108 0 LI B A} 11901 108002 L}
THett e O 0000V 000D OO0O0IDOO rtrtetrt et st vt sdet v tvt vt et ot 4 s e (W NV VNV AN NIV NN NI DM MMM M MO MM T T T XTI T T T T NN NDNNNNNNO OO ANANAN O
LI I |



232

0BS cALC

K

H

C38S CALC H K 035 CALC

K

H

0BS CALC

K

H

K 08§ CALC

H

MO Da 0949755n~545\163“235033“357667“9 * —g M ™
NP MR NI NANNNMI M T NNNYNT AN I M et T - NI NN
-
-
VDTN NNNMNONORIONN~NANMOPNNRAON DOITOTTOND ~ ONOCO—
NN MO N (= T D UM M ™M O (Nv e =M g (VMM M@ N T N - NMNCIN
"
)
NAOPRDONONMAt OPRDOMNOMNMANN O DN OTTNDIDONOT MOON'D [Valag Ten Jo 00
Ll BE RN BN BN e TP T B I B I B IR B IR B PRSI I I B SR I i - "t~
LI ] | I B (I ] LI B | 1 « ]
"
HOD D00 OO Nttt et et =t (NN VN NN N M M M@ NN * naMmmMmm

NDNONMNAINA O~ NDONMNNODINODINONORTIDINAT TN ~MNO
NNTINITAINATAHANDT N~ NNANOT NN INAN NN TN N T T N T AN Nt

M2PFPDVIDINMNUNADPID At v ONT AR OONT OMNMNAAINOTNIIDDIN T TN NI D
NN =M NN M = = VAN L Y N M IO N MM MM A (N T NN T OCNN

21010976:)12966630957633\509/2765“3.’2098765“3,“
U} Rl L N R I I R ey e R R et T ek B I L R I D e R N R )
' LI e ] [} Al

aqa43333333»)-?7»2111111100000lllllln/_nﬁzﬁ,h2222223
L D I I B IO TR S Y A I IO I O IO IO BT N O |

TN TITOINDNR—~MOONCDNOINONTI N~ TN O NN O O0ONT VN~
Mt M NI N O N ONANNTTMeAa ONN T =M NN ON T TM NN Tt TNV~ T
— —

OONPADROADA M A NNIMDNINAMNONNNOMDDNT—NONND O~ A
AN = N NN O N NI AN e M NN A N SN T NN DT MM — M
— -—

AN~ OPR O M AtON—AO R NT N =t ONONTMNORDOTMed M —O
ekl I LI U T e e I B B B N N B I I B I T S S R B B I B R ]
15t 1 [} LN I}

MM ONVN NN NN N NV et rtet et ot vt v et 0t et OO O D D O DO Ovt et vt et et =t e« (NN LN
[ I I I I I N A B T N N D N DAY DN NN N INE BN BN Y B I

HAROTNMANDINAD TN NMIODOMNDDOTOOMRA—~EMOMNCTIORT ~IM MmN
O et =T OMNT NN TN NNNAASNDN I NN N =W O NNNMNNN NN~ TN~ NN LN

DO~ NDONNRNNND NN T A ~D NN T O~ £ MNARCNINND T
TMINT IANNM AT AND ININNT I NNNTIIN TN ¥ AN TENNN M= NN Y
A
-«
NOTON QONNDRD INIIDONI IIDITD—~ITDD D DR~ TNIRANO—~—O
UMMM TN F T NN G NN and N — NNV M (VT OV
1
]
VNN ONTANN PO RINMMANNMINNONOD N NN T O 0D OO
T O30 0 010 —~etf ) =080l o] ] - I O T O B B B B T )
(] ] [ TR T R B O I} - [}
*
M OICINN Nt et O OO OO0 = NNNMMI T & T « TCTOMMNN—~D~NN

T ORTNOMOTTODIMMOIN - OV NOTODFTO~N~NOO T =N MT NON
NNTIPAONITITINT NANNN—N W AN TITINNN— MMM ANMIN TN NN NNN
-
-
ONTLOM~IDNOTNODIRO O NI ITNONTOAMNMNDODNNRR M (NT T O
NNV MANMOMANMINNVN—N - A NN NN N TN N
n
-
SONA OO0 F T MO N0 NOMOADOODM—D NDAINT MN— MONUN™M
et B R BN BN BN BRSE Lol BN X B | - LI I A ] LI A ] el 4 0 020~~~
(3} [} 181 [} * [} 48 !
«
MONTTTTTNANNNNNOO0D -

655444433532,;52..‘222
I I I S I I I DL B D I B B AN O I §

=2
=1
~-1
=1
=1
-1

DVAVO=+D T DO O TETNNO T —~ONOMITTT ™M - MOITNANISNNT T O
M a2 a NANNNONN = TNNANNT NN TN - NN ANNNM ANMNNN™M
-«
-
NDRARTODNNRO~—4MOAMINO D NONOM N~ N NN~ O NTOoONO
Mt et e NN NN = T NN MAIN T =L CIM T I NN — NI OO OMINCON
"
—
ONT Mt OTNOROM. QT Mt Mt OO NMUNT T C O =~ INTMANDONT M
LI I I ) el T 0 810 el § ) ) e « L IO I B IO I T I B |
" LI | L} L ) -
-
ANANNNNNMAO MMM OO T TaTNNNO0O0 0 - o vNNVVNVNoT T aTT T

LI T T T N N N W B B

VONN I~ T AROTDIOADNOHOVOTOOVATORTITARAT T INMeetNDONNDO ™M
N T ONNT ~ UM NN NN M NI M VN O MY UM O NNV ™ = 0N O (N O

OVNT Nt NT M e OO 654320154096“310532187532109875 T
" e

teer ——teeee? T 00 0O

1t T e

—eeeed 5 0 0 4

teteaet § ) eeriraeal D ¥

OO0 DODO Attt ettt 1 LNV ANNNNNM MMM o T TaT T g T

OO T T ANODIN~NEONIA—ODNVDITO « ANIIOTNDAOANMIANROD P
Nt O~ "M NN NN YYDVt N D YN NN NN * AN NANINNTIN N ONAN—~
*
-«
FIOIDAND U~ DI AN ONSORNR O~ N NNV T FINODNAIDNRNONNO~OD I ™
N O A~ M VN MOV O M CIM = OOV S NS O — et AN O UMM Y O N O
1
=
MNP TN ONT ~NNIOIDOAMNCT MOD OO Ottt NOT MM ONT Ml
kel I NN B B R I B E ok I I B e R R T I B I ] - ] S et a1
10 LI } [ ] -
«
DA INVLINNINTO O VOO0 OO~ NN N O D ¥ OSSO0 O DNV AN NN

¢ 28300 20222010

OVD MOV VOOV *« OMONNNOMONTROONT DDND R OD RO M
N N NN NN S NN - et MM AN NNNNN T TNM NN~ DN NN N
-
-«
Dt NONRO OOV T T ONTTINMTIONATNITITIOANARMODDIDNINANIIN
M O™ OO IV M= O — NI = NN T Mt MMM T NSO~ O
LU
o ¢
MTMAN—ONM—OOM™M VA OMNA OO DANMNO RN TMNMN— O = DRNMO
§ cdrttee ) ) o] o *« 100 Pt 1~ D ey &t
IR I ] 3 L} - L] LI ]
-
T INN NN N0 O O~ ®* AN OVOVOVOVOYCONNNNNTToaTTTITIIMNMNMMMM

O ST Y I O N S IO T I B I I N D U T N RN B BN R R O )

MNNVNODV N~ TORRNMAD DB~ ONONT O ~TIN O NN = INNMN T~ O
TNt ~N™M N UIMNAMNONTITI T T NINATITTANANNITNTNANNSAAN~O O T

OVNDOINSNMOOT ~NRA~IROOAANOSAANONMNDOORRDVIT Tt T ~AONO
TNANTNMMANNNTNMINNME T T NMTIet MM T NN N~ NN M O ™M

O ONT MNAHOANINOCTMNANMN—=OONTNNMNTTM—aORNOM—~ONO O
[ I N I I I} 10 35580 el 0 0} Eatatabal BN LI BN 111
(3 ] LI I
NNTITCTTTITTTTIMNINMMMIAINNNNNVNIN NN At ettt ot e~ O D O
I I T 2 I U IO N DO T U IO NN B IO B XY IV UL U S N S U U SN U D NN B N I AN A A B B R |



233

NV DNRMRAVOD =P OP ~NNO TNV OVONNA Nt OMOAD M TMNMe—etD ~ M T OMO—~O O OMeetM T TOROOVONMOON NN MNA T~ OO NN OO NINTOOMODND T —O
MNADVOINONTONHNNNDONTINT ONNMIT TR AN IR NNTTTANNNINT ANt NTONNM-ON OR =« NTON T~ MTANUNNNAMN 4T TRAOANTNN SO T RATANT ™D
- et N ve - -— - -—

O FTONT P IOANAAN4M DD RARRAD~DINDIDIDD OMNINNATIONNAMAND DONITNTINN I I~ NVOANMAND SODIDDNANRANNDTINTIIRDINANNANNNSIND DON~ DT
MOV~ NT AN NN IS O NN MO NN ONON M-I NN G ST AN MM et~ N NNO N NOMNMA OO NN OIN T —~TONMNMANNMO —~TNON NN TNNNON TN NN ™
- Lakaialal N vt - - - - -

0123Q5689340123Q5678901401234567890134567801234569034560123&56789012qs6890123456891235900123456790
—— e akalale LR PO RO ettt e ke Lo ke R R T Rl et et e

N A A A AN A~ 00 000 000 OO0 OV ONNNNNNNNNNNNINNNNNNT T T T T TTTTTTTTMNMMMOIMOMMNNINMN AN O MNNNNNNN NN N NN NNt etrt ot st vt oy
T eT eV T RYTEMTT YUY R UY vyl aOE0) OV CETTY Nt ON T TYY NN YNV O TOQ OISO IYO VTNV YT VY VYN AINOTN Y

TN NMTTOOONMNTONOOMNOMARNNIAINRNO —#eetOMNNM MO DAt MTTOOVD—~MNT NI OORANNAMNODONNAIINO O = NDOD VD MANMNNDONO NN O T MO —

NN NNNNANMINDIM A NI NMINMN NNONNANT NI NANNINITMINNNNNASNAMNNNMAIMIMININATNNT NN T AR MM M NaNNO == MO TNAN—N N
—

O
~N

LR R X

TORIANNONINMNISNNO~ANNNNTNIONO TR NO DO ~N~IDIN~OVANMININ O T NANONARATODMNA DN DA O ONTIONT ORTOIOMONTNNNIOIMONOD
N A NNANNMNMM M (NG NN~ NN NN M AN NN M O~ N AN NI NN MM OIS NN NN T Nt = (NNt M VO e~ et NN NI N0 T O IN TN~ N~ N
- e

8BS CALC
27

NTMNT T ODO—~NMT 6790123—\76931235792345678930'50234567893401234567903“012345676934501234567893“70
.. —~— e akalal Lkl I8V

L
7
rxxe K 3T |

O OO OONNNNNNNNIITTTITTTT MO N NNNVNNNNNNNNN At et et 74 et et et ot v e O O OO0 QOO0 OO O OO OO OO OO OO O VDDV VD VO MW VDD DD O O
Ll e R R e e R R R D R R e D P e e R R e e R R R D R e e R L R R R e e e L R L e R L R R e R R R R TR Pe R R R Do Rk I 2 AN I I I O IO I IO D IO I IO O O D D A B B B B B B I
L D A A DI B O N O B O B I B O B R R R AN IO B BN N BN BB DN DN NN J NN D RN AN U NN NN DT NN IR B DN DN NN IO BN O N B RN B B B B N A ]

H
15

TN NN AINO NAOOD VD TND NN~ NT NN ONTIAON—~MO T Nt —NNUNNOO T MO NNV OO TTTOONTMINMOAO NT v OO O R MM DM et OV = MN DO O D MO0 et MT O
NTNANNAATNTM IAMNMNNT N O TOOIMNNDO TR DMAODDVONOMONUVSM—~ODND DNANN MU0 DINN—A M~ NA- NN TN O NMAMN OO M—NOMMINTTMNMONT T TN
— N— i —ON— —— -— —_—

N DA AN NN AN O NIININNNO DA OO~ DA NMINOMAD DIONO TND ONAIT TN FTONRLNTNNNONANRA~NDOODTORMDOO—IANOOMATORMNTO—NANOMOD
NTOMNMNAATNOMNG MO TR0 OV N0 @ O O ON-A N0 QAN T NG N N0 O N D NN — AN D M AN N~ —~ VN N0 N~ MIN—~ O N MM OO0 N O INMM I NS TS INM— T T T
- N e kel et — —— -— et

04680135791324680213?91{379024680157913524680613—\793? NTODOOVDANAAONTODOT~MNN OCONT OV~ MU 246601356135
-4 et (N Latal -t Lalale Ko ] Lalkalal e Lalalial Lalalol i

ANANNNN T ettt et 1 et OO O O O O vtet ottt ottt NN NN MMM M N T T @ < T TN DNNIN NN O 00 00 OO A A 00 VDD DDA OO OO Ot et NN AN NM O M T NN N
18280320 0002 @ € 0 ot ot ot 4t ot 4 e et >4 Pt et v o vl ot ot 4

D OONAON T O~ NN OOVMNDOMINDOD O~ T =N OVONOMAN AN~ OO RO DN OMM NV —~ DO~ AN DO OO O MO 0 MMNO TNMONO = TAONNOM MM NDMON T
N NNNNNANANNANTAUNOMNA—~ODORNTAOTNNTNDON~NO—~OM T~ TNNTAANINONMNNNNANNNTNOMM TMONMANONMMN MTIDANN M NTNIRD
——t — et -— e -

TOMOODNTNOMNRANNMNDA~SNNODVDTON TN e et N (VO N NNNOND O MO OROD O RN st O~ TN ~T IO O~ T NN OO DDA = M T NN M —~ON NN O N
AN NMANN T ONTOMNMNNT DN O T NG O L NN~ (ND — QM T NTNM T M N0 ORI NN~ O A NN O T M~ N O NI AN N O R N M =0 —~ I DO O
—ee e e -— e e

0BS CALC

L

48%72413736461357524660135724650613579—3\[4680 4681357935790246046813;91302468024600!&35795248
— et -— -— —— Lalalalal — et et ettt N

tete K =2 ) eexw

H

DDA OO NNNNT TT OO ANNNANN At OO OO0 OO OO NI D DDMD MDD AN A AP AN OV O VO OO0 NNINNNINNT TSI TITT T T LTMM MO NN
inbalainiaieialelalalialaialelalalelalaleliolaialalalelelalalalalalalaX BN BN I NN I BN I SX BN B I SOF SNU BN NNV IO IV NN DO IO DX IR T NN NN Y N NN T O 2N TR T T O O IO T S S T T DO IO O IO O S T T O T OO O T R O |
40 8 ¢ 31 4358248385203 OTOROLNYY



234

NS OOVON——~ODOFDFONNM VT DVTOD ORI DVDO—NCOT ODNNDNN—O~NOIVONOMNNTTONNON—OMAMNMNNDOOMAIOVRDR—AMNOMNIT—~RRONDOOA—~NOONNM
ANNDORTMINMIEMAODNN Tt T A O0T = TTTO AN DT NN NN~ T NINNANNASDNOD N Nt O O=M e Mt TN MNNO D T N MDD~ MAN NN N DN NI NN Nt e N
-— - et -— - - Lol e

TTODODADVRA VOV NNNRANRMAIONA RDUNRMA OO MM N TNNVOOVODONNTMD O RO MOTMOMOAM—MD F—~ONATNTOROMNNINT O TO OO~ ORNMONDNM
ANNTORMMAMAM = ONNNASTONNNNMTTOAND =M (Nt M et Nt T MM AN N~ NVNOAN D TN N0 MNANON NN Mt TNMNMNNARO T MOMD —~MANNOPMIN AN NNM NN NN e N
- L e ] — - - -t

MNO—=MNOODRO~NNMNOMND =N TNONDR O —NO —~(NMNT N0 —~NMUNON O O~ NMNONDORO—NT Ot NTNORCONNA RO =NMTNONDOMNT =N TNONDOONTOND —~N
~eo ot ot ot et ot e e e et et (\ et et et et —— o ot et e

FTITONMNNANNPAAAONAMNO O NNNNNNANNNN Nttt et et et et et et e et 0 O O O O OO0 OO0 OO0 O OO vtet vt vt et vt et vttt 4 ot e (NN NN N NN NNV NMM M MO OO MO MM T <
T T U TYTCTETOVEYTEIQCTETOTTCITTYCIUIICETOCETTOT QTR OEDRI VO OYN

OGO OO DOMN—OTAMOMNOT NI VDDV OV —~MOATARAOOONTOTNOON—~MTMNMOMNOMTOOVOS NN ~ONPFOOVMODNND—~MOOOTTNOMONDVDOMONT
N MTTNUNAAN AN T DT (Nt (NN D NN NNV NNO O NN—~OMODNONNTINE NN NN— T OD NP O DNttt et NN NN = NNV NN M N @M MM N~ I OO ™
-— - - e

VNANITOODOOMNINONDMOPNOD A TOTTOTOTNONN AT OO DIRCTOANDODANTNOAMNT—~ODOOTOOVNOUV-ARRONONMEMNA~ORR - ONMMNONN OOV DO T T
AN T M AN SN A Net N M e M NN NVD NN NN NO T O v~ O N MO = O DNMNT ~NNNNVNSARONO— VD RO et ettt N VM NN NN MM NNT O N M NDO—D OO0 ™M
-— - - — e e

08s CALC

NN MNON DO~ NMNTNODOMITNW-DONTNAMNMNARO NN TINOO~«NMNTNONDORAOTNOMNRO—~NMNTNONDRAOMNO~NMNTNONOR—~NMN TNOONMTNONDRO N
.ttt —t et vt vt e e et ettt it -t et e e ———

L

L Attt et st et e D OO0 000 00000 00O ARRRRDVDOMMMOMD ORAA’ A’ AR NANANAMAANNAANSOVOVOVOOVO0 O 000NN NN NNNNNNNWNWT T T TTTIaTTT
T ATt Attt AT etvacdo9.4—T T 9 1 € V0 01 T P OO YU 70O OO Y RO Y UUOCEYC QO IY OO YT A VY COCSYOIOYOCTICY JITCOPEYONTYONVLY
T¥ePTEY VIR LELTON YRS UYTTTCE

DONRANONRO NSO O —MAMMOTNMO AN M =D O~ AN N ODOM IO DONNIDO M ¥ MNOOMNINMMAUDO ~OA DT OO —~ONMMODO MO N & s (VA B AN et MM LN
VNATITON T NMNINTNIANNAT T IVNTONT 0O TN Nt e a0 N ™ NN (N0 O NI * AN NTIMINANNNNT NTANT S TNAINNNNNTIMONAA I NOMNN NN
-«
-«
At OOVNT NODDOANMIN == OMNT AT RO~ ORONAD ODOADO OD R AD NN —N™ N OMOOCOVONMNACPD—~OOTNIARIOTTM AN OTOTINAMNORDD ONAOO MO
VN OMONT Nt MMANT M AN NNT TN CIMONIUN 700 v @ O\ vt ot 2 ™) etet M N N O~ O U~ NN N ANNAA NN ALt AN NT ANTAN T~ TANMAMNMNMMIT M Mot ™M OALNIN M NN
n
K
N TNONDRAO—NNTNN—NMINOR e (N M T UNO R D O v NIM N O D 4 N O~ ¢ (N T e (N0 O MON—MNANONANMTNONCONM T ONDTONTONDORMNTINNMTODM TO —
- -— - e Lalalal e
-
-
DVDODODODORPRRORRPROODDD DD vtet vttt ettt 4 N NN NN MM T T T NNO O * PODNASAAROONNNNNNNT ITTTTTTTTMMMTMOMMNININ NN NNV —
TE et AT ird sl d v vt et vt riod vt vt vd vd v v vd od rd rdvd vd v 4 v od vt vt o4~ =4 4 oq v0 TN rtvt v irdrdrd rdvdvd et et ot rtrd edrdvd vt ot rd rdvd et rd el od v vt rdod vt rdrd et Tt et rd vd vt ot Ot

LI I 2 T T O T TN T A I 2 I IO T O I IO TR IR R NN ORI R N IV I IR R N R N I B AN BN O R B O |

—=OONOVONDANAMOPOT OO —“OONONMOMIOINORTR ODDODNDVANNON —erthe MM VM D —~ Mt NA =R D ANMD ~ONPTOMN~A N =t et PN O P NN O N0VO O NN
TN It ONINADI NN N AN S DA NDATNT TN TN NANOTIMNNMOMNMINN~AT TN NTONINOOT NN ANM N TNT SR NNNTONNMNTINA IO M e Nt NN N e
-— - — N e -— - e

O—=N—DOM <~ OMMO DT ONDOVT D~NNMNANNART @O0V OM et DO NP OO T Tt TN N NOOR A DONOR N DO L OD v O MO OMO vt TUN D —~ @ I 40 OR O T e T O O
TN =N MNAO Nt MM A N OO ODOTINT TN TANNNONT A TN OMMN~OMeAt TNNANTDONNOM G ONANNM NN N e T PO NT M M et (N MM e~ AN NN e

— — e -— - e

08S CALC

—“ANMONONMNITNOODRO=MTNANMTNONDO ~MNON~NMNTINORDOR Ot Me—atNMUWVW- D R OMTNANMTNNO OO MTOND NN TNOR (NN T NONDARTOAANNTNND D~
e e e et et et Lkl Lo P -t e St e Ll e R R ——ee

L

11



235

NOMNON~MDDODNNN—~OMMNOOTUNWNMOMOTTOIONNTIRONROTIO M~ ONONARNNORINOONAANONND=—~ONNTMOMONDNDON #« ONONTNNNII——~
NP NANNANOAN~SONMOINTT NN MNTOTTTNNMNNNA—~AaNNANTONDOMOMNNeNIMMIN~NNMITTMNON NI NNNNMINI NI NN~ - SNNNNMNMANNN
— — — - -
-
TNANN~DONMMN AR MR TN NMONMTMOOMAt~ONNNONASOT O TONMOIDNTNONNANM~RANDR~—~ONNIOMARPRNAMAMOD T OOD T OO0 OTMOOrNI T
NMNANAO = ONN\ =0T N MIUINMINMN DT TN AN NN A~ OANANNNTO D OMOMNNNMMIMMMANNNNTENTONNTI NNt NN NONNT NN ™ NI ANNMINN M~ N
— - — — L]
x
50123456035‘123456789123“567593513“67893123A673023512358901246802131gA?BO?Abalabl.{.s VONTONTO—~NM
< oa—e —— -t e — e - - o
-
-
MTTTTTTTTTTNNNNNNNININD OO OO0V OOVOONANANNANDDD DODD DD DD DRRRARRRROOO OO OO vt N NN NN N MM AN MNUUNA AR *« ®OOVOOTITMNMM™
vt rdordrdrivicd ot rdviododvidvividvidvd rd vt vrd - d ot vt vd r o edodrdodri,qgvivet vt od 4

MM CONOMODNDOONAMN OO« RALN.OMTUWVS ONINOTNTNNAM P OT TN NN ITOARINAOINNNMO A ONDONSNORNTODOTTOARRIMOMMNINOTNORRMM O
NANTPAINMANCTOTOITMTTOSMNOINDVDO—MNIMOANNDINITN~INNTNNANNNNODORN O OMMINNANAMANORAON MMt~ ~“NMINMIMONNOONOTAM ettt T NDMN
- -— — e — -

OMADVD—=N MDD OMNODONORITANNNNONODOMTOODTADOINODTIAARSTNNAMNT AN ~D et et RUVNIN—~MINAONDRAM Mt et M ANO O D ONONANAN ANMDOMNOMTNFONIND
AN FONDONTM T MM T MIMNONMMA DR AN M et TN D~ NN M TN O OMDINNOVOONDNMIMAUNSANMA NI ON AT NNAN—~ANNMNANNONNOINAO T~ NNNT NN ™M

— -— — et e - -

08S CALC

L

023123468902340123456789030123&56702346601234567890234523456789246759123“56789231234565692345683
e .t e —— L ke B R R P e Lo T T ] L L R R ) —te -t

I NZWIWNTTTTTTTTTTIMNMMIMNMA MM NONNNNNNNNNONN NN et ot ot et vt et S vt e 0ot et 1 O O O OO0 0 OO0 O OO0 OO O et vt st ot et et st et ot et (N NN N NN N NN MO M ™
[ RE S N B A B I A N B v 2 0 N D B B B B B Y B I B D DY DY IR BN DN RN B BN RNR AN NNV INY RN R B R DAY N B B B R B R RN BN Y N |

TNONHMONOT ~NADNOVOOD ~OMNNINT A ONDNNONOTOMOTODODOOTMNMNDONNATOD—TMODTNOR~NAIMOONNRADONTNNATAN~ANTORMAOMAORN O O
M Tt NI N T ANNNT At T NTANNTTONANTNNNNNAS NI I ANN~ONINNITTM N ODTMMIeANN~NNINA L N DO MNOOTNINAANNNN ~NNANN DT T M e
Ll - Lokl _

FNDOADDON“MNIAFTOMMAIMADANNM~INOINOTO~DNNMOMPA DV~ NANNNDONIDIDNMMNIIOIDRAONONASMIIDNIDNANRADIODNTINANIONNT OO~ ANADT
NI MONTMMIANNMMANASINNT NSNS ST NOSTTN O NM N MM N N D N NI O NN NNNO T M et et NN NN S OM DO NI NO TN O~ NNNN A~ e~ O M T T N
— — e

D= NMINT ODON—MNAM T N~MINONDONT O—~tmMNO DN ~MNNAN O ONTNOD D~ NWSD RO NTNO —~MNOA DM TN O —~NMNADONTOO (NI TODNMTNO~NMTUNN DO

e e -t e e o lalalel — e et et vdvt e e e L lal o Te ] adiale Rl Lalala kol
VNNNINT TTTTMMOIMNOMNMNMNANNNNNNNNNN ettt et 1t et OO0 0 OD O OO OO DR ONCRONONO O Or A Or @) M D D W D O D 0 D D A At Aa A A AeAa AL A AS 010 10 100 0 100 0 0 DN NN INNNININ N
T e 4 v et S 4 T T vt et et e e vt vttt Tt ettt ettt e € § 0 8 0 0 8 8 0 4 8 4 1 8 4V 58D A0 EN ANt ALt T iR

O QIR Dee®D =T OOV OD O~ —~tDNOMNNOM—AOMO—~NMT MIT O DNTUW-D TINNIMNT O NN TUND ONANO DMINONT AR NRARODORNOMTN™M -« MNO—~OrOT
- NS NTMITANTOO AT A NAN S A D TTITNMINTN AN TONTNNINT I IM NVt et NONT NMNONNINNINPIN DIVt et et et UNNN et (Nt = NN Nt Nt (N - ONTINNNe—™M
<< - e - et e «
o -
%] VOMNNNAND O DNANOIDIDNT At ONNDODTMONASANABIOIMNMNTONAIINB A0 IVt et NN ONTNDT OTO O INNON~ODONDONDIANINAROT ™M NTANDIIT
C MeNTTIT A TOPRAM e NN ANNOTINNMNT NAONATONITNVNNANTAOIN—~UIIMNMANNNONINMONMNMNTNMNNNA NI NNVN NNt NN M e (Ve e aNMNNN—™M
o - — . - "

X
-4 3‘568921235678234661235660231234579012345890246‘2345?890)-2“5794124590256736050245512 T —ONTNO

Lalala e Lol lalalal Ll Lalale kol Lalal Lalal - -

-«

-
e = ‘nﬂﬂ.ﬂvﬂvq455555?55555666666666777777778888888886899999999999000000111111122234556666788 « ONNOOVOO

- -t toe et et e R L R R R T
4 V18 312



236

NOO~TNMN TR DO—MNONVOTOTI™ T NOC ONOMTOMOAOMMNOADD~CDONN—ODORMARTITO~DONTMORNOVOOMNNAOMTOTONTUNINONMNODOTOOVRN TN
NONAMNTNIT TN OONA—AN At NeetM VB T ATNO < ONMNID~ D oMMt NNANTITM et N Tt DNt N AN MINAO P DTttt ANT N~ O0M B@NT DN VTNt Nt et D (N etet e I N e

-— - — -

FTANNNONIINNON"INOVTOONNTONI) FPTEIRNANRONDTIODON DTN ATM e TR ONIANO ONMONO DIINTOMNIARNTTANT A RARIRICORAD N~ ONTNODIN RN
TN TOMNTTNAON—N— Nt e et NI M MO IO~ N S NO s =M M e MANDO NN ANNT O N et Nt N AN T T NOON Tt O NT N NOTONT AN MMt M et NN NN N
- - - - e

OO—NACNMIMNNANTNOVOROO~MT ONMUL. D, 4567890%34566?23466 OANMNDODMNON ~NMNTNO DO NANMNTINOMNTO~NINODONT e~ NMNTN O OO N M

- Ll PR — e e Lalal -— Latala el - - oo -

ONMDOTNNOMAMNTMOMN NN AT DO NOOVTTO VO TATTAON—~O—~N—D O ONTOOMNTON ONDOMN—~NT ~NTANNTA~ONT D OT N M- NOTON NN O

(& ] -
=t A NTINAITIMITINIMIAINITMATNAANITINTANNAM DI~ FNMNNNNN NN NN NN NN - Nt NN =N NI NN MNMN ANONNNTaN~=FTOON~MIMNT N0
< «
o -
VI NI AINNKT OO0ODMIANASA NI AaDOIDOMIRANMIMCTNTIANODONOTONORIDIT IONANDIO TANNOOD N NODONNNOT Dt Qe NT O NA T IHeNNDODNAN NN = R RN M AR
M AN NASNNNT MMM ANNT TN NVNNT NS Mt O T M et NN NN N NN NN e N AN ANANNS O NN NN~ IR O N O0OM N~ T ONNN M N T N0
(=] "
x
| 236801235678035123456725.4579123461234612346812341245684 0166780246156793602468001457931234568
L abaial -« e -
-
-«
I VOOVOONNM’NNNNNAPNANODOODOODIARPRROCROOO0O0OO0~ et~ «NANNNNNMMMIMMTTTIT T TN L ] TTTOMNNINNNN At et et rderd =~ OO0 O OO0 OO O OO DD VDM D VD
D e ke R R R R e R R R e R e e R e e e ] et Sttt ettt ettt AT i otododoavideel ? 1 T D C C R R O S VDT

OOV —~MOMANNNN~ODDRANANNRON TOROVIN FRC OOMANACD —~NDNDMNTANNM—=OMONTNNMOO 0 ON—NMAN ~«NMNNDONO NONOT TN NGO O NV ONNTAAOM —MO
MMMt N O Nt PO TN Mt Mem vt 1 1 TN M e I NN NO O T OTONNAN N~ MO MAOMONAM M~ T NN~ OTNMMINNN~OAR NN TONMN T =M TN ™
— e - - - -— .

MOODRAAAR~ND VDO NIV DNVUANVIARD,. ~ Qo N DAt N NOODO NN M TR~ TOANDNOAMNITINDMOROO O ITNRTOOVONAAATMNDNNAODMMAtNTAMN~ON—~DN
NI~ T VSN CMA C OSSN M M= et NS T T NI NO OT O M UN A Nttt Nt = (NN MO N M ON 0@ O v~ M= NOINNMT TNV M MO OMNT Mg OMMmmm™M
— - — — -

5701234568935017"450789? NACT 3456?8902“50123“56790235359890212346723“61&234680231234567890234680234&
e - et L lkalalel —.— Lakalalal L lalal L balal

TN NCNNNNN NNONNA (NN e vtet ettt vt et v ted et 4 O O O O O OO0 OO O OO Ovtet vtvt vt et o4t NNV AN NN NN MMM NN T T T T T T NNNNNNDNIINO
4 4 84 ¢ ¢ 4420 24228032 32 )0 50824 4489332

NOMD ~OO00O0NOOTNT ~N—e"tTNONMOMTODT~OMMOITOTONNe=AMNO MNON~OMNOM—AANNDOTNNND~OAONNT =T OO TMT N0V~ O TONMMOOOND

(8]

A At Mem et s UNN DN~ (O NN NN MM NN N G A T OO NOANMAIMN~ NI NN NNNNNAMMNT Mt M et et T et DN AT NN e T NN et N~ Nt MO NN T AN TANNN TNO N NN
< -

o

VI S DIMOODEDO~ONMOIMINMNRETNNONMNDONNMNOR AT OTANNAT OO ANTMAOMAND I ~OOTTOODIRNNTOMA TODONT MO e T OMONMOANIM O
@D NS NCINAMA MO MO AN M NN NG A OO AN NNMIN M NS NN ANNNNN—A NS Mt NT e~ O NN T et UM e MO N—~ M MO T NN T MAN T TON NN
o -—

- 7923069012345678035678902123456789020234;89023“671234567896012345982345679013467892301%456893

——— —— e ———— bt PP Tttt ettt -

MO N NN st rtrt et et ettt o4 et < OO O OO0 O OR OO OO OOV OOV D D MWD VD DM D MWD VORI AN AN AN OOV OOV VO0O VOOV VO VONNNNNNNNNNT ST TTTTTT
Tttt et Tttt ettt ettt tedvtotetoad 4 4 0 4 B 8 1 8 2 02 03 0 A0 86 B A0 000284402001 0280882218200 3080008208032002012
LI I I BN O I RO N N DN R BN NN ANV IO NN A R B A B B BN B

H



237

—_ e — -t ——

ANNTT S~ O0DTOODVDONTDNORAMMAN—MONOARMOANO OM—~h- MmN

A ONNOMOONMDNMANANNMNNDMOARNINND S NG Nt et OONT NN T T D NO O —~ AN *
Tt TNANNNNAENIO T ANNA NN NNENNA NN NNNEA T T ONMINNN M NN e (Nt vt e - ONONONONN =« NNINN NN ANNN Nt et e M AN MU M et (et (N et M N Mo\ Mee ™
-
-
TNTNANUNASANMOTNONNS = N NN Nt sOP - NN QA TR T T NN ANNNNMON NN N~ NN — = ONANNNNNNM NN NANN M NN AN NNNNDIT N NT —™
"
p
MO NTONOONODRARNMNN-NNTOAND™M 0 MT NS < ONNTNONT OO~ NNTNDOO NN NONTNO <O NTONTONTONTNONT OeMT NN DODNMTINOO M
- —t -t - B 3 - -
«
-«
AN ANNNNN et ettt et et et et O O O et et et NN Nl @ & T NN OO OO OO DD DDA ON O vt vt et « ANttt OO N PO D DOMNNANAANA AN OOOYOOTNNNNNNTETTTTTITTM
TYT T T TR YTREOY RO 9] T "t vt et e e vtotvtvtodveal ¢ 3 ¢ VP 90 € T R 0 VY S P)ETRPY FUE T ONY RV VLY
L B B B B B
O VANONOMOOPOVOMODMOANTOOVRANT«OOR—NDVDD OO NN *« OCO0OTMT—=OWNNONHNTNONNNSONMOMAODVDNA ~dMANNNMODONOONOMNOVONONRTOOND
- I NBO T INATIMTNNNE NNt et NNV M e (N NN NI N e - S ONNONNNN NN AN NANNT NNt et et IO DN (N OO N NN IO N ON TN ION—SNIITMTONT
- -
(S ] *«
V) TONTNORNOD . MONDOOMTMA A OTONNINND DN — N M~ ONNONOTOAMMO—ODORANTAOANMONA AV NA TNTODNP- ~«ODMNTTOTONTONNOMN
M OO TANNANIMGT NN T NINASN NN NNV N ANNNNNNOVAIM AN N—ONNT NANNNNNT e« M NNOMN TN NN TN NN TN OO N~ NN T O NG
o 1)

FECTPNO A MNODODMNO—SANMTARNONOMNDNT ~NMONAD O—~NMONOR =« NMINAR OO MaTNONDO

DNNT ON~DNT ODNNTNOARDNNNTNONDMNT NSO —a
-— ——e

-

L
*rxd K

X SNNNNNNO VOO ONNMN’NSAEANANNNOORORORORRO Ottt ™mm™ NN MMM AN~ OO OO OMDVDOVDOMDOMNNNANIASAAN OO OO OO0 0O ONNINNNNTTTTMMMMIM™MEO™
ettt et e Mttt tetviota sl T T T Y €V TRV QT U TY VY VY VROV D YNNIV OISR LVYY OV
Tz eIV VYRR

OO~ ON—=O T O OANPD N OODNINT N0 TNV O VD OVNITONTMNMNONOOM IR ~NINANONNMOODVMATD = ONANTO—~OMNTOOVONOONRTNMONIONITMOD —~O —
MMNea NMT = NNINATITIMNAT AN TONAN2 N OAR I NMAa TN TOITIINMNUNNN—~TNTITON ON I IO DL M~ TN NVTNMINM ettt T T TNV A ND NI NN M VM OO
-—

NO =t =t =N ONNOMNMNT RO ~NANDIDNONTH N ANQ Ot N A DO MANO MDA O DO F N0~ NAROOMDANMANMA NS TO ~NODOMNTOTINTO TN TNRINONOPDRANDOR
TONNMNTANNT TN T MNNNONNA NN CNCIANCO AT MINTMNT OMMM et At NN NN MO NN OO T NANNT NN AN NN T § T AN A N0 TN N NM N NN

TONMO ~NMNTNONOCNTNONT ONDINT FOC MINOMNRO—SNMTNONDONMNO NN MN—~MINN-NTNONMNT ONOMTNO ~NMNANT NS NMNTONT O~ M= NT O
—_e e et et e -—
i

DA OOOOVO0 VOO0 ITOONNNNANANNL NS TTITT TTIOMMMOMNMNNNMNANNANNNNNNN Sttt et et et OO0 00 DDO OO0 Ottt ANANANANNNNMYMYNT T T T T
1 ] Jrr 11 Y rERMOLORORR OVONODNORS ORI OELILDOYNOGOOITYNORYOEDYDORLRYLY

OO VTOTTIOATND VOO TNNNONMADONMANCOOTMIRDAINA A OAOROMT NO

O VNONTO—ANNOTMITOOOPRONNANTNANN —~ND ™ T O 0O ONMN -
d NN MTNO MMTMINA NN T ONNMINTIN AN U T Nt NAN ONINI N e V™) e - et (NN Nt (o2 et OUN NN N NN AN TNVt Nt NN T ON Nt I N~ NN N AN T
- *
(&) -
N OO ANANMOOOONIMAANOMMOAVOT NN O NN N TR O MM N (e O OOTOOVMAMe—et@OMINDNTMTIOVO O —~OOR—~=NNN—NOVODMN —TONNNMNOT™M
DO ANNTM—AMINOMAOANNNAT OMMONN— =N T M= NNNNONM AN NM NN NN AN N NN~ NN N~ N NNNNINM SO MM AN~ NANNTONMN NI NNNM M= T
o n
N 5
-~ VODONNMUVWNDORMNMNODON~MT = NOMNetMINNT AN NT O MN—N TN NN~ N T Ot MNN RN T NOO NN NODONTOONO—MTNONNTONMIT N DON
Lol - -t e « - Ll - e -
-
-
T ST TTTNNNNANNOOOOVOONNANODDDARROD ettt e NN MMM T & O - OVNTTETTT NN NNNN et rtedt et et 70t 4 0 O O O OR RO RO O VOO DDV DODO
1131

—~—t— —_— - et e ——ee —~we—) 233502301331 12
2 30860331 ¢820 0300103200018 0




238

skt K =21Q ntew

Akt K B g ek

C3s CALC

L

H

O~ OOVNINMNCITMNMODAO O ®« OMOOVO
NN N NA s NN T TN M NN~ « N Nee—v
«
o
Ot NDNOOMNIINDMMIOND™ - ONM—eND
NN (NI r e UMM AN e — NN
]
b
Nt ODONTQNNONTONN —MITMO
«
X
L]
A~ OONDEIN TO O VNN N MO « ANNO—~O

T8 803 18

AORNR AP~ MIAMANO TR OO NA OO DO Nt O N AIOMA N DN NS o4 DO T v 00 O =N DNAN O eNOD O N0 T
NN NN TN DA (NNANNNN A et NI N o NN NN DT ITNNNDINNN I NNN Nttt (I N e v e

OMODOIFIOIDANTNIRANAATNT OIOASRPARAO~ORDVDARAIDODONOMAITO=N—ITMNONNANTODTOONNDMIMOMFO
ANANANNMO MMM et UM ON VNN et etet M NNt = NV NN T M T NN NN AN NN NN NN NN —

TNADNITNOMNTNOMNDOOMTOTONMTTOANTINOA«NMINOMAT OMNOINMTNNADONMNON~INN

OO RRDMOM M D OO0 VO ONNUNNTM MMM N (Netet =4 O edetvdvdotdet vt <« NN NN MM T T TNNOOONO
~eed 2 2 T % 27 YR TTEEL LS ECSTE LYY =9
L3 1

ANNAORAIN DO O OVt OMMO—~OANOMNNNNNMOATONNTINMIOINA O NN M TN O OO
TN At TONNNNNDITTITMINNNANNINNAA M T DM eI NNt N N T NN~ NN TN e e (S

NDIDDeaN~<NNA D ONDDP M et et e O N T O 2465&36734969_5122“596021
TMOMANNNONNVNN TN ONNANNTNNNM T MM NN NTINTANNNNNITM NN

3Q5612468223513567822ﬂ.6335791246245%5723513572572
-— -— -

‘
MO NNNNNNA 4t OO0 000 OO0ttt NANNNMMM M T T T NNNINO OONNN AR OO
212 e1§ereEdr )



SEC e TN

THICETEER TICAND COLTFIZXES CF TLE

GRCUT VIB VET:LS, Cr(cC), l'o(C), v(C).



239

SECTICN II

INTRCDUCTICN

Tr.ere have only been two studies on the Croup VIB metal
cartonyl complexes of tidentate ditlrioether ligands wvhere the
sulphur dcnor atoms are attachked directly to sutstituted aryl
rings. These involved a series of ligands cf thLe type

194

RSCH2CH25R where R:p—XC6H4 and tre aryl dithioetrer ligands,

1,2-bis(methylthio)benzene and 1,8—bis(methy1thio)naphthalene.195

The bulk of the research into complexes of both mono-
dentate and tidentate thioetler ligands ras concentrated on
ligands wrere the sulrlkur donor is attaclked to an alirhatic
carbon chain (Table 1) and little kas been done tc study the
effects of the substituents on the dcnor prcoperties of the ligands.

The studies on tre Grcup VIB metal carbonyl ccmplexes of
3,4-bis(methylthio)toluene (bmtt) and 3,4-bis(ethylthio)toluene
(bett) thrat are reported in this section, were trerefore instig-
ated for the following reasons:

(1) tc study thie chemical and physical prcperties of the
complexes of these ligands so that direct comparisons can be made
with other ligands;

(ii) to determine whether or not the aromatic ring that is
attached to the thioether donor atoms, has any influence on the
donor properties of the ligand; and

(iii) to carry out studies on the reactions of these
ligands witl the specific intention of synthesizing bridged-
ligand ccmplexes. These were not reported in the study of the
complexes of 1,2-bis(methylthio,benzene and 1,8-bis(metlyltkio)

naphthalene.‘95
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TAPIE 1

GRCLT NIEBR KEPAT CARPCNYL CCMFLEZYES GF TRIGETEER I ICANDS

TIGCAND TYFE ITGAND SURST [TULENTS REFERENCES
I _2,
5 ] g = 1 ]9 -
RS(Chz)n R R = le 6-198
R = =t 198, 199
R = t-Pu 194,198,200,201,
260
S = =Gy S
R = p-XCH, 194
= B
E = t-FEu 200,202
n = 4
E = ©t 198
n_i= 6
R = Ve 198
=i — e >
R, SR, R,= Ve, R,= PrCH, 198
R,= Et, K,= ThCE. 203
1 Z
_ —c -
R,= Fk, R,= FRCE, 204
R,= Fk, R,= Th 204, 205
R1= PhCHZ, R2= ThCNZ 204
R,= Bt, Ry= Et 203,204,186
= ‘\' = I'\" g
R,= Le, R,= Ve 186, 205
Ry= (CH2:CH—): R, 186
Ry= CEj,Ry= (CHzcl) 186
R = g T o 206
3 (Ph)(CL3)Ch  R,=CE,
= = 195
o) C6H4(SR)2 R e
1,8-(C1CH6)(SR)2 R = Ne 195
Tetrakis(thioalkyl)- 207

olefins
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FIGURE 1
Me R R=Me; 3,4-bis[methylthio]toluene [bmtt]
& R=Et; 3,4-bis[ethylthio]toluene Boefﬂ

Nost of the studies on the Croup VIB metal carbonyl
complexes of trioether ligands (Table 1), have been reported
since tkis work was started.

There have been very few investigations intc the Croup VIE
metal carbonyl complexes of mixed sulphur-nitrogen donor ligands
(Table 2) and only two of these studies have involved ligands
witlh both thioetrer sulphur and nitrogen donor atems. With all
of these ligands, it is not possible to form chelated-ligand
complexes and bridged-ligand complexes have not been reported.
Consequently, nothing is known atout tre cherical and srectro-
scopic properties of the chelated and bridged-ligand carbonyl
complexes of mixed sulphur-nitrogen donor ligands.

Complexes of the folloviing ligands, which contain both

nitrogen and thioether sulphur donor atoms, are studied in this

section.

IIGAXD NAME ABEREVIATICN
2-ETHYITHIOETHYILANINE etea
2-(3,3-DIMETHYI-2-THIABUTYI )PYRIDINE tbmp
2-NETHYITHIO-2-INIDAZCLINE mti
2-NMETHYINERCAPTCBENZINIDAZCLE mmbi
2-NETHYITHIOANITI INE mta

The reactions of these ligands have also been investigated in
order to complement the studies on the Cu(II) complexes of
sulphur-nitrogen ligands (Section I). Information on the metal

coordinating sites in these ligands can be more conveniently
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obtained from metal carbonyl complexes using infrared spectro-
scopy and nuclear magnetic resonance spectroscopy, as probes.

TABLE 2

CCLFIEXES COF SULPECR-NITRCGEN DCNORS

IIGAXD TYFE BOIDING 1.CDE REFEREMCES
Alkylthiocyanates Cr-N (X-rayed) 208
RSCK V-N 209
Thiazolidine-2-thione N-trione(S) 210
gy,
C_(CINE
U_CLhCH2CH2S
Thicmorpkelin-3-one M-S 211
r i
- \ i
S CH2CH2BHCCCL2
Benzothiazole (E=H) N-N 212
a
2-methylbenzothiazole 213
(R=CE,) cr-s, cr-xt
g \'v. = S ) 1I‘I._N
Isothiazole Cr-M, W-N 213
b Mo-1, MNo-S
Sulphurdiimines Ko—N*b 214
R-N=S=I-R
5,6-dimethkyl-2,1, 3- LF414> 214
benzothiadiazal
c
HCTES 1 -bonding modes deduced from spectroscopic studies

except where indicated,
t linkage isomers

4 in solution, the metal "glides" along F=S=N system.

IR INES:

N
b c

10
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CEAFTER 1

BRIDGED-ILIGAND CCNPLEXES CF

3,4-BIS(METEYITEIC)TCIUENE (bmtt)

AND

——————

3,4-BIS(ETHYLTHIC)TCIUENE (bett)

Bridged-ligand complexes of the Group VIB metal carbonyls
(M=Cr,No,W%), consist of two N(CO)5 groups that are "bridged"
by a bidentate ligand. This type of complex is generally
synthesized in the reaction

21:(CO)gTHF + 1 — [(cO) N &L K(cC) ]

the M(CC)5THF being synthesized by the ultraviolet irradiation
of M(CO)6 in tetrahydrofuran (THEF) (Appendices). The bridged-
ligand complexes are designated as [K(CO)S]ZL and it is implied
that 1 is a bidentate ligand. Complexes of the type K(CO)SI
(see Chapter 3) are also referred to in this work.

The brideed-ligand complexes [N(CO)S]zbmtt (K=Cr,W)
and [M(CC)5]2bett (M=Cr,%) that are discussed in this Chapter,
were generally isolated from specific attempts to synthesize
the chelated-ligand complexes M(CC)4bmtt and M(CO)4bett
respectively (Chapter 2). The formation of both types of complex
under the reaction crnditions meant that careful and time-
consuming separations, using column chrcmatography, were required.
Subtle solubility differences and subtle differences in the
behaviour of tl.e complexes on these columns added to the diffi-
culties in their purification.

Bridged-ligand complexes were not formed in the reactions

involving molybdenum carbonyls.
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i3 INFRARED SPECTRA (CARBCNYL STRETCHING ABSCEPTICNS)

Altkough the infrared and Raman-active carbonyl stretch-
ing modes can be theoretically derived from group theory, the
assignment of these modes is not straightforward. FHence the
spectral assignmentsare usually based on the arguments of
C-rgel215 , Colton and Kraihanzel®'" and other workers:’

The CO stretching modes that are expected for C4v
M(CC)SI complexes are shown in Figure 2. The bridgfed-ligand
complexes that are discussed in tlis Crapter can be regarded as
being N(CO)SI complexes vwhen the CC frequencies are being
considered, althougl because of the asymmetry of the ligands
bmtt and bett, the complexes will actuaily have symmetries lower
than C

4v
FIGURE 2

M(CC).L CARBCNYL STRETCHINC MCDZS

Kook sk ok

A1) A (1)
2A, + E are IR active

1

Three infrared-active absorptions are expected for complexes

of C4v symmetry, but because the asymmetry of the ligands lifts
the selection rules, the B1 mode becomes weakly infrared-active

and four absorptions are normally observed®® This asymmetry

can also lead to a splitting of the E mode and this is observed
in the spectrum of [W(CO)S]zbmtt in nitromethane (Figure 3a).
The B1 mode in this spectrum has not been resclved, but in some
cases it is possible, (e.g. for the series of M(CO)5SPR3 complexes),

. . 219
to observe five absorptions.
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TARLE 3
<v(C0) ABSORTTIONS FCR [w(co)s]nL CCNPIEXES
CCNPLEX A (1D /en™! B, E A (D) SCIVENT
[cr(co)g] bmtt 2c72(w)  1982(w) 1948(s) 1933(m) a
[cr(co)g], vett 2C76(w)  1990(ms) 1948(s) 1938(sh) a
[F(co)5],bmtt 2065(w)  1987(w) 1242(s) 1947(sh) a
[#(co)g] bmtt 2c82(m) n.o.  19249(vs) 1°14(vs) b
1934 (vs)
[F(ce)g] bett 2C74(w)  1986(w) 1947(s) 1936(sk) a
Cr(C0)CeFsSEt  2C73(m) t 1250(vs) 1954(s-sh) a
®(C0)gCeFsSEL 2C7¢(m) t 1648(vs) 1242(sh) a
NOTES: - a = cyclohexane; b = nitromethane,

- w = weak; m = medium; s = strong; v = very;
sh = shoulder,

- n.o. = not observed,

t 1intense L’(CO)6 peak in this region.

FIGURE 2

IR Spectra - [T(CC)E]zbﬁtt Compnlexes

1948
<« cm™! 2000 E
3a - N =W, in nitromethane

Cr, in cyclohexane

3 -V
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The carbenyl stretching absorptions fer the bridged-ligand
complexes.[N(UO)B]ZL (M=Cr,W; I=bmtt,bett) are given in Table 3
and a typical spectrum (recorded in cyclohexane solution)
is shown in Figure 3b. The spectra are normal for this type of
194,198

complex.

For the complex [K(CO)5]2bmtt, and B, mode is observed in

1
cyclohexane solution but not in nitromethane and this appears

to be due to poorer resolution in the latter, more polar solvent.
It is also observed for this complex tkat the AI(I) mode under-
goes a significant (33 cm _1) shift to lower frequencies in
nitromethane and this is consistent with previous observations
for bridged-ligand ccmplexes'w . less significant shifts are
observed for the A1(II) and E modes. The effects of solvent
polarities on the infrared spectra of carbonyl complexes have

2L and tl.ese can be related to

been discussed by Braterran ’
interactions between solvent local multipoles and permanent
dipoles in the carbonyl complex.

il =2 FCRCE CCNSTANT CATCULATICKNS

The force constant of a bond is a measure of the attractive
forces between the atoms participating in the bond and by
definition is related to the bond order. Thus as the bond order
increases, the force constant for that bond also increases.'?”

The calculation of approximate CC force constants from the
carbonyl stretching frequencies of octahedral metal carbonyl
complexes, has been the centre of controversy ever since Cotton
and Kraihanzel published their approximate force constant method
in 1962 ., Nuch of the controversy has been related to the
assumptions that are made in developing the approximate secular

equations upon which the calculations are based. The assumptions

are.
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i) interactiars between CO stretching and other defecrmations
of the molecules are neglected;
dell ) no attempts are made to correct for anharmonicity; and
iii) approximations relating the stretch-stretch interaction
constants must be made.
"Exact" calculations can be made where these three factors
are taken into account, but either detailed isotopic enrichment
data is needed or calculations employing iterative procedures

. 221
must be carried out.

Although trere may be differences between
the absolute values of the force constants calculated by the
"approximate" method and those calculated using the "exact"
methods, the relative trends indicated are similar and the
qualitative use of data calculated by the "approximate" method
appears to be justified?20

Other factors such as solvent and environmental effects,
differences in retal electronegativities and orbital following
effects must also be taken into account?® The first two factors
can be eliminated by ensuring trat the force constants are not
calculated from spectra that have been measured in solvents of
widely differing properties and that fcrce constants are compared
within a series of complexes of the same metal. Although the
quantitative effects of orbital following in the CO bond are
largely unknown, it is apparent thkat the "real" force constants
will be lower than the calculated values and that comparisons
should not be made between complexes of widely differing
stereochemistries:?
The approximate CO force constants that are presented in

Table 4 for the [M(CO)B]ZL (M=Cr,W; L=bmtt,bett) complexes

were calculated from the approximate secular equations presented
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by Cotton and Fraihanzel?® . The data for other complexes 1is

also presented.

INTERTRETATICN OF FCRCE CCNSTANT DATA

2l Netal-Ligand and Netal-CC Bonding Schemes

Using a simple, qualitative, molecular orbital approach,222
the N-I and N-CO bonding in carbonyl complexes can be depicted

as shown in Figure 4a and Figure 4b.

FIGURE 4a FIGURE 4b

¢- Bond

Empty Mgg orbital, Empty Mgg orbital,

Full L orbital. Lone-pair CO orbital.
T -Bond T-Bond

Full M1y orbital, Full Mng orbital,
Empty L d-orbital. Empty CO m*-orbital.
b) General Effects of Metal-Ligand Bonding

With reference to these bonding schemes, it can be
deduced that the bonding in the carbonyl groups of these
complexes will be influenced in several ways by changes in the
Metal-Ligand bonding:

i) A  T-accepting ligand will strengthen the C-C bond(s)

trans to it. Hence the trans CO force constant, K will

1 ’
increase with increasing Ti-acceptance. This effect will be

extended to the cis carbonyls, but to a lesser extent 2"

ii) A good o-donor ligand will increase metal back-donation
to the carbonyl groups by an inductive mechanism. As this applies
equally to all of the carbonyl groups, K, and K, will decrease

1 2
with increasing o-donation.
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iii) Iigand o-donation also has two directional effects.
A o-trans effect lowers K, by decreasing carbonyl — metal

1
o-donation?? and the Fenske direct-donation effect which

decreases Kzn4 . Various attempts have been made to guantify
the o and T bonding components of the metal-ligand bond using

carbonyl force ccnstant data 2%°'2%¢ . These attempts can not

be really Jjustified however, because so little is known about
the relative effects of these bond compnnents on the CO force
constants.

As the trans CO force constant (K1) is affected the most
by changes in metal-ligand bonding?éthe following discussion

concentrates on comparisons between K, for the complexes that

1

are being considered.

c) Discussion

i ) Chromium Complexes

There are no obvious trends in both the cis and trans
force constants for [Cr(CO)S]ZL and Cr(CO)SL complexes where
I is a thiocether donor ligand, except for the complex
Cr(CO)5C6F58Et. Although this complex was guite unstable and
could not be isolated (Arpendix IO ), its infrared spectrum,
from which these force constants were calculated, was success-
fully recorded. While there do not appear to be any significant
differences between the complexes where L is an aryl thiocether
(bmtt, bett, o-bmtb, pte and S(Ph)z) and where L is an
alkyl thioether (dto, bms, S(Et)CHZPh and S(Et)z), the effect
of the strongly electronegative pentafluorophenyl group of
C6F58Et is readily apparent. The trans force constant (K1) is
significantly higher than previously observed for Cr(CO)Sthioether

complexes and it is comparable to the values that are normally
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CCTTON-KRAIHANZEL FCRCE CCNSTANTS

[Cr(cr),]nl CC.PLEXES
o

250

CCYPLEX DCNOR Kl(n.n"1)_ Kz(N,m'1} REFERENCE
Cr(CC)5C6PssEt S 1563 1601 This Vork
Cr(CC)Sdrr.pe P 1556 1578 t 234
Cr(cc)gP(Ph), P 1551 1585 235
[er(ce) ], bett s 1538 1600 This Work
[Cr(CC)5]2pte S 1533 16C0 t 194
Cr(c0) ;S(Ph), S 1532 1597 t 204
[er(cc) ] o-butd s 1532 1597 236
[cx(co)]ato s 1530 1592 t 198
Cr(CO)Sbms S 153C 1592 t 198
Cr(cC)gS(Et)CE,Ph S 1529 1584 203
[cr(co)g],bmtt s 1529 1598 This Work
Cr(CO)SS(Et)z S 1528 1581 203
Cr(CC)Smta S 1528 1590 This %ork
Cr(CC)gNE, (C(E, | ) N 1508 1577 235
Cr(CC)SNH2(C6H5) N 15C3 1582 237
Cr(co)ssp(n:e)3 S 1494 15¢0 t 198
NOTES: - all spectra recorded in saturated hydrocarbon solvents

t Force constants calculated from published data

- errors are ¥ 3 e

=

1

& + . =1
Cr(CO)SCGFSUEt (Z5N.D ")

in K, and K2 except for

TAEIE 4 (continued)

COTTON-K AIHANZEL FCRCE CCHSTANTS

[1(c0);] L CCMFLEXES

CONPLEX DONCR K, (N o) Kz(N.m-1 ) REFERENCE
w(CO)S[Pth(OEu)] P 1571 1587 226
W(CO)SP(Ph)3 F 1557 1589 235
W(CO) CeFeSEL s 1556 1590 This Vork
[w(co)g],bmtt 3 1556 1585 Tris Work
[w(co) ], o-bmtd s 1556 1587 236
%(CO) (PhSH s 1537 1596 226
[7(ce) ;] m-bmtd S 1533 1576 236
[w(ce)g] pett s 1533 1594 This Work
[x(co)],ato s 1531 1590 t 198
W(CO)Smta S 1526 1589 This Vork
%(CO) ¢ (PrEH,) N 1513 1580 226
w(cc)smiz(c6ﬁn) N 1513 1572 226
NOTES: - as for [Cr(CC)S]nL ccmplexes

1 2

- errors for W(CC)SCGFSSEt are ¥s N.m™! in K, and K
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observed for phosphine donors (Table 4). In this type of

complex, an increase in K1 vill be observed because the

electronegativity effect will increase, by an inductive
rechanism, Cr — S TI- donation and decrease S — Cr
o- donation. The opposite of this effect is shown in the

complex CT(CC)gSP(Me),™”  for wrick K, (1494 1 3 N.m =)
is similar to that of amine donors where no I’ — N M- inter-
actions are possible.226 A crystallographic study cn this

27

complex2 has shown that there is little or no Cr —» S
M- donation and this is thought to be due to the sulphur

atom of Sl:hie3 having a slight excess of negative charge.‘99 None
of these effects are apparent then, in the complexes [Cr(CC)S]zl
where L is bmtt and bett and so from these results, the net
basicities of these ligands appear to be similar to those of

other thioether ligands when they are bound to chromium (O).

L) Tungsten Complexes

It appears from the results presented in Table 4, that
there is a greater T - component and/or a smaller o- component

in the W — S bond for the ligands bmtt, o-bmtb and C 5Bt ifas

6'5
observed for the Cr complex) compared to the ligands m-bmtb, bett,
PhSH and dto. For the former group of ligands, the trans CC
force constants are comparable to K1 for tripkenylphosphine

which suggests that the net basicities of these ligands are

similar to the phosphine donor in these complexes.

1.3 ELECTRCNIC SPECTRA

The basis for identifying the d-d and charge transfer
transitions in M(CO)SI and trans - M(CO)412 complexes was recently
proposed by Braterman, Milne and Walker *®* in a detailed study

of a series of these complexes. Assuming that the ligand 1 is
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a poorer Ti-acceptor and a better o-donor than CO, the
molecular orbital diagram for M(CO)5L complexes can be derived
(Figure 5). The possible mixing of d(o* ) and vacant ligand
orbitals can be ignored where the field of 1 is small.

FIGURE 5 WL

cola,) ——ll e 1

< ’
N
| \‘<',
dix2-y2) N
di(z2) i {i .
I i N
: \‘s\‘
i
:le - 2aq,
1
|
'
i
]
dixz,yz) !
dixy) S ——
M(CO)SL Effect of mixing q,
orbitals.

The nature of the metal and the ligand's net donor ability
will determine the energy of the M(d) — CO( T*) clarge transfer
transitions. Braterman et al observed that the frequencies of
the lowest energy charge transfer band (1e — 2a1) follow the
general sequences:

i) phosphite > phosphorous triamide > phosphine
and gl ) Cr Mo D W
These observations were used as the basis for assigning tlre
lowest energy charge transfer absorption as being a transition
from metal orbitals. Transitions of pure d-d character were
identified by their loss of intensity on cooling.

It is now recognised from this and earlier studies that??%:2%°
it is the lowest energy charge transfer transition (1e — 2a1)
which is sensitive to the nature of the ligands. Stronger metal-
ligand interactions can naively be expected to stabilize the

d—orbitals with a resulting increase in the energy of the 1e — 2a1
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transition. In gineral then, the energy of this transition will

> M-S

decrease in the order N-CO D N-P

ligand ligand > I\"”Nligand

SEZCTRA AND ASSICIVENTS FCR [1(cC).],L

Typical spectra for the [Cr(CC)5]2L and [W(CO)S]ZL
(L=bmtt, bett) complexes are shown in Figures 6a and 6b and the
results for these complexes are given in Tables 5a and 5b.
Yhere possible, tentative assignments for the d-d, 1e — 2a, and

1
Singlet — Triplet d-d transitions (turngsten complexes only)

>

have been made. For the chromium ccmplexes, the d-d and 1e — 2a1

transitions appear to be under the same low-energy envelope
while for the tungsten complexes they occur as distinct absorp-

tions in ethanol solution. The d-d@ and 1e — 2a, absorptions

1
in the latter complexes have been assigned on the basis of

energy considerations. From Figure 5 it is apparent that the

d-d absorptions will occur at lower energies than the 1e —8@ 2a1

C.T. transition, although bcth absorptions will lie close to

228
each other.

DISCUSSION

i ) Chromium Complexes

The e — 2a, C.T. transitions for [Cr(CO)S]zbmtt and
BH%CO)S]Zbett are compared with those of other Cr(CC)SL
complexes of phosphorus, sulphur and nitrogen donors, in
Table 6a. The results for these complexes suggest that Cr-
Iigand interactions are weaker for bmtt, bett and 2-methyl-
thioaniline (which appears to bind via the thioether only -
see Chapter 3) than for the complexes of the alkyl thioethers
(e.g. 3,8-dtd, dto and S(Et)z) where the thioether donor is

attached to an aliphatic carbon chain. For the former complexes

the Cr—S interaction appears to be ccmparable in its strength

to the Cr—ILigand interactions of amine ligands and where L is
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FICURE
Electronic Snectra - [F(CC)E]ﬂbctt Cornlexes
oL e
423
bc
382 (le »2a))
6b
443 (s—>1)
376
6c
380 om 420 460 500

6ba - M = Cr, in Abs. EtCH
6b - N =W, in Abs. EtOH
6c

- N =V, in n-hexane
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TAFLE 5a
EJ ECTRCLIC STECTRA FCR_Cr CCLTIEXES
| COMPIEX APSCRITICN (nz)  e€(l.rol.”'em™')  Assipnment
[cr(ce) ] bmtt 252 1€455
3CC 326¢
445 1664 1e-)2a, /d-d
[cr(ce) ], pett 268 16503
268 7552
423 3161 1e—2a, /d-d
TAPIE 5b
EIZCTRCIIC STECTEA FCR ¥ CCUTIZYES
CCNPLEX APSCEFTICN (nm)  €(l.mol. lem™!) ASSIGMNENT
[v(co) ], bmtt 265 16372
277(sh) 7¢84
2C¢€(sh) 627¢
3¢5 [274 ] 4106 [3¢21] le-2a,
417 [e03€2] 438C  [3¢c5] d-d (s-s)
442(sh) €53 d-d (s-t)
[W(co)g],pett 265 18846
281(sh) 7¢23
293(sh) 6365
3C6(sh) 4246
382 [ca376] 326 [4141] 1e=2a,
411 [ca376] 2677 [4141] d-d (s-s)
443(sh) 43C d-d (s-t)

all spectra recorded for Abs. EtCH solutions except

where given in parentheses ( [ ], stectra recorded

in n-hexane),

sh = shoulder; extinction coefficients are anrroximate,

(s—s) denotes a singlet— singlet transition,

(s—t) denotes a singlet— triplet transition
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TATIE 6a

TRAFSTTICHS:

1

[cr(cc)c] L CCNTLEXES

256

CCETLEX 1e?+2a] (nm) SCIVEKT KEFEREKNCE

@ F domonr

Cr(CC)SI(OPh)3 32¢ Fexane 230

Cr(CC)SP(NI.‘ez)3 34C Fexane 230

Cr(cc)BP(Ph)3 35S Eexzane 230

I =25 donor

Cr(CC)gS(Et), 303 Eexane 203

[cr(ce) ], (3,8-ata) 3¢5 Ckloroform 198

Cr(CC)SS(Et)CHZTh 3¢h Fexane 203

[cr(ce)g],trato 3¢6 Ttranol 194

[cr(cc) ] ato 3ce Etkanol 198

[Cr(CO)5]2bett 423 Etkanol Tkis Vork
L Cr(CG)SSFNe3 424 Ethanol 198

£.24 Eexzne Tris ‘.crk

t Cr(CC)5SP(Ne2Ph) 425 Hexane Tris ¥ork

[cx(ce) ], pte 43C Etlanol 194

Cr(CC)Smta 437 Ethanol Th:is V.crk
[cr(ce)g] pmtt 445 Etranol This Vork
[Cr(CC)S]znte 45C Ethanol 194

L = N donok

Cr(CC)gbi 4C5 Ethanol Trhis Work

Cr(CO)Smmbi 4C6 Ethanol This Work

Cr(CO)5mti 4C7 Ethanol Trhis Vork
[cr(co) ] en 41¢C Ethanol 198
[cr(co)g],aad 41¢ Chloroform 198

Cr(CO)SHNC5H1C 426 Cyclohexane 230

I = S-N donor

[cr(co)s],etea 412 Ethanol Tris Work

NCTES: t Samples were gifts from Drs.E.V.Ainscough & A.N.

Brodie
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1ef-)2a1 SEN TEEﬁSI?ICNS; [I(Cﬂ)é]nI CCNPLEXES

CCLFIEY le—¥2a, (nm) _ SCIVENT EEFERENCE
IL £ N donor

B (CC)P(Che), 343 Nch:ip 228
m(co)SP(NNe2)3 348 Ych:ip 228
V(CC)SPBug 351 Mehiip 228

L= 5 idomgee

[u(co)g] ptmdto 368 Ckloroform 198
[ir(cc)g] ato 371 Chlcreform 198
[w(ce)g],(2,c-ata) 372 Chleroferm 198
W(CC)SPYey 378 Etkanol 198
[r(cc)g] bett 3€2 Etkanol Tris Verk
“(CO)5mta cal3c? Etkrarcl This Vork
[W(CC)S]mett 3¢5 Ethanol This ¥ork
[+ (co)] m-tmtp ca4(5 Ethanol Tris Workt
I _3.N 'denen

k(CC)mmbi 3¢2 Etkanol Tkis VWork
w(cc)Bbi L7 Ethanol This Work
[u(cc)g]en 387 Ethanol 198
W(CO)Bmti 3C8 Ethanol Tris York
[v(co)g],dad 406 Benzene 198

. = E=l denreE

[v(co) ] etea 39C Ttkanol This %ork

NCTES: - MNch:ip

methylcyclohexane:isopentane,

t sample prepared by method of Ainscough, Brodie and

Nathews,

- complexes of mta,

236

bi, mmbi, mti and etea are

discussed in Chapter 3.

257
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a substituted phosphine sulphide ligand, SPR3. These results
appear tc disagree with the observations based on the calculation
of force constants. It is arparent though, that direct perturb-
ations of the metal d-orbitals will be more sensitive to changes
in metal-ligand bonding than the effects of such changes on the
more distant C — O bonding. Hence for these chromium
complexes more significant differences between the ligand types
are observed in the electronic spectra. The sensitivity of the
visible absorption maximum to changes in metal-ligand bonding
has also been demonstrated for a series of bridged ligand

CH

. 194
o 2SR, where R is p—XC6H4.

was shown that where X is an electron withdrawing substituent

complexes of RSCH In tris study it
such as —NO2, the 1e — 2a1 transition was red-shifted by up to
40 nm compared to the spectra where X is an electron donating
group such as -NMeZ.

ii) Tungsten Complexes

The 1e — 2a, C.T. transitions for [W(CO)S]mett and

1
[%(00)5]2bett are compared with those of other W(CC)5L
chromophores in Taltle 6b.

The results are in agreement with the observations that were
made for the analogous chromiur complexes in that the 1e — 2a1
C.T. transition energies are lower for bmtt and bett than in
complexes of alkyl thioether ligands. The ligands
2-methylthioaniline (mta) and 1,3-bis(methylthio)benzene (m-bmtb)
which also have aromatic rings attached to the thioether dcnor,
exhibit a similar trend. The consistent results for both the
chromium and tungsten complexes enable the ligands to be placed

in the following order of decreasing net NM—1 bond strengths;

tmdto ~ dto ) bett ) mta ~ bmtt
When the spectra of the tungsten complexes of bmtt, bett and

m-bmtb are recorded in non-polar hydrocarbon solvents,
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significant skifts in tlie visible maxima occur and as a
consequence, the resolution is poorer (Fifure 6¢).

Although the d-d absorptions should te largely insensitive

231,232 0
the observed shifts

to charges in solvent polarity,
combined with the relatively high intensities of the atsorptions
in btoth the chromium and tungsten comrlexes, suggest that they

have acquired some charge transfer claracter. Tlkis cculd cccur

by a ligand-metal orbital mixing mechanism. 2’

1.4 FEUCIEAK NAGNETIC RESCNANCE SEULIES

1H nmr Spectra

It is generally observed that the cherical shifts of protons
in close proximity tQ electron éonating groups such as sulphur
and nitrogen, move dovwnfield (i.e. to kigker ppm) cn corplexation
of the ligand. This effect is due tc the withdrawal of electronic
charge from the hydrogen nuclei. The s nmr spectral results
for the bridged-ligand complexes [N(CC)SJZL (N=Cr, ¥ and I=tmtt,
bett) together with the data and assignments for the free ligands,

are given in Table 7.

TABIE 7
" nrr DATA, [r(C0).],L COMPLEXES CF bmtt, bett

COYPLEX -SCH, -SCH,CH,  -SCH,- _ Ar-CH, Ar-E

bmtt 2.05 2.c2 6.9

t [cr(co)g] pmtt  1.57 1.46  ca6.7

[w(co)5],bett 2.24 1.90 6.5

bett 1.18t(8) 2.81q(7) 2.22 6.8
[cr(co)g] tett 0.96t(8) 2.57t(6) 1.83 6.5
[w(co)g] vett 0.22t(8) 2.81q(7) 2.CC 6.7
NOTES: - spectra recorded in CGDG'

- t = triplet; q = quartet; coupling constants are in
parentheses (Hz),

- chemical shifts are ppm downfield from T¥S,

- chemical shifts for aryl protons (Ar-E) are the centres
of the observed multiplets

t complex decomposed
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The results show that, except for DL(CC)SJmett, the rydrcgen
nuclei adjacent to the thioether donors are effectively
shielded on complexation to thke bulky I\'(CO)5 groups as upfield

shifts in the resonance frequencies are observed.

]3C nmr Spectra

Tlre 13C nmr spectrum was recorded for PE(CC)q]qutt and
this is discussed in Chapter 2 alon¢ vith tre spectra of thre
chelated-ligand complexes, K(CC)4I (F=Cr,V and I=bmtt, bett).

iim5 REACTIViITY STUDIES

The reactivity studies vere designed to determire the ease
vwitl. wrick the trideged-ligand ccmrplexes convert to the chelated
ligand comrplexes and to determine tle stability of thke thioether
metal bonding towards replacement by triphenylrhosphine and
tripkenylplosphite. TFor the exreriments, [W(CC)S]zbett was
used and the experimental details are given in the Arrendices.

i) Reflux [W(CC)5]2bett in n-hkexane

The IR spectrum of the solution after about one hour of

refluxing shows that the ccnversion
[W(CC)5]2bett ——» W(CC)g + W(CO),bett

has occurred. The six carbonyl-stretching frequencies trat are
assigned to W(CG)4bett (Figure 7a) almost correspond to those
observed for Cr(CO)4bett (Chapter 2) for which the multiplicity
(only four v(CO) modes are expected) is postulated tc be due to
conformational isomerism. Cnly fouvr peaks were observed in tre
spectrum (cyclohexane solution) of the phctocherically synthes-
ized W(CC)4bett (Chapter 2).
The conversion of the bridged-ligand complex to a chelated-
ligand complex was similarly observed for [W(CC)S]Zdto, where

dto is 3,6—di‘chiaoc‘tane.w8

ii) Reflux [W(CC)szbett witl. excess Triphenylphosphine

After 2.5 hcurs of refluxing in cyclohexane, an IR snectrum



FIGURE 7
IR Spectra - [W(CO) ] bett Reactivity Studies

/b

BEFORE REFLUX

BEFORE REFLUX

1936

1947
AFTER  REFLUX 1947

AFTER REFLUX

1944
1987 -1 ¥

«-Ccm - 2900 ; <—cm" -
- species L is W(CO), - species i is ‘.’.‘(CC)5P(Ph)3 [W(CC)6 has
— species ii is W(CO)4bett increased 1987 cm_1 absorption intensity]

- species ii is I(CC)4bett

19¢C
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Reflux w.thL excess I (CPh)

/c

5 MIN.

1<

120 MIN.




Species

i

I<

processes

a)
breakdown
pathways (below).

)

KEY TO FICLURE Fe

Identity
[t(co)5]2bett
u’;(co)SF(crh)3
w(ce), bett
n(ce),

gigaT(CC)4[P(CFh)3]2

Cn refluxing [W(CC)S]Zbett with P(CPh)B, two distinct
are occurring:
Within the first 2C minutes, the complete

of [W(CO)S]Qbett occurs, via two competing

Cver a period of 2 hours, the complete

conversion of “(CC)4bett to gig—?(CC)ﬂ[I(Olh)B]g occurs.

w(co)6 + w(cc)4bett

[W(co) ] bett + excess P(OFR),

a

w(co)4bett + W(CC)SP(OPh)3 + CO

b b

Qég—W(CO)4[P(OPh)3]2 + bett

263



TABLE 8
iy nmr SPECTRUM, REFTUX [ﬂ(CC)q]2bett WITH FFh

3

PRCTONS bett AFTER REFI UX m(cc)4bett tett

Ar-CHy 2.46 2.42 2.35
—SCHZC§3 1.32, W45y 1 .57 1.84, W35y edcl 1 .06, a2
1.28,, 1.4C, 1.53 1.30, .39,
1.43, 1.47
~SCH,- 3.03, 3.14f 2,00, 3.07, 3.24 2.71, 2.75.
3.33 2.83, 2.°06,
2.95, 2.98,
3.06, 3.C¢

NOTES: =~ spectrum recorded in CDCl3; chemical shifts are
ppm downfield from TNMS,
t only two peaks can be distinguished above the noise.
The chemical shifts for bett after refluxing surgest that the
ligand remains coordinated and that the tetrécarbonyl complex

that is apparent in the IR spectrum, is W(CC)4bett.

| 4°24
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and the 1H nmr spectrum of the products indicated tlrLat the
cqlourless solution contained V(CC)SPFhB, W(CO)4bett‘and

W(CC)6. Figure 7b slows the IR spectra and the assignments

while in Tabtle €, the 1H nmr spectrum of the products is

compared witl the known spectra for the free ligand and W(CC)4bett.

The significance of these results is discussed belowv.

iii) Reflux r“(CC)5]2bett with excess Triphenylphosphite

The carbonyl complexes of P(CPh)3 exhitit ~=w(CC)
absorptions that are sufficiently removed from those of the
analogous thioether complexes to enatle unambiguous assignments
to be made.
The products from this reaction were monitored by infrared
spectroscory at regular intervals anéd the srectra and their
assignments are shown in Figure 7c. The results can be
interpreted as outlined in the flovw diagram accompanying Figure 7c
and this is referred to in the fcllowing discussion.

DISCUSSICN

The observed conversion of W(CC)4bett to cis—V.'(CO)4[P(OPh)3]2

in the presence of excess P(OPh)3 is consistent with P(OPh)3

228

bteing a stronger ligand than P(Ph)3 as the analogous

conversion was not obsefved in the presence of an excess of the
latter ligand. This supports the observation by Ainscough et al

' that chelated dithioether ligands are reasonably stable

towards replacement by P(Ph)B. Detailed kinetic and substitution
studies on the replacement of chelated dithioether ligands

(such as MeSCHZCstMe and tBuSCH20H2StBu) by phosphite ligands,

indicate that substitution proceeds largely through a ring-

0 . 197,201,202
opening mechanism.

1.6 MASS STECTRAL STUDY

Although the mass spectra of metal carbonyl complexes

~appear, in principle, to be a convenient means of determining
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the compositiorn of a sample, an inherent danger is tle assumption
that the highest mass peak observed in tlLe spectrum is a direct
result of ionisation of the molecular species in the san*.ple.z33
This is particularly evident in the mass spectrum of [W(CC)5]2-
bmtt which indicated that the apparent parent molecular ion

has the composition [W(CO)4bmtt]+. This ion undergoes success-

. . 233
ive CO loss in thke normal manner

to yield the ions

[u(ce) bmtt]*, [wW(co),emtt]™, [w(cC)bmtt]™ and [t btmtt]*. The
instability of Group VIE carbcnyl comrlexes under tle conditions
of volatilisation and electron bombardment trat are emrloyed

in mass spectral studies, has also bteen otserved fcr complexes
of RSCH2CH28R (R:p—XC6H4)w%nd some monodentate bis-rlkosrhine
complexes, r.:(co)sl.“‘

The most unusual feature of the spectrum is tlre
appearance of peaks due to the ions [L(CO)E]+ and [W(CC)7]+,
although they are relatively lower in abundance than the
highly abundant [V.f(CO)6]+ ion. A very weak feature at about
m/e = S5(8 appears to be W(CO)5bmtt, but the origin of this
species is unknown. It may be present as an impurity in the
sample of [W(CO)5]2bmtt but it is also possitle that it could
be formed from the decomposition of [W(CO)5]2bmtt in the mass

spectrometer.

SYNTHESIS OF TEE BRIDGETL-LIGAND CCNMNFIEXES

As these complexes were usually isolated in conjunction
with the chelated-ligand complexes M(CC)4bmtt and N(CC)4bett,

their syntheses are described in Chapter 2.
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CHAPTER 2

CHEILATED-LIGAND CCWFILEXES

CF
3,4-BIS(AIKYLTHIO)TOLUENE

(AIKYL=NETHYL, ETHYL)

The Group VIE metal cartonyl, chelated-ligand complexes

have the basic structure

, —L
(co) ¥7D
and these are analogous to cis—N(CC)4I2 complexes where L 1is
a monodentate ligand. Both types are generally synthesized in

the reaction,

¥(CC) THF + I—TL (or 2L) ultrhi"icletv(cc)41f:1) (or cis-¥(c0),
but the accompanying formation of bridged-ligand corrlexes
([m(co)5]21) or trans-}(CC),L, if I is monodentate, reguires
tl.e careful seraration and purification of the products on
silica-gel columns (see Introduction to Charter 1). As the
ligands that were used in this study are bidentate, the
formation of the trans complexes was eliminated.

The chelated-ligand complexes that are discussed in

Chapter 2, are given the general designation K(CO)412 angd i§

is implied that 12 is a bidentate ligand, such as bmtt or tett.

12)
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2.1 INFRARED SPECTERA (CARTCNYL-STRETCEING ABSCRFTLCNS)

The stretching modes that are expected fcr C2v
g£§—M(CO)412 complexes are shown in Figure & and the
assignment of these modes follows from literature-presented
arguments (see Chapter 1).

FIGURE &

Cla—}(CO) I CARBCONYI-STRETCHING .MCDE

KK K >l<

A1) A1)
All 4 are IR active

l

The four IR-active absorptions that are predicted from
group theory are generally observed in the spectra of chelated-
ligand complexes of dithioether 1igands”’4'1%']98
and in this respect the spectra of Cr(CC)4bmtt, W(CO)4bmtt and
W(CO)4bett are normal in cyclohexane solution. A typical
spectrum is shown in Figure €a. The spectra of Cr(CC)4bett,
No(CO) bett, Mo(CC) bmtt and W(CO) bett (synthesized by
refluxing [W(CO)S] bett in n-hexane:- see Chapter 1) though,
are quite unusual in that an arparent splitting of at least
one of the V(CO) absorptions telow 2CCC cm™ ! is observed. The
spectrum of Cr(CC)4bett is shown in Figure €b and an example of
the Mo(CO)4I2 complexes in Figure Sc. The spectral assignments
are given in Table €a for all of the chelated-ligand complexes.

The splitting of the carbonyl-stretching modes in the
spectra of ging(CO)412 complexes has not been reported before
and the spectra of tlre analogous M(CO)4FDS complexes:%

(M=Cr, Mo, W; FDS = o-bis(methylthio)benzene) were normal.
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FICURE .S

IR Spectra - IC(CO)d;_Q Complexes in Cyclohexane

Cr(CO), bmtt

1Q

«—cm™! 1908

2020

CrlCO),bett

lon

1909
e 1903

C Mol(CO),bett

1914 1896
1920




w(C0) APSCHTTICKS FCR M(CC),I, CCNTIEXES
o

TAPIE Ca

CCNFIEX Algrjgpm“‘ A, (I1) B, B,
Cr(CO)dbmft 2C2C(w) 1520(m) 19C8(s) 1888(s)
Cr(CO)4bett 2C2C(m) 1€25(s) 19C9(s) 18€9(s)
1918(s) 19C3(8s)
t Vo(CO)4bmtt 2C27(m. 1¢25(sh) 1¢16(8) 1824(s)
19C¢(sh)
t hio(CO)4bett 2012 (m) 1928(s8) 102C(s) 18C6(s)
1214 (s)
W(CC‘)4bmtt 2025(w) 1918(m) 1°C¢7(s) 18¢3(s)
v.'(cc)4bett 2C25(m) 1218(m) 16C5(s) 1801(s)
[2c27(m)] [1024(m-s)] [15c7(s)]  [185(s))
[1c1e(m-s)] [19C3(s)]
NCTES: - all spectra recorded in cyclohexane solutiony

t these spectra also have very weak absorrtions at

185¢, 1862, and 1866 em™ !

respectively,

- absorptions in parentheses ( [ ]) are for a sample of

W(C0)4bett that was prepared by refluxing [W(CC)

TAELE b

CCTTCN-KRAIHAYNZET FCRCE CCNSTAKTS

512

¥(CC), L, CCLPLEXES
CCOMPLEX E (Nn”') K (N.n~!) REFERENCE
k=Cr
Cr(CO)4diphos 1492 1566 234
Cr(CO)4bmtt 14C4 1542 This Work
cr(co), [13"¢] 13c8 1562 207
Cr(CO)4o-bmtb 13%6 1559 195
Cr(C0)4dto 1386 1557 198
Cr(CO)4Me4ed 1338 15C6 238
M=W
W(CC)4diphos 14C4 1575 234
W(CO)4bmtt 1367 1571 This Work
W(CO)4bett 1393 157 This Work
W(CO)4o-bmtb 1368 1581 195
w(ce), [135¢] 1383 1594 207
%(C0),dto 1367 1585 198
NCTES: - all spectra recorded in saturated hydrocarbon

solvents,

~ except for complexes of tmtt and bett, all force
constants were calculated from published IR data,

- estimated errors are ¥ 4 N.m~',

1

bett.

270
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Neither the A1(II) nor the B1 and B2 modes are degenerate in
giE—M(CO)4I2 complexes and so for eaclk complex the presence

of at least two conformational isomers arpears to be the most
plausible explanation for the observed spectra. Thkere is no

1H nmr and 13C nmr

support for this suggestion though, in the
spectra where they have been recﬁrded and this may be due to

the rate of interchange between the confrcrmational isomers

being too rapid for thke nmr time scales.

Conformational isomerism was otserved in the complexes
(h5-05H5)Fe(co)2(h1—CSHS) and (h5C5H5)h’o(CC)2C3H5 as a splitting
of the carbonyl-stretching absorptionsl29

Another unusual feature of the spectra of N(CO)4bett
(M=Cr,No) and No(CC)4bmtt, is the appearance of a weak
carbonyl-stretching absorption at about 186C cm_1, coincident

witl. the observation of the split atsorption modes.

B2 FCRCE _CCKSTANT CAICUIATICNS

The calculation of Cotton-Kraihanzel approximate CC force
ccenstants for gig—M(CO)412 complexes, and the interpretation of
the resulting parameters, is analofous to thLat of the bridged-
ligand complexes that were discussed in Chapter 1.

DISCUSSION

There is a paucity of infrared data for cis-N(CO)4L2
complexes in saturated hydrocarbon solvents, but as Table b
shows, some trends are apparent.

3 Chromium Complexes

There appears to be little difference between an alkyl
dithioether ligand such as 3,6-dithiaoctane and the dithioether
ligands 3,4-tis(methylthio)toluene, ortho-bis(methylthio)benzene
and 1,2-tetrakis(methylthio)ethylene where TI-bonding systers

are adjacent tc the thioether donors. These results are in
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agreement with the results for the bridged-ligand [Cr(CC)5]21
complexes that were discussed in Charter 1.

ii) Nolybdenum Complexes

The multiplicity of the carbcnyl-stretching absorpticns
for the ggg-Mo(CO)4L2 complexes (IL=bmtt, bett) precludes the
calculation of force constant data for these complexes, but
K1 for No(CC)4(ortho—bis(methylthio)benzene) is 148 * 4 N.p™!
and this is similar to K, (144 4 N.r" 1) for No(CC), (3, 6-
dithiaoctane). The force constants were calculated from IR

data published in References 195 and 198 respectively.

iii) Tungsten Complexes

The complex W(CO)4dto (dto=3,6-dithiaoctane) has a lower
trans-carbonyl force constant (K1) than the analogous complexes
of bmtt, bett, ortho-bis(methylthio)tenzene and 1,2-tetrakis
(methylthio)ethylene. This suggests tken, that the latter
ligands are better T -acceptors amﬁ/cn‘poorer o-donors than
dto in gig—W(CC)4I2 complexes.

p - ELECTRCNIC SPECTEA

The weakness of the selection rules for complexes of C2v
symmetry does not make it possible for a simple molecular-
orbital model to be set up as in the case of the C4v bridged-

ligand complexes (Chapter 1).?%°

Braterman et al suggest however,
that the lowest frequency absorption found in glg-N(CO)412
complexes may have both charge transfer and d-d character.

While this is consistent witl: the observation that where I is a
substituted phosphine donor the absorptions occur at higher
energies228 than where L is a substituted amine donor,239
it does not explain why the complexes of the dithioethers,

bmtt, bett and dto, have absorption energies similar to that of

a phosphine donor (Table 1Cb).
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ETECTRCNIC STECTRA FCR T-T(C(‘),];z CCMNFPIEXES

are discussed in text.

Loz bmtt L2= bett
METAL ABSCRFTICE (nm) e(l.mol._1cm_t) APSCRFTICN €
Cr 248 13663 24C 18¢74
2¢5(sh) 3514 331(sh) 2744
333(sh) 1766 374(sh) 1385
374 (sh) 11C3
Mo 252 1847 256 15714
28¢(sh) 5842 296(sh) 6857
3C7(sh) 36ce 358 1736
4C7 1188
% 243 2C513 244 22281
293(sh) 7872 25C(sk) 2114C
368 12C6 287(sh) e86C
365 1991
ca 397(sh) -
NOTES: - all spectra recorded for Abs. EtCH solutions,
— 8h = shoulder; extinction coefficients are approxirate.
TAEIE 1Cb
ELECTRCNIC SFECTEA
LOWEST ENERGY MAXIMA, M(CO) ‘1_42 CCMNPIEXES
3
COMFIEX DCXCR )\max(nm) SCLVENT REFERENCE
. ¥=Cr
Cr(CO)4(PPh2)2NMe P 373 Methanol 228
Cr(CO)4dto S 372 Ethanol 246
Cr(CO)4bmtt S 374 (sh Ethanol This Vork
Cr(CO)4bett S 374 (sh) Ethanol This Work
Cr(CO)4dte S 4CO Ethanol 194
Cr(CO)4mte S 4C4 Ethanol 194
Cr(CO)4en N 424 ¥ethanol 239
¥=v
W(CO)4(PPh2)2NMe P 363 Methanol 228
w(CO)4dto S 364 Ethanol 246
W(CO)4bett S 365,ca397(sh) Ethanol This Work
W(CO)4bmtt S 368 Ethanol This Work
W(CO)4en N 3¢7, 45C(sh) Xetkanol 239
W(CO)4tmeda N 402, 45C(sh) Benzene 240
W(CO)4tn N. 405, 45C(sh) Methanol 239
NOTE: - where two maxima are recorded, tentative assignments

273
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The electronic absorption maxima for the complexes

' N(CC)4I (M=Cr, Mo, W; L, = brtt, bett) are presented in

2
Table 10a. It appears from a comparison with the spectra

for W(CO)412 comrilexes, where 12 is a saturated, substituted
diamine ligand239 or L is a substituted pyridine ligand,240

that the weak, low energy shoulder in the spectrum of W(CC)4bett
can be assigned as the first singlet—triyrlet transition.

This transition is "buried" in the tail of tke 36€ nm maxirmum

in the spectrum of W(CO)4bmtt, vhile for the amine comrplexes

the main visible maximum (corresponding tc the ca 365 nm
absorption in the thioetler complexes) was assigned as the

40

singlet — singlet transition.’

2.4 NUCLEAR MAGNETIC RESCNANCE STUDIES

130 nmr Spectra

Introduction

Carbon-13 nmr spectral studies on Group VIB carbonyl
complexes have now firmly established that the extent of
M—=CC T -backbonding is one of the most important factors
determining the '3CO chemical skifts.”'  These studies have
shown that as the T -acceptor ability of the substituent ligands
decreases, the 1300 resonances move progressively downfield.
Trat is, the 13CO resonances are deshielded by an increase in
the electron population at M. These effects consequently
enable excellent correlations to be observed between 13CC
chemical shifts and other physical measurements such as Cr-CC

1

bond lengthsf4 IR stretching frequencieszu and, for a

series of W(CO)5L complexes, Cotton-Kraihanzel force constants.

242, 243
Despite the advent of high resolution, pulse Fourier

Transform techniques, there is a paucity of 130 nr data for
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both the monosubstituted and disubstituted Group VIB ccmplexes
of thioether ligands. This is primarily due to the often
encountered problem of poor complex stabilities in the
concentrated solutions that are required if the spectra are
to be recorded in a reasonatly shcrt time.

The spectra of [W(CO)S]2
(Lzzbmtt, bett) were recorded in this study despite some

bmtt, W(CO)4bett and Cr(CC)4I2

of the problems that were enccuntered with unstabtle solutions.

Results and Discussion

i) 1300 Chemical Shifts

The cis and trans carbonyl groups (trans implies that the
CC is trans to the ligand) are readily assigned as tie latter

are alvays deshielded with respect to the cis carbonyl groups.

244,245

The results for these complexes are summarized in Table 11a
and a characteristic spectrum is shown in Figure 1Ca. Some 13CO
chemical shift data for W(CO)51 complexes has been plotted as
a functicn of their Cotton-Kraihanzel force constants (K1 and K2)

in Figure 1Cb. Mann *®

has commented on the solvent dependence
of both the IR spectra and the 13CO chemical shifts and tkis
has been taken into account in the compilation of the data.

Both graphs show the trends in the net basicities of
ligands that are expected on the basis of previously established
results. Thus, in terms of the ability cof a ligand to place
electronic charge onto W(CC)S, it can be seen that prhosphite
ligands place the least charge and tiis can be related to
these ligands’ superior T -accepting ability (see Introduction).

Although there is no other suitable data for W(CO)SI complexes

of thioether ligands, the graphs suggest that bmtt has a net



TABLE 11a

13c0 CHEJICAL SHIFTS

CCEPLEX cis- §13c0  trans-& '3co SCIVENT  REFERENCE

¥=Cr

Cr(C0), bmtt 215.1 226.8 coel, This Work

Cr(CO)4bett 215.4 226.6 CDCl3 This Work
SKe

cr(co),L>"¢, 215.9 2217.0 CD,C1, 207

¥=¥W

W(CO)4diphos 2C4.6 - - 247

_cis-w(co),[pEt,],  2ca.s 204.7 CH,C1, 243

W(CO),bett 200.4 207.7 CDC14 This Work

[®(co)g],bott 196.9 199.9 CDC1, This Work

NOTES: - Chemical shifts are ppm downfield from TMS,

- the '3cO resonances for Cr(CO)6 and W(CO)6 are at

212.1 ppo?¥’  and 192.1 ppm™*
PP

7

respectively,

~ the data for some K(CC)SL complexes of thioether ligands

(in various solvents) can be found in References 204

and 206 .

FIGURE 1Ca

13¢ pmr - Cr(C0),bmtt in CDC1

3
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FICURE 1Cb

trans-13CO Chemical Shifts vs. trans-CC Force Ccrnstants

[“(CC)S]nL Complexes

—O— 4 -picoline & piperidine

ri2ee —o0— CgHyNH,
- 200 P[Ph]3 —— bmtt
! [pr)
1 ppm. —o— PlPh],08u
——_ P[OBU]:'
- 198
i —o— P[oPH;
K,(N.m™") —»
1510 . 15[50 . . J 1(.300
- n =1 for all complexes excert that of bmtt (n = 2)

- for literature references, see Tifure 1Cc.

LT



FIGUKE 1(c

cis—13CC Chemical Shifts vs. cis-CC Force

Constants

[‘.‘.(CC‘)E]EL Complexes

- 200
—— 4-picoline
CéH”NHQ *—0_‘.0. piperdine
L 198 —o— P[PH3
—o— P[PH,08u
.. &
d ppm —O— bmtt
L 58 —o— P[OB3
—o—i P[OPH]3
- 194
K,(N.m™") =
Iiéo . . . 1§00 . :
Ligand ref.( 9 13c0) Ref. (K, and K,)
4-picoline 231 226
piperidine 231 226
N 242 226
C6H11JH2 4
I-‘(Ph)3 242 226
P(Ph)ZOBu 242 226
bmtt This work This work
P(OEu)3 242 226
P(CPh)3 242 242
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TABLE 11D

13C CHENICAL SHIFTS OF IIGANDS AND CCMPLEXES

LIGAND/CCNMPLEX —SCH3 ‘SCH2§§3 —S§H29ﬁ3 —CH3 C1 C3,C4¢ C2JC5JC6¢
bmtt-in CDC1 16.11,16.76 2C.%8 136.C7 133.22,137. 126.49,126.¢2°¢,
127.86
Cr(CO)4bmtt—in 30.55,3C.80 2 .89 14C.2C 134.93,138. 13C.55,131.2C
131.8¢
bntt-in 15.75,16.48 2(.%4 135,87 134.41,138. 126.62,127.51
2805
bett-in 18,83, 14, G€ 26.08,27.63 2C.28 136.31 132.49,137. 126.65,128.76
12¢,0¢€
Cr(C0),bett-in 13.18t 41.35,41.51  20.89 14c.20 134.60% 13C.46,132.41
132.96
W(CO) bett-in 13.67t 44 .10t 2C.01
bett-in 14.04,14.29 29 WM 29, 68 29 .@2 136,27 183,951,988, 126.94,128.2°¢
13C.35
NOTES: - chemical shifts are ppm cdownfield from TNS
$ assignments are nor-srecific
t only one resonance was ohserved. Me; _2 3SR
Iigand Carbon atoms are numbered as follows:
6 45R

64T
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basicity similar to that of phosphorus ligznds in that the
electronic charge on V.‘(CO)5 is similar for bothk types of
ligand.

The spectra of the Cr(CC)4L2 complexes (Izzbmtt, bett)
indicate that there is very little difference between the net
basicities of bmtt, bett and 1,2-tetrakis(methylthio)ethylene
and this is supported by the infrared spectra of tke ligands'
respective complexes.

ii) 13c Chemical Shifts of tke Ligands

The assignments and chemical skifts cf the 13C resonances
for the uncoordinated and coordinated ligands are summarized in
Table 11b. As expected on complexation, most of tie ligand
13C resonances, including tlLe aryl 13C atems, shift downfield.
Downfield shifts are not observed thoigh, fcr the Ph—QH3
resonance of both ligands and for the —SCHZQH3 resonance of
bett.

The criteria on which the spectral assignments were

based, are summarized in the Experimental section of the

Arpendices.

1H nmr Spectra

Unlike the bridged-ligand complexes that were discussed in
Chapter 1, the resonance absorptions of the alkyl side-chains
move downfield on ligand complexation. This is consistent with
a removal of electronic charge from the thioether donors. For
the M(CO)4bmtt complexes (M=Cr, Mo, W) the spectral resolution
is sufficient to observe the inequivalence of tke —SCH3 protons.

1

The 'H chemical shifts are recorded in Table 12.
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TABLE 12

'H nor DATA, (CC),I, CCNPLEXES CP bmtt, bett
i

COMFLEX -SCH -SCE, CH, -SCH,— Ar-CE Ar-E
3 2'__) 2 3
bmtt 2.40,2.42 2.28 7.0
Cr(co),bmtt 2.69,2.72 2.41 7.4
No(CO),bmtt 2.74,2.78 2.40 7.4
W(CO)4bmtt 2.88,2.91 2.41 7.2
bett 1.2Ct(8) 2.89q(7) 2.35 6.9
1.35t(8) 2.92q(7)
Cr(co)4bettt 1.46t(8) 3.09q(7) 2.47 7.4
ko(C0),bett 1.5Ct(8) 3.14t(7) 2.56 7.4
w(co), bett 1.35t(8) 3.16q(7) 2.42 743
NOTES: -~ spectra recorded in CDCl3, chemical shifts are ppm

downfield fror TMS,

- t = triplet; gq = quartet; coupling constants are in
parentheses (Hz),

- chemical shifts for aryl protons (Ar-H) are the centres

of the observed multiplets,

t complex decomposed.

2.5 MASS SPECTRA

The mass spectral studies on Cr(CO)4bmtt, No(CC)4bmtt
and W(CC)4bmtt show that these complexes have a greater
stability than [W(CO)S]mett (Chapter 1). The expected
rarent molecular ions are observed for all three complexes
but the presence of a very small quantity of ['\'.’(CC)Sbmtt]+
was indicated for the sample of W(CO)4bmtt. This molecular
ion was also present in the mass spectrum of EW(CO)S]zbmtt
(see Chapter 1).

An outstanding feature of the spectrum of Cr(CO)4bmtt,
is the absence of a peak for the ion [Cr(CC)3bmtt]+. The
analogous ions are observed for tkhe molybdenum and tungsten
complexes. This phenomenon has been previously observed for
chromium carbonyl complexes of ligands containing phenyl rings

- ) +
% and it was postulated that the absence of tke ion [Cr(CC)3I]
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is due to the preferentizl fermation of a complex with the

structure shown in Fifgure 11a.

FIGCURE 11
a b o
o
i i SR R
/C:r [(I:H2Jn C:r/ S\Cr/(’
o S
o« | EPh, | 7 ‘o
5 s :
E=PorAs,n=1,23. R=Me

A similar complex, possibly having one of tlre structures
postulated in Figures 11b and 11c, may also explain the
absence of the [Cr(CO)Bbmtt]+ ion in the mass spectrum cf
Cr(CO)4bmtt.

The spectra of No(CC)4bmtt and W(CG)4bmtt show ion
peaks with masses correcponding to No(CO)7+and W(CC)7+
respectively. Vhile W(CC)4bmtt shows peaks wkichk can be
attributed to a \‘.‘(CO)S+ ion, the analogous ion for No(CO)4bmtt
is not observed. These ions have never been reprorted in the
literature for cther mass spectral studies of Group VIB

carbonyl complexes.
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SYNTHESES

The general photochemical method that is used. in the
synthesis of the Group VIB carbcnyl complexes under ccnsider-
ation in Section II of this thesis, is described in the
Appendices.

NCTE: In all prerarations where solvent extractions
are carried out, the extracts are filtered through Kieselguhr
before continuing.

Tetracarbonyl(3,4-bis(methylthio)toluene)chromium(0)

After the addition of 3 mmole (0.566 g.) of ligand
(dissolved in THF) to 3 mmole (C.66C g.) of irradiated Cr(CO)6,
the irradiation was continued for 75 minutes. The THF was
removed (rotary evaporator) and excess Cr(CO)6 was sublimed,
in vacuo, from the residual oil. The IR spectrum (cyclohexane
solution) of this oil showed thLe presence of both tetracarbonyl
and pentacarbonyl species. Their separation was achieved on a
silica-gel (100-200 mesh) column eluting with pentane and then
benzene.

The tetracarbonyl complex (benzene fraction) was isolated
by reducing the solvent volume and waslking the resulting yellow
crystals witl. cold pentane. They were recrystallized from
pentane and air dried.

YIEID : 0.436 g.(42%)
A shorter irradiation~time‘(e.g. 6C minutes) gave a

reduced yield (0.373 g.)

Decacarbonyljyr(3.4-bis(methy1thio)toluene)dichromium(O)

The solvent was removed in vacuo from the pentane fraction
obtained in the preparation of Cr(CO)4bmtt (above). The
resulting impure crystals were washed with pentane to give a

dry, yellow product, [Cr(CO).], bmtt.

512
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YIEID : C.040 g. (5%)
[Cr(CO)B]mett is.better synthesized by using a 2:1 ratio
of Cr(CC)6 to bmtt and stopping the irradiation after the
addition of the ligand. On removing tre THF, the residue
was washed witl. pentane and the powdery, light yellow crystals
were filtered off.

YIEID : 57%

Tetracarbonyl(3,4-bis(methylthio)toluene)molybdenum(C)

The ligand (3 mmole, C.566 g.) was added to an irradiated
solution of I\fo(CC)6 (3 mmole, C.7S2 g.) and the irradiation
was ccntinued for a further 1.5 hours.IR sprectra of solution
samples taken after 1C and 6C minutes of irradiation, showed
a reduction in the concentration of a pentacarbonyl complex
and a correspcnding increase in the concentration of a tetra-
carbonyl complex. On removing the TEF and residual I(o(CC)6
in vacuo, the residue was extracted into pentane anc crystall-
ized by concentrating and cooling the sclution. The oil which
remained after the pentane extraction, was purified on a silica-
gel column using a benzene-pentane eluent (7C:3C). The second
yellow band whiclk came off the column contained Mo(CO)4bmtt and
this was crystallized on extraction into pentane, as cutlined
above.

YIELID : 0.346 g. (29%)

Tetracarbonyl(3,4-bis(methylthio)toluene)tungsten(0)

The ligand (2 mmole, C.378 g.) was added to an irradiated
solution of W(CO)6 (2 mmole, C.7C4 g.) in THF and the irradiat-
ion was continued for 105 minutes. O©On removing the THF and
unreacted W(CO)6, the residue was extracted into pentane. Both
penta- and tetracarbonyl complexes were present in the
extracts and these were separated on a silica-gel column with

a pentane-benzene (7C:30) eluent. When the two bands on the
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column were sufficiently serarated, tl.e benzene concentration
was gradually increased until the second band was finally
eluted with pure benzene. This band contained W(CC)4bmtt
which was recrystallized from a pentane solution.
YIEID : C.161 g. (17%)
If, after adding the ligand, the irradiation time is

decreased to about 75 minutes, the yield is 5% ((.C44 g.).

Decacarbonvljy-(3,4—bis(metkylthio)toluene)ﬁitungsten(C}
The solvent was removed (in vacuo) from the sclution
containing the first band frcm the column in the preraration
of W(CO)4bmtt and pentane was added to the residuval oil.
Coocling the mixture precipitated light yellow, powdery crystals.
YIEID : C.264 g. (32%)

Tetracarbonyl(3,4-bis(ethylthio)toluene)ckromium(C)

After the addition of 3 mmole of bett (C.636 g.) to
3 mmole of irradiated Cr(CC)6 (C.66C g.) in THF, the solution
was irradiated for a further 45 minutes before the solvent and
excess Cr(CO)6 were removed in vacuo. The crude product,
whick contained a pentacarbonyl "impurity", was crystallized
from pentane extracts of the residual crystals and oil. Tke
crystals of Cr(CO)4bett were filtered off and washed with cold
pentane, which removed the impurity.

YIEID : C.336 g. (3C%)

Qgcacarbonyl:y-(3.4—bis(ethxlthio)toluene)dichromium(C)

About 15 minutes after adding 2 mmole of bett to an
irradiated solution of Cr(CC)6 (4 mmole), the THF was removed
in vacuo. The residual, light yellow crystals were placed under
vacuum for about 45 minutes, then washed with pentane and filter-

ed.
YIELD : 0.427 g. (36%)
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Tetracarbonyl(3,4-bis(etkylthio)toluene)molybdenum(0)

This complex was isolated from an attempt to synthesize
[No(CO)5]2bett using a 2:1 ratio of No(CC)evto bett and the
same method as for [Cr(CC)5]2bett. Considerable decomposition
occurred during tlie pentane extractions however, giving Iﬁo(CO)6
and a brown material. These were filtered through Kieselguhr
and the light yellow filtrates were concentrated then cooled
to yield the pale yellow crystals of Ko(CC)4bett. These were
washed with cold pentane and vacuum dried.

YIEID : C.138 g. (22%)

Tetracarbonyl(3,4-bis(ethylthio)toluene)tungsten(Q)

A slight excess of bett (2.25 mmole) was used in an
attempt to prevent the formation of [W(CC)5]2bett. The
ligand was added to 2 mmole of irradiated V.‘(CC)6 and the
irradiation was continued for ¢C minutes.

After removing the THF, hexane extracts of the residue
were filtered through Kieselguhr, the solvent removed and the
residual brovn oil (containing penta- and tetracarbonyl
complexes) left under vacuum overnight. The complexes were
separated on a silica-gel column using toluene-hexane (5C:5C)
eluent. The second band on the column (eluted with neat toluene)
contained W(CO)4bett which was crystallized from a cyclohexane
solution.

YIEID : ©.190 g. (19%)

In a second preparation where the solution was irradiated

for 60 minutes after adding the ligand, the yield was only 5%

(C.048 g.).

Decacarbonyljpr(3.4-bis(ethylthio)toluene)ditungsten(C)
The same method as for the preparation of [Cr(CC)S]zbett

was used, with a 2:1 ratio of W(CO)6 to bett. After the THF
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was removed, the residual oil was left to crystallize under
vacuum for 2 hours. The crystals were washed witl. pentane

and dried under vacuum.
YIEID : C.643 g. (75%)

PREPARATION CF UNSTABLE C6ESSEt CCKPLEXES

Pentacarbonyl(ethylthiopentafluorobenzene)chremium(C)

3 mmole of the ligand (C.685 g.) were added to 3 mmole
of irradiated Cr(CO)6 (C.660 g.) and the solution was left
to react for 15 minutes. VWhile the THEF was being removed,
the solution showed signs of decomposition and the residues
from cyclohexane extracts of the reaction products are also
unstable. The decomposition products are green.

Pentacarbonyl(ethylthiopentafluorobenzene)tungsten(C)

Using 2 mmole of ligand and 2 mmole cf W(CC)6 and the
same preparative procedures as for the chromium complex,
similar decomposition problems were enccuntered. The decomp-

osition products are blue.



MISCELTANECUS PHYSICAT, BATA

TABIE 13

CCVPLEX CCLCUR M.P/°C ANATYSES: Cale.(Found)/%
c H S
[cr(ce)g ], bmtt yellow 1C4-1CT 4C.2C 2.13 11.28
(4C.39) (2.32)  (11.45)
[cr(ce)s ], bett pale yellow 94-97 42.3C 2.71 1C.76
(42.53) (2.93)  (1C.45)
[Vv'(CO)S] ,omtt pale yellow 108-111 27.45 1.45 7.71
(27.88) (1.95) (e.86)
[w(cc)5]2bett pale yellow 96-97 2¢.4C 1.08 7.46
(3C.C9) (2. @) (8.72)
Cr(CO)4bmtt yellow €1-82 44.8C 3.47 18.4C
(44.93) (BUs3)  (aewTa
Mo(CO)4bmtt vellow 65-67 3¢.8c 3.08 16.35
(4C.C<) (3.18)  (16.25)
W(CO),bmtt yellow 7881 32.54 2.5¢ 13.36
(31.4%) 3.C6)  (13.42)
Cr(CC)4bett pale yellow 72-74 47.86 4.28 17.C4
(47.82) (4.54) (17.25)
No(CC)4bett rale yellow 66-60 42 .86 3.84 15.25
(43.73) (4.52)  (14.94)
\'.'(CC)4bett pale yell-~w g6-£8 35.47 3.17 12.62
(36.24) (3.62) (12.67)

88¢
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CHAPTER 3
CCMFLEXES OF MCNCDENTATE AND BIDSITATE

SULPHUR-NITROGEN DCNCR LIGANIS

The M(CC)4L2 complexes of 2-ethylthioethylamine (etea)
and 2-(3,3-dimethyl-2-thiabutyl)pyridine (tbmp) are invest-
igated in this Chapter together with thLe [K(CO)5]2I complexes
of etea and some H(CC)EL complexes of 2-methylthioaniline(mta),
2-methylmercaptobenzimidazole (mmbi), 2-methylthio-2-imidazoline
(mti) and benzimidazole (bi).

The studies on the carbonyl complexes of etea and tbmp
are the first to involve mixed sulphur-nitrcgen doncr, bident-
ate ligands. The complexes of benzimidazole have been previous-
ly reportedzn but these were prerared sc that they cculd be
characterized under the same conditionsas the N(CC)BI comrlexes,
thereby simplifying the interpretation of the results fcor the
mta, mti and mmbi ligands.

While the general syntheses cf the [M(CO)5]2etea and
M(CO)4I2 (L2=etea, tbmp) complexes were similar to those tkrat
were described in the introductions to Chapter 1 and 2 respect-
ively, the M(CC)SL complexes were synthesized b: reacting the

ligand with M(CO)STHF in a 1:1 ratio.
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3.1 INFRARED SPECTRA (CARBCNYI STRTZTCHING VIBRATICKS)

i) [H(CO)BJnL COMPLEXES (n = 1,2)

It was anticipated that the btridged-ligand complexes of
2-ethylthioethylamine (etea) would shkow split carbonyl-stretch-
ing absorptions due tec bonding differences between the thio-
ether and amine donors at the two N(CC)5 centres (Figure 12).

FICUEE 12
B

(CC)Sﬂﬁ—?CHQCH2%—4K(CC)5
Et B
(V=Cr or W)
The spectra though, do not show these differences (Tatle 14a).
It is apparent from this and other studies of mixed-donor

Group VIB carbonyl complexes >*®'2*°

that desrite cuite
large cdifferences in the bonding rroperties of the dcrnors,
"averaged" spectra are observed. Trus for the BE(CC)EJZetea
complexes (N=Cr, W), the carbonyl-stretcking absorrticns lie
between the extremes observed for brideged-ligand comrlexes
of dithiocether ligands and diamine ligands’(Tatle 14a).

In the IR spectra of the N(CC)SI corplexes (whkere T is
2-methylrercaptobenzimidazole, benzimidazole or 2-methylthio-
2-imidazoline) that have been recorded in nitromethane solution,
the B1 mode is not generally observed. This aprears to be a
resolution phenomenon. A splitting of tlke E mode is also
observed for most of these spectra and tkis can be related
to the asymmetry of the ligands.zl8

The M(CC)SI complexes (KM=Cr, Mo, W) of 2-methylthioaniline
appear to be normal in cyclohexane.

ii) cis-m(co)4;2 COMPLEXES

The spectra of the chelated-ligand complexes of
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TAEIE 14a

(CC) ARSCRPTICKS FCR [}.‘T(_CO)SJHI. CONPLEXES

CONPLEX . A1(II)/cm"1 B, E A, (I) Solvent

[cr(ce) ] etea 2C71(w) 1987(w) 1948(sh) 1926(m) a
1940(s)

[F(co)g], etea 2C76(w) 1988(m) 1945(s) 1927(sh)  a
1233(s)

[cr(co)gmabi].C.5mmbi  2C6¢(w) n.o. 1638(vs) 1883(s) b
1¢27(vs)

W(CO)Smmbi 2074 (w) n.o 1932(sh) 1888(m) b
1927(s)

[cr(co)bi] . 0.5 b1 2071 (m) n.o. 1¢4C(s-sn1887(s) b
1935(vs)

W(CO)sbi 2073(m) n.o. 1927(sh) 1878(m) b
1618(vs)

Cr(CO)smti 2C6S(m) n.o. 1934(vs) 1885(m) b

Ho(CO)smti 2C7¢(w) n.o. 1937(sh) 1888(m) b
1932(vs)

W(CO)Smti 2066(m) n.o. 1624 (vs) 188C(m) b
1920(s-gh)

Cr(CO)Smta 2071 (m) 1984(w) 1245(vs) 1933(vs) a

Eo(CO)Smta 2C8C(w) 1987(m) 1951(s) 1S34(s-sk) a

W(CO)Smta 2C76(m) 1983(m) 1%45(s-sh) 1931(s-sh) a
1241(vs)

NCTES: -~ a = cyclohexane; b = nitromethane,

- W

weak; m = medium; s = strong; v = very;
sh = shoulder

~ n.o. = not observed.

TABIE 14b
W(CC) ABSCRPTICNS FOR M(CO),L, CCNPIEXES

COMPLEX A, (D/en™! A, (11) o B, SCIVENT
cr(ce),etea 2C17(w) 12C5(m) 1889(s) 187¢(m) a
2CC6(m) 1892(s-sh) 1881(s) 1848&(s) b
2C13(m) 1828(s) 1879(s) 1841(s) c
Mo(CC)4etea 2¢1¢(m) 1883(sh) 1901(s) 1845(s) ¢
W(CO)4etea 2CG18(m) 1881(s) 1894(s) 1843(s) c
Cr(C0), ttmp 2014 (m) 15C¢9(m) 1896(s) 1871(m) a
1866(sh)
No(C0), tbmp 2020 (w) 1€13(ms) 19C6(s) 1876(m) a
W(CO)4tbmp 2015(w) 1¢C5(m) 18%4(s) 1874(m) a

NCTES: =~ a = cyclohexane; b = tcluene; ¢ = chloroform.
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2-ethylthioethylamine are normal (Tatle 14b) for cis—N(CC)4L2
corplexes in chloroform.

| In contrast to the spectra cf the N(CC)4etea complexes,
Cr(CC)4tbmp and “(CC)4tbmp (tbmp=2-(3, 3-dimethyl-2-tkiabutyl)-
pyridine) show a shouldeT on thre B2 absorption, but the cther
modes are normal. The spectrum of No(CO)4tbmp is alsc normal
(Table 14b).

Cne possible reason for thre arpearance of tlre 92
shoulder in the spectra of Cr(CC)4tbmp and V(CC)4tbmp, is
that the t-butyl group car have two orientations witl resrect
tc the eguatorial plane. That is, it can be eitker "ur'er
"down", to give two inequivalent conf-rmaticnal isomers.

3.2 FORCE .CCRSTANT CALCULATICKES

i) [K(CC)s]nl CCMPLEXES (n=1,2)

=mmbi, mti : The force constant data can be used
for tle ccmplexes K(CC)SI tc determine whether the ligand is
binding via the tkioether donor cr via one of the hetero-
cyclic nitrogen donors. A comparison of the trans-carbonyl
force constants for these complexes with those of [N(CC)S]Zen
(M=Cr, ¥) and M(CO)Sbi (N=Cr, W) where the ligands can only
bind via nitrcgen donors is founé in Table 15. The results
suggest that mmbi and mti bind to the metal via one of the
heterocyclic nitrogens and not the thioetlrer.

I=mta : A compariscn of Cr(CC)Smta with complexes
containing thioether dcnors (Table 4) suggests that the ligand
is bound via the thioether. However, similar comparisons for
W(CO)Smta (K1=1526 = 3 N.m_1), imply that there may be W-N

interactions in solution as K1 is lower than normal for

W(CO)Bthioether complexes. Ihere is no evidence for this
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TAEILE 15

CCTTCN-KRAIFANZEL FCRCE CCNSTANTS

[1(co) 5] L _CCHFLEXES

COMPLEX K, (N.m"") K,(N.p")
Cr(CC)Smti 1458 1578
[cr(cC)gmmbi].C. Smmbi 1455 1575
t [er(cc)c] en | 1451 1587
Cr(CC)5bi 1443 1584
[w(cc)s] L bmtt 1429 15¢2
W(CC)Smmbi 1456 1575
W(CC)smti 1446 1564
¢ [\’.’(CC)S]Zen 1444 1576
W(CO)Sbi 1444 1567
NCTES: - all spectra recorded in nitromethane solution,
- all errors are ¥ 5 N.m™! in K, and K,

- 3ee Table 4 for mta complexes,
- K1 is tlie force constant of the CGC's trans to L
and K2 is the cis force constant,

t calculated from I.R. data, Ref. 198 .
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suggestion though, in the 1H nmr spectrum of this complex.

L=etea : It might be expected from the IR spectra
that the frans-carbonyl force constants (K1) for [Gr(CC)S]z—
etea (K1=1519 i 5 N.m—1) and [W(CC)S]zetea (K1=1524 i g N.m_1)
will have values at about the mean of those calculated from
the thioether and amine donor data (Table 15) and this is

what is observed.

ii)  eis=N( 00)41;2 CCKFLEXES
L=etea : Cr(CO)4etea, like the bridged-ligand

complexes [M(CO)S]zetea, has a ¥, (1366 * 2 ¥.n71) at aboud

1
the mean of tlhe typical valiues for thioether arnd amine dcrnors
in cyclohexane solution_(Table 9). The spectra for
Mo(CO)4etea and W(CC)4etea could only te obtained in
chloroform and were therefore unsuitable for comparison
with other complexes.

L=tbmp : In contrast to Cr(CO)4etea. Cr(CO§4tbmp
and W(CC)4tbmp have trans-carbonyl force constants
(K1=1385 and 1379 % 1 N.m™! respectively) at values expected
for thioether donors. This implies that the coordination of
tbmp results in a lower electron density at ¥(C) than the
coordination of etea. Such an effect may result from the
lower basicity of the pyridyl dcnor of tbmp and/or enhanced
M—)L T -backbonding in the M(CO)4tbmp complexes, as both
would lead to an increase in K,.

1
Detailed studies on M(CC)SL complexes (M=Cr, W) of

226

amine donor ligands have shown though, that changes in

the basicity of the amine have little effect on K1 and for

W(CO)5L complexes of substituted pyridines, W=—) pyridyl

T -backbonding also has no effect on the carbonyl stretch-

231,237

ing frequencies. The only other mechanism by
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which the electron density at M(0) can be decreased on
coordination of tbtmp, is an increase in M—thioether

T -backbonding. The reason for such an increase is not
readily apparent.

e GENERAL INTRARED DATA

i) Complexes of 2-ethylthioethylamine V(NH)
Absorptions

The spectra were recorded for Nujol MNulls and
then chloroform solutions to determine whether or not hycro-
gen bonding effects influence the frequencies observed in the
mull spectra. The results show tkat there is little difference
between the V(NH) frequenrncies in the two media, except in the
spectrum of the uncomplexed ligand (Tatle 16a).

Except in the case of [W(CO)S]Qetea, the twe
V(NH) absorptions do not undergo significant shifts to lower
frequencies on complexation to N(C), wiere I is Cr, Mo and W,
This is in contrast to the shifts trat are observed for the
same ligand on complexation to Cu(II) (See Section I,Ckrapter 5)
and tc the shifts (50 - 120 cm-1) observed feor some primary

50

amines in their W(CO)SI and V.‘(CC)4L2 complexes.’ The “W(XH)

frequencies for the etea complexes are very similar to those

reported for the complexes [N(CO)S]Zen (k=Cr, W).”"

iy Complexes of 2-methylthioaniline <(KE)
Absorptions

1

H nmr data suggests that the -HHZ group is

not involved in ligand-metal interactions in the K(CO)Smta
complexes and this is coupled with the observation tlrat

there are no significant red-shifts of the W(NH) frequencies.
(Table 16a). Hence although the IR spectra may seem to be

a reliable basis for deciding that the -NH2 group is not
binding in eack of the N(CO)Smta complexes, the studies on

the etea complexes (above) show that this is not so.
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iii) Complexes of 2-methylmercaptobenzimidazole
and benzimidazole.

a) V(NH) Absorptions

There is little or no shift in thke W(NH)
frequencies of the ligands on complexation (Table 16a).
The observations refer to chloroform solutions of the free
ligands and their N(CC)SL complexes (MN=Cr, V) as the V(NE)
frequencies were not observed for Nujol lMNulls of the free
ligands. The implication is therefore, that Cr(C) and %(C)
are not bound to the pyrrole nitrogen of mmbi, but a consid-
eration of the etea complexes suggests that the interpret-
ation of <V(NH) frequency "skhifts" is not a reliable criterion
in carbonyl complexes.

b) Eeterocyclic Ring Absorptions

The characteristic abscrptions (1760-15CC cm_1)
that are observed in Nujol Mulls of these complexes are
presented in Table 16b and it car be seen that ligand
coordination produces little cr no change except fcr a split-
ting of the lowest frequency absorption in the benzimidazole
complexes. The absorptions can probably be assigned as
deformations of the plane of the ring nuclei, by analogy with
the assignments that have been made for imidazole.””

There will also be a weak S(NH) absorption in this regionlSl

iv) Complexes of 2-methylthio-2-imidazoline.

a) -V(NH) Absorptions

There are no red-shifts in these absorptions
(chloroform solution) on complexation of the ligand even
though the force constant data and 1H nmr spectra suggest
N—N coordination. Instead, small shifts to higher frequen-

cies are observed (Table 16a). These observations are in



W(KH) ARSCRTTICNG; DXCC]SJHI and N{CO)412 CCMPT EXES

CCMPIEX/IIGAND ch13 SOLUTLON/cm™! NUJCI MUIL/CE-1

L = etea 338C(s) 3367(vs,br);3304(vs,br)

[cr(co)g] etea 3322(m)

[W(CO)S]zetea 3347(vw); 33C2{ww)

Cr(CO)4etea 3376(m); 3321(m) 3313(m)

Mo(CO),etea 3372(m); 3319(m) 3324(m)

W(CO)4etea 3307(w)

L = mmdbi 3460(m)

[cx(co) gmmbt ]. 0. Smmbt 3467(w)

w(CO)smmbi 3482(w)

L="bt 3485(s)

[cr(co)obi].c.501 3472(w) 3417(s)

w(ce) bt 3454 (w) 3392(w)

L= mti 3431(m)

Cr(Co)gmts 3452(m)

Mo(CO)gmti 346C(m)

0] el 3474(m)

L = mtat 3461(s); 3364(s); [3192(w,br); 3C79(m);
3C3C(m); 3C01(m)]

cr(co) ntat 3472(m); 3387(m); [3co2(w)]

no(co)smta' 338G(br,s); [307C(m)]

W(CO)Smta' 3466(8); 336C(s); [}C74(w)]

NOTES: - br = broad,

t recorded as neat oils.

TARLE 16b

HETEROCYCI.IC RING VIBRATICNS (17CC - 15CC cm-1!

CCNPLEX/LIGAND RING VIBRATIONS (em™') = Nujol Mulls

1 = mmbi 1622(w); 15S2(w); 1498(s)
[cr(co)gmmdi]. 0. Smmbi 1621(w): 1592(w); 1496(m)
w(ce)gmmbi 1617(w); 1595(m); 1494(s)

1 =0bi 1623(w); 159C(m); 1497(w)
[cr(cc)gbi].c.50i 1623(m); 1597(m); 15C3(s); 1497(s)
W(Co) bl 1624(m); 1596(m); 15C2(s); 1496(s)
L = mtil 1554 (br)

cr(ce)gmtd 155C(m)

Mo(C0)gmti 1549(m)

w(CO) mti 1533(m)

1 = tdmp 1593(s)

Cr(CC), tbmp 1602(w)

No(CO)4tbmp 16C4(w)

v (Ce), tbmp 16C0(w)

NCTE: t for mti and its ccmplexes, the abserrtion 18 aasigned

as Vv(C=N) - gee text.

L6C



contrast to the significant shifts tlat are cbserved for

the Cu(II) complexes. of this ligand (this work) and in

some M(II) complexes of other 2-substituted imidazolinesls2
Because extensive intermolecular hydrogen bonding lowers

the free ligand V(NH) frequency in Nujol Mulls, the complexes

show large shifts to higher frequencies for tliis absorption.

b) W C=N)Absorption

In contrast to the Cu(II) complexes of tlkis
ligand, there is a negligible red-shift in tris absorption
on complexation to the zero-valent metals, Cr(C), No(C) and
W(0) (Table 16b) and this effect may be due to these metals
being less positively charged than Cu(IIl) in its complexes.

The absorption was assigned by analogy with
8

the 2-substituted thiazolines.9

v) Complexes of 2-(3,3-dimethyl-2-thiabutyl )pyridine

Complexation of ryridyl ligands is usually
accompanied by a blue-shift of the highest frequency, ring-
stretching absorption (Section I, Chapter 2 ), tut the skifts
that are observed in Nujol MNulls of N(CC)4tbmp (M=Cr, Yo, V)
are not very significant (Table 16b). This absorption is
not readily observed in the carbonyl complexes and this is
due to it being "masked" by the broad and intense carbcnyl
stretching absorptions.

3.4 NUCIEAR NAGKETIC RESCNANCE STUDIES

13C nmr Spectra of H(CCl4etea (M=Cr, No) and etea.

i) 13¢0 Chemical Shifts

The outstanding feature of the spectra (Figure 13)
is the appearance of two trans - 13CO resonance peaks due to
the inequivalence of the EtS- and —NH2 donors in the
complexes. The 13CO resonances are thus assigned by
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FICUER 13

g . 2
C rmr - Cr(00)  eten T
C rary Cr( 24 tea in C6—6

is-C 4 3 21
cis-CO CH3CH23CH2CH2NH2

Cco

=SB

-NH

W o "

- unassigned rescnances are Cl1, €2 and C3,

. — . 5 . 13
- gubscripts =SBt and -hiz imdicate tramss “GL regarances.

66¢C
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recognising trat Ti-backbonding tec EtS- will resvlt in
a shielding of the CC group trans to thLis dcnor.

TAELE 17a
13c0 Chemical Shifts of K(CC),etea (¥=Cr, Vo)

CCNPLEX cis-'3co '3cc trans to Ets- '3cC trans to -NE,

Cr(cc) etea  216.C6 226.45 oo Ile

Ko(CO) etea  2C7.C3 21¢.C5 21¢.5¢
NCTES: - measured in C6D6

- ppm downfield from TNS
Similar spectra have been observed in the study of
some N(CO)4L2 complexes (NM=Cr, W) where I, is a carbene -
204

thio ligand.

i) 13C Chemical Shifts of tke Tigand

Eacl. of the four resonances trat are observed for
the free ligand can be readily assigned (Tatle 17b), but in
the N(CO)4etea complexes, the assignments are not obvious.

Thus only the -SCH29H3 resonance has been assigned (Tatle 17c)

and this appears to become slightly shielded on corrlexation.

TARLE 17D
1 3 . . 4 3 2 IC .
C Chemical Shifts for CH39§25CH2_§2E52
SCLVENT C1 C2 C3 C4
CDC13 - 35.67 4G.86 25.44 14.73
C6D6 oM 41.,3S 25 .58 18 ac2
NOTES: - in CDC1 14N quadrupolar effects broaden the

3,

252
C1 and C2 resonances.

- other assignments based on the spectrum of
bett (Chapter 2), and on known spectra of

primary amines such as EtNH2.253



TABLE 17c

188 Clamileail SYEEGHE. Har ¥(CO), etea

CCNMPIEX C4 OTHER CARBCNS

Cr(CO)4etea 13.47 33.85, 34.41, 42.C4

MO(CO)4etea Ml B:d¥7 33.23, 34.9C 42.37
NOTES: -= measured in C6D6

— ppm downfield from TL'S (and Table 17b)

13¢ nrr Spectrum of W(CC) _benzimidazole
The spectrum was recorded in (CD3)ZCO which meant
that the trans- 13CO resonance could not be resolved at

about 205 ppm. The cis—'3CC chemical shift (198.85 ppm)

|
can be compared with the analogous data for W(CC)SS(CH2)3SCH2

(157 ppm)?®*  and w(cc)504h6s (1¢7.9 ppm) 2°° , where C,E¢S
is 2,5-dihydrothiophene, in the same solvent. The results
are consistent with an increase in the electron population
at tungsten, on replacing a thioether ligand with benzimi-
dazole.

245 NUCIEAR NMACNETIC RESONANCE STULIES

1H nmr Spectra

il Complexes of 2=ethylthiocethylamine

When compared to the free ligand, both the methyl

and methylene proton resonances have shifted downfield on
the formation of [br(CO)5]2etea, but the -NH2 resonance,
which is quite strong in the uncomplexed ligand, was not

observed (Table 18a). There is a broad absorption at about

2.C ppm and this has the appearance of an exchange-broadened

-NH2 resonance, but the solution was decomposing and it is
more likely that this resonance is due to a decomposition

product.
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TADLE 18a
'Y nmr DATA, CCLMTIEXES CF etea

CCNTIEX -CH2§Qﬁ29ﬂ2- —CH3 oNH,
etea 2.35,2.47,2.58,2.7C 1.25t(8) 4.66
[cr(co)],etea 2.52,2.71,2.82 1.414(7) =
Cr(ce), eten ca2.5 (broad) cal .4(broad)
NCTES: = satisfactory spectra were not recorded for the
other complexes,
- sgpectra recorded in CDC13, chemical skifts in ppm
downfield from TMS.
TABLE 1€b
"H nmr DATA, COMITEXES CF mta

CCNFLEX -SCH3 =NH,
mta 2.33 4.21
Cr(CO)Smta 2.65 cad.?
W(CC)Smta 2\ 88 ca3.7
NOTES: - spectra recorded under same conditions as above,

- for Cr(CO)Smta. -NH2 resonance weak, poorly resolved,

- Dboth carbonyl complexes showed weak impurity peaks.

TAPLE 18c
"H ner DATA, CCMNTTEXES CF_mmbi

CCNFLEX -SCH3 -NH- Ar-H
mmbi 2.72 3.(C 7.2
[Cr(CO)Smmbi].(.Smwbi 2.87 ca5.c0(br) 7.5
W(CO)Smmbl 2.91 3.44(br) 7.6
NCTES: - spectra rccorded in (CD3)2CO, chemical shifts in prm

downfield from TMS,

assignment of -NH- resonance confirmed for Cr cemplex

by adding D20 to solution. Resocnance sharpened and

moved upfield.

TAPTE 18&d

"M nmr DATA, CCWFLEXES CF mti

CCMFLEX -SCH, ~CH,= ~NH-
mti 2.40 3.67 3.97d(8)
Cr(ce)gmtd 2.44 3.57d(7),3.56d(7) 4.7¢
Mo(CO)gmti 2.44 3.83d(7),3.594(7) 4.04
V.'(CC)Smti 2.4€
TAPLE 18e
"W nmr DATA, CCMFLEXES OF tbmp

CCMILEX -CH, ~CH,S- -}
tbmp 1.36 3.94 £.554(6)
cr(co), tompt 1.3 4.08 >9
Mol(CO),tbmp  1.33 4.12 8.¢74(5)
w(ce),temnt  1.33 4.20 >0
NCTES(Tables 18d, 1fe):

t  sclutions decomrosing

all spectra recorded in CDC13, cherical shifts
are prm dovnfield fror TVG,

d = dnublet; cruplinr constants are in rarertkeses(Hz).

40}
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EIGERE 14

| - .
H nmr — Aryl ITrotons of mmbi

 UNCOMPLEXED mmbi

8 «— ppm 7

COMPLEXED - mmbi

8 <— ppm 7

>
g

- spectra recorded in (CD3)ZCO.
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The -NH2 resonances were not observed for the
[M(CC)5]21 complexes (M=Cr, ¥) of ethylenediamine and
1,12-diaminododecane, either.”®

ii) Complexes of 2-methylthioaniline

This ligand skows downfield shifts in the —SCH3
resonance, of C.32 ppm and C.56 ppm for Cr(CC)smta and
W(CO)Smta respectively (Table 18b). On complexation of tris
ligand, the —NH2 resonance has moved upfield and it is
considerably weaker and broader than in the free ligand
spectra. The evidence thus suggests that mta is binding via

the thioether donor only.

iii) Complexes of 2-methylmercaptobenzimidazole

Cr(CO)5mmbi and “(CO)Smmbi also show downfield
shifts in the —SCH3 resonance of the ligand (C.15 ppm and
C.19 ppm respectively) however the larger downfield shkifts
of the -NH- resonance (ca 2.0C ppm and C.44 ppm respectively)
indicate that the ligand is probably complexed via one of the
heterocyclic nitrogens (Table 18c). This conclusion is
also supported by the asymmetrical pattern (Figure 14) of the
aryl-ring proton absorptions (and at least two of the peaks
move downfield) in the complexes. The free ligand, in
contrast, shows a symmetrical pattern (Figure 14). A sirilar
asymmetry is also observed for tlhe complexes of benzimidazole.

iv) Complexes of 2-methylthio-2-imidazoline

The non-existence of any M-S interactions in the
corplexes of mti, is conclusively established by a
comparison of the spectrum of the free ligand with the spectra
of these complexes (Table 18d). While the —SCH3 resonance
is not significantly affected, the -NH- resonance moves C.&1

ppm and 0.87 ppm downfield for M=Cr and M=No respectively.
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The -NH- resonance was not observed for k=W and this may be
the result of exchange broadening effects and solubility
problems.

For the free ligand, the methylene protons’
resonance is a single peak but on complexation, four reaks
are observed where M=Cr and MNo. This implies trat the
mrethylene protons have become inequivalent through metal
complexation to one of the nitrogen dcnors.

The 1

H nmr data thus suprorts the suggestion

from the force-constant calculations that 2-methylthio-2-
imidazoline binds to the zero-valent metals, Cr(0), MNc(C),
and W(0), via one of the heterocyclic nitrocgen donors and

not the tkioether substituent.

v) Complexes of 2-(3, 3-dimethyl-2-thiabutyl)pyridine

In Table 18e, it can be seen trat on tre fermation

of the chelated-ligand complexes M(CO)4tbmp, downfield shifts
in the —CHZS- resonance and the resonance of the proton ortho
to the pyridyl nitrogen, result. There are no significant
shifts in the t-butyl protons' resonance.

3.6 ELECTRCNIC SFECTRA

[M(CO)5]nI Complexes (n=1,2)

The spectra are assigned similarly to those of the
bridged-ligand bmtt and bett complexes (Chapter 1). In tke
complexes of mmbi, bi and mti though, M— T*(L) charge
transfer is also possible and in the tungsten complexes of
these ligands this absorption has been tentatively assigned.

il I=etea, n=2.

Even tlrough there are two distinctive M(CO)sl
chromophores in these bridged-ligand complexes, the spectra

are quite normal and there is no evidence of differences
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between the tlioetler and amine donors. The point to note

from.the spectra is that the 1e-—-)2a1 charge transfer
transiticn of both complexes (}=Cr,W) lies in tke region
more appropriate for amine donors than thioether donors.

The spectra and their assignments are skown in
Tables 1%a (M=Cr) and 1Sb (N=V) resrectively and a comparison
of the 1e-—--)2a1 cltarge transfer transiticns of theE{(CC)E]nI
complexes that are the subject of tzis chapter, togetler
viith other data from the literature, can be found in Tatles

6a and 6b respectively (Chapter 1).

ii) L=mta, mmbi, mti (n=1)

I=mta: The 1e——-)2a1 charge transfer absorptions
for Cr(CO)Smta and W(CC)5mta are similar to those of
[Cr(CO)S]zbmtt and [W(CO)S]zbmtt (see ClLapter 1) respectively
and these observations prcvide additional evidence fcr a
CH3S—4 M bonding mode in the complexes. The spectra for tlLe
M(CO)Smta cemplexes (M=Cr, Mo, W) and the tentative assign-
ments that have been rade, are shown in Tables 1€a (NM=Cr),
1€b (N=%) and 1¢c (M=No) respectively.

L=mmbi: The similarities btetween the spectra of
Cr(CC)Smmbi and W(CO)Smmbi, and their respective, analogcus
complexes of benzimidazole (Tables 1€a, 1Sb), support tke
infrared and nuclear magnetic resonance data for nitrogen—
¥(0) bonding in the complexes of mmbi. Further weipht to
this evidence is lent by tke assignment of a W — ﬂ*(l)
charge transfer transition at about 33C nm for both W(CO)Smmbi
and W(CO)Sbi. This medium intensity absorption is also
observed for W(CC)Smti, but not for W(CC)Smta or any of the
bridged-ligand complexes of bmtt, bett and etea. Tlis

assignment is supported by the assignment of a similar



TAPIE 1Ca

ELECTRCNIC SPECTRA - [ur(cc).] L CCMTIEXES

CCMPLEX AFSCRPTICN (nm)  €(1.mel.”'em™') ASCICMMENT
[Cr(C(‘);]zetea ca 256 2666C

332(sh) 3588

412 AE2€ 1e—)2a]/d—d
Cr(CO)smta 214

3Cz

437 le=2a, /d-d
[cr(co)cmebi].C.5mmbi 4C6 3124 le=2a, /d-d
[er(cc)bi].c.5ms 25¢ 16212

271 (sh) 14622

27¢ 12318

4C% 2€1€ 10—02&1/d—d
Cr(CC) mti 256 2152¢

407 pCCE le=2a, /d-d

£0€



CCVPLEX

TAEI

E_1¢cb

ELECTRCNIC SPECTRA - [W(CC)/] I CCMPLEXES

APSCRETION(nm) €(1.mol."'em™!) ASSIGNNEMT
[w(co)g],etea ca 26C 15ST1
291(sh) 5058
39¢C 4620 1e-02a1
3¢7(sh) 4547 d—a (s—3s)
43C(sh) 905 d—d (s—t)
W(CO)smta ca 25C
ca 295
3c4
392
I’(CO)smmbi 257 21818
288 11405
331(sh) 1959 d—n* (1)
392 3140 1e-*2a1/d-d(s-a)
423(sh) 826 d—a (s—t)
W(CO)gbi 258 18125
268(sh) 1C417
279 197
281 4333
324 1604 d— n*(1)
395 2799 1e-42a1/d-d(s-s)
426(sh) 792 d—d (s—t)
%(CO)gmti 258 2C516
283(sh) 6242
336 1621 d— m*(1)
3c8 33N 1e-+2a1/d—d(s-s)
432(sh) 1C40 d-d (s-t)
TARIE 1%¢
ELECTRCNIC SPECTRLK CF ¥o(CC) mta
ABSORPTION(nm) €(.mol."'em™!) ASSIGNNENT
243 ca 15C37
3C9 ca 4889
ca3és ca 350 1e=2a,/d-d
NOTES: (For Tables 1%, 1%b, 19c)

all spectra were recorded for Abs. EtCH solutions,

sh = shoulder; extinction coefficients are approximate,

(s—s) denotes a singlet—singlet transition,

(s—1t) denotes a singlet—triplet transition,

solution of ).'.o(CC')Smta was decomrrosing.
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TABLE 2C

ELECTRCNIC SPECTRA FCR M(CO)422 CCNPLEXES

L, =etea L,=tbmp
VETAL ABSORPTION(nm)  €(1.mol. 'em™') ABSCRFTICH €
CH 244 16711 341 5578
338 4578 372 5167
425 13€3
Mo ca 242 15615 3C3 8Cac
ca 264 16577 362 5678
3G5 €c42
e 1673
W ca 260 12586
301 5216
3eC 1284
41C(sh) 535
NOTES: - all spectra were recorded for Abs. EtCH solutions,

- sh = shoulder; extinction coefficients are aprroximate.

60¢€
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absorption for W(CO)Spyridine at 334 nm.?
I-mti: The spectra of Cr(CC)Smti and W(CC)Smti
(Tatles 1% and 1Sb) surgest tkat the thLiocether substituent
of this ligand, like mmbi, does not particirate in I-N(C)
bcnding. It is probatle that Mo(CC)Smti (Table 1Sc) is

similar to its chromium and tungsten analogues.

cis-}-‘(CQ)4L2 CCNPLEXES (L,=etea, tbmp)

The spectra are reccrded in Tatle 2C, btut as cutlined
in Chapter 2, specific assignments can not be made as jet.
It is interesting to observe though, that tre visitle
maxima for the etea complexes (N=Cr, Mo) are at lower
energies than the same abtsorptions for the tbmp complexes.
The visible maxima of tke latter complexes are very similar
to those of the bmtt and bett chelated-ligand complexes that
were discussed in Clrapter 2.

3.7 REACTIVITY STULDIES

CCNPLEXES OF 2-ETEYITHIOETHYIAMINE

These studies investigate the stability of [W(CC)S]Zetea
under reflux conditions and the stability of etea towards
displacement by triphenylphosphite from [W(CG)5]2etea and
W(CO)4etea. The experiments were monitored by infrared

snectroscopy .

i) Reflux EW{CO}5]2etea in cyclohexane

After about 5 minutes of refluxing, tlke ccnversion
to the chelated-ligand complex is almost complete, although
even after 15 minutes, a small amount of a pentacarbonyl
complex is still present. The identity of this pentacarbonyl
complex is not clear. The spectra are dominated by an intense

absorption, due to W(CO)6, at 1986 cm~1

310
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Hence [W(CC)S]zetea — w(cc) + W(CC)4etea,
under gentle reflux conditions.

ii)  Reflux [‘JE(CC)S]zetea in presence of excess P(CPhL)

3

In cyclohexane solution after 5 Lcours of reflux-
ing, the initially yellow sclutior is almost colourless.

The interpretation of tke infrared spectra (Fifure 15) is
not as readily arparent as fcr the analogous experiment witl
[W(CC)S]zbett (Chapter 1).

The following points can be noted thougl:

a) there is no apparent thermal conversion of
[W(CC)S]zetea to W(CO)4etea as observed in the above
experiment. In the reaction of [V.'(CC)S]zbett with P(CPh),,
some of the chelated-ligand ccmplex was formed initially
(Chapter 1).

b) the changes in the strong atscrption at
about 1934 cm—1 during the refluxing, suggest that in the
initial spectra the species that is responsible for this
absorption is different than the species that gives rise tc
the absorption after 5 hours. The latter species arpears
to be cis-W(CC),[P(OPh);], (see below) wkile the former

ould be an "intermediate".

iii) Reflux W(CO)4etea in presence of excess P(CPh)3

In both cyclohexane and benzene, the conversion
of W(CO)4etea to cis-W(CO)4[P(OPh)3]2, in the presence of a
ten-fold excess of triphenylphosplite, can be followed
relatively easily by infrared spectroscopy. For the cyclo-
hexane solution, the presence of cis-\‘.‘(CO)4[P(CPh)3]2 was

indicated after only five minutes of refluxing. The clanges

over a period of 3C, 4C and 6C minutes can be followed in
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Species

I

Stecies

I

8ili3

Key to Firure 165

Identity

wic0d

\u(cc)gr(cyh)3
[W(CC)Q]Zetea

cis-1(c2), [F(ern),y],

Key to Fisure 16

Identity
h(CL)4etea
i o= : T(CTh) »
cis-u(c0), [reern) ],

v"l (C':'\)‘

6

Both reflux experiments were carried out in

cyclohexane.
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PICWRE, 1.6

IR Spectra - Reflux '\'.(Cf-’_}‘,lretea T.ith Excess I‘(CT}*;)B

1983 i

40 MIN.

60 MIN.
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Figure 16 and it can be seen that the absorption at 1¢36 cm

is guite broad in comparison to the narrow band tlat was
observed (Figure 15) in the initial stages of refluxing
[w(cec)g) etea witr F(OPh),.

In an experiment where a sligl.tly greater than 1:1
ratio of P(CPh)3 to W(CO)4etea was refluxed in cyclohexane,
a sirilar conversion was observed. These exreriments do
not prcvide any insight thougl, into tle nature of the
postulated "intermediate" that was "observed" on refluxing
[ﬂ(CC)S]zetea and excess P(CPh)3 in cyclohexane.

CCMNFIEXES CF mta AND mti

Attempts were made to isolate the HBr salts of Cr(CO)Smta,
W(CC)Smta and Cr(CC)Smti, but althougl. reactions were
observed, the products were unstable and cculd not be
characterized.

3.8 NASS SEZCTEA CF M (CO).mta (M=Cr, ko, W)

5
Although these ccmplexes could not be isolated

analytically pure, tlie mass spectra of the oils tlhat were
ilsolated from the reactions of K(CC)STHF witk mta provide
additional evidence for the identity of tke principal
components of these oils.

The identities of the complexes Cr(CC)Smta and

Fo(CC).mta were confirmed by the detection of the moleculiar

ions [Cr(CC)5mta:|+ and [MO(CC)Smta]+, while the mass spectrum

of W(CO)Bmta sl.ows only a weak feature that can be attribut-

ed tx>B(CC)5mta]+. A stronger feature is observed at
my

then, that volatilisation and electron bombardment provide

e = 435 and this corresponds to [W(CC)4mta]+. It appears

sufficient energy to convert W(CO)5mta to H(CC)4mta, but this

could only be achieved to a very limited extent by refluxing

1
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“(CO)Smta in cyclohexane.
There are no peaks in the spectra of Mo(CC)Smta and
W(CC)5mta that can be attributed to [II(CC),-/.]+ (N=No, W) or

[W(CO)E]+ in the latter spectrum.
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SYNTHESES
The same general phctochemical method tlrat is used
for the syntheses that were described in Chapter 2, is

also used here.

1) CCITIEXES CF 2-ETEYITEICETLYLANINE

Decacarbonyl:y-(2-ethylthioethylamine)dichrcmium(C)

The ligand (2 mmole, C.21C g.) was added to an
irradiated solution of 4 mmole of Cr(CC), (C.EEC g.).
After allowing the solution to react for 1(C minutes, the
solvent was removed in vacuo. Excess Cr(CC)6 vwas sublimed
from tlie yellow residue overnight and then tihe residue was
extracted into benzene. The solution was concentrated,
cooled and cyclohexane was added to precipitate an oil trat
contained toth tetra- and pentacarbonyl complexes. The
solvent was removed from the supernatant and a crystalline
pentacarbonyl complex was precipitated from a cyclohexane
solution of the residue. The [Cr(CC)S]Zetea was recrystall-
ized from benzene by the addition of cyclohexane.
[Cr(CC)S]zetea was also precipitated from a cold benzene
solution of the above o0il, on adding cyclohexane.

Both samples were waslked witk cold cyclohexane after
filtering and dried under vacuum.

YIEID : C.177 g. (18%)

Decacarbonxliy-§2-ethy1thioethxlamine)ditungstenLC)

1 mmole of the ligand (C.1C5 g.) was added to an
irradiated solution of 2 mmole of V.'(CO)6 (C.7C4 g.). The
sclution was allowed to react for 10-1% minutes before the
sclvent was removed in vacuo. Excess V.'(CO)6 was sublimed

from the residue, which was subsequently extracted intc tenzene.

Trhe yellow crystals of [ﬁ(CC)S]Zetea precipitated from a
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benzene-cyclohexane solution that had been left at 4OC
.overnight. After filtering, these were waslhed with cold
cyclohexane then dried under vacuum.

YIEID : C.312 g. (50%)

Tetracarbonyl(2-ethylthioethylamine)chromium(C)

After the addition of 3 mmole of etea (C.316 g.) to
the irradiated solution of 3 mmole of Cr(CC)6 (A.B86C 5.,
the irradiation was continued for a further ¢C minutes. The
THF and excess Cr(CC), were removed in vacuo and the
crystalline residue was extracted into benzene. The solution
was concentrated until the onset of precipitation and then
cyclohexane was added and the mixture croled. The yellow
precipitate was filtered off and washed witl cyclohexane.

YIEID : C.51C g. (63%)

Tetracarbonyl(2-ethylthiocethylamine)molybdenum(C)

The same procedure as for Cr(CC)4etea was followed
using 3 mmole of etea (C.316 g.) and 3 mmole of No(CO)6
(C.7¢2 g.). No(CC)4etea was precipitated out of a concentrat-
ed benzene solution by adding a small quantity of cyclohexane
and then cooling the solution.
YIEID : C.667 g. (71%)

Tetracarbonyl(2-ethylthioethylamine)tungsten(O )

Pale yellow W(CO)4etea was synthesized by the samre
prccedure as Cr(CO)4etea and No(CC)4etea. 2 mmole of etea
(C.21C g.) and 2 mmole of V.'(CO)6 (C.7C4 g.) were used.

YIEID : C.581 g. (72%)
2) CCMPLEXES OF 2-(3,3-DIMETEYL-2-THIABUTYL)PYRIDINE

TetracarbonyLL,2—(3,3—dimethy1-2—thiabutyl)pyridine]-
chromium(C)

The ligand (2 mmole, C.363 g.) was added to the irrad-

iated Cr(CO)6 (2 mmole, C.44C g.) and the irradiation



8@

continued for €C rinutes. The solvent was removed in vacuc,
tle residue extracted intc benzene, then the solution
concentrated anéd n-hexane added to crystallize the yellow
complex. The Cr(CC)4tbmp was recrystallized from lot
n-hexane containing a small amount of benzene and tfre
needle-like crystals were filtered off and dried under
vacuum.

YIEID : C.316 g. (46%)

Tetracarbonyl [2-(3,3-dimethyl-2-tkiabutyl)pyridine]-
molybdenum(O)

2 mmole of ligand (C.363 g.) and 2 mmole of No(CC)6
(C.528 g.) were used as for Cr(CC)4tbmp. The tbmp/No(CC)6
/THF sclution was irradiated for cnly 6(C minutes and then
Ko(CC)4tbmp was isclated and recrystallized as fecr Cr(CC)4tbmp.

YIEID : C.4S2 g. (63%)

Tetracarbonyl_LQ—(3,3-dimethy1-2-thiabutyl)FYridine]-
tungsten(C)

The initial procedure was tre same as for Cr(CF)4tbmp
using 2 mmole of tbmp and 2 mmole of W(CO)6 (C.7C4 g.). The

removal of the THF left an oily residue that contained a

black decomposition product. Tkis was removed by adding

n-hexane to the benzene extract then filtering the cloudy

suspension through Kieselguhr. The orange filtrate was

concentrated and filtered then hexane was added. The

solution was cooled to precipitate W(CO)4tbmp whkich was

recrystallized from benzene as for Cr(CC)4tbmp and No(CC)4tbmp.
YIEID : C.248 g. (26%)

3) CCNPLEXES CF 2-METHYITHIC-2-INIDAZOLINE

Pentacarbonyl(2—methylthi0#2—imidazoline)chromium(O)

3 mmole of mti (C.34S g.) were added to 3 mmole of

irradiated Cr(CO)6 (C.66(C g.) when the THF was removed and



320

the residue extracted into benzene-pentane. Tlilis solution

3

was concentrated to about 2 cm~ and pentane was added to
precipitate yellow Cr(CC)5mti. The product Qas filtered,
washed with pentane and recrystallized from THF.

YIEID : C.534 g. (58%)

Pentacarbonyl(2-methylthio-2-imidazoline)molybdenum(C)

In tlkis reaction, 3 mmole of mti and 3 mmole of
I\Zo(CO)6 were used as in tre preparaticn of Cr(CO)Smti. The
residue that remained after removing the THEF was unstable in
acetone, does not extract into benzene-pentane and in pure
benzene, it has a low solubility. It was however, extracted
into benzene, the solution filtered throug: Kieselguhr,
concentrated and filtered again. The solution was ccncen-
trated further tc about 1C cm3, cooled and pentane was
added to precipitate light yellow No(CC)Bmti. The product
was filtered, washed with pentane and dried beiore
recrystallizing from THF.

YIEID : C.382 g. (36%)

An unsuccessful attempt was made to convert Mo(CC)Smti
to NO(CC)4mti by refluxing the pentacarbonyl complex in THF
for an hcur. There was no infrared evidence for the formation
of any Mo(CC)4mti.

Pentacarbonyl (2-methylthio-2-imidazoline)tungsten(0)

This was isolated from an unsuccessful attempt to
synthesize the bridged-ligand complex [W(CO)S]zmti using
2 mmole of v«(co)6 (CG.7C4 g.) and 1 mmole of mti (C.116 g.).
The solution was allowed to react for 5 minutes after
adding the ligand to the irradiated V.(CC)6 solution and then
the solvent was removed. The pentane-insoluble residue
was extracted intc hexane-benzene (5C:5C). The solvent was

removed (in vacuo) from the extract, tke residue dissolved
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in acetone and the mixture filtered to remove excess M(CO)6.

- An impure product was isolated from this acetone solution
and so it was purified on a silica-gel column, using an
acetone eluent. The column fraction was taken to dryness
and the residue put under vacuum for 24 hours. An infrared
spectrum showed that the W(CO)6 had been removed from the
W(CC)Smti.

4) CCLPLEXES CF 2-NETHYILNERCAPTCBENZINILDAZCLE

Pentacarbonyl (2-methylmercaptobenzimidazole)chromium(C).

0.5[?—methvlmercantobenzimidazole]

A THF sclution of the ligand (3 mmole, 0.493 g.) was
added to 3 mmole of irradiated Cr(CO)6 (0.66C g.). The
solvent was removed, the residue extracted into acetone and
the sclution concentrated. A precipitate wlkicl arpeared
dissolved on adding benzene. This solution was filtered
concentrated and petroleum ether added to precipitate a
yellow powder which was filtered and washed with benzene.

YIEID : 0.656 g. (75%)

Pentacarbonyl(2-methylmercaptobenzimidazole)ﬁungsten(C)

A 1:1 ratio of mmbi to W(CO)6 was used as for the
chromium ccmplex. After the THF was removed, the residue
was extracted with benzene and then the benzene insoluble
residue was extracted into acetone. While the benzene extracts
contained both pentacarbonyl and tetracarbonyl complexes,
the acetone soluble fraction consisted mainly of W(CC)Smmbi.
The impure product was recrystallized twice from acetone
solutions by the addition of cyclohexane.

An attempt was made to convert a sample of W(CC)Smmbi
to W(CO)4mmbi by irradiatiﬁg it in THF for 2 hours, but thkis

was unsuccessful.



5 COMPLEXES OF BENZIMIDAZOLE

Cr(CO)5bi and W(CO)Sbi were first reported by.Beckf
Weis and Wieczorek 2" who synthesized the complexes
using the same photochemical techniques that have been
described herein (see Appendices). The preparations that
were used for this work differ in content thougl. and in
the synthesis of the chromium complex, [Qr(CC)5b;]-C.5bi

was isolated instead of Cr(CO)Sbi as reported by
Beck et al.

Pentacarbonyl(benzimidazole)chromium(O0).
0.5[benzimidazole].

3 mmole of the ligand (0.354 g.) in THF were added
to an irradiated solution of 3 mmole of Cr(CC)6 (0.66C g.)
The THF was removed, the yellow crystalline residue extract-
ed into benzene and the solution concentrated. An impure
product was precipitated by adding cyclohexane to the
benzene solution. It was therefore dissolved in acetone,
thhe solution was filtered and cyclohexane-pentane added. A
yellow precipitate arpeared when the sclution was cooled
anc this was filtered, washed with cyclohexane and pentane,
then dried in vacuo.

YIELD : 0.581 g. (78%)

There is little change in the analvses for this complex

on further recrystallization from THF.

Pentacarbonyl(benzimidazole)tungsten(0)

The same procedure as for [Cr(CO)Sth.O.Sbi was
initially followed, using 2 mmole of ligand (0.236 g.)
and 2 mmole of W(CO)6 (0.704 g.). Yellow crystals were
precipitated by adding cyclohexane to a concentrated
benzene solution of the residue. These were filtered,

washed with pentane and recrystallized from benzene.
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YIEID : 0.725 g. (82%) - before
recrystallization

6) SYNTHESIS AND CHARACTERIZATION CF COMPLEXES OF
2=-NETHYLTHICANITINE

The analytically pure complexes M(CO)5mta (M=Cr,No,W),
could not be isolated because of their reluctance to form
crystalline products and because they rapidly decompose
on silica-gel columns. Their existence and nature was
however, inferred from IR, 1H nmr and mass spectral studies
(this chapter) and the investigations that are described
in the following sections.

Pentacarbonyl(2-methylthioaniline)chromium(O0)

After the ligand (3 mmole, 0.418 g.) had been added
to an irradiated solution of Cr(CO)6 (3 mrole, C.66C g.),
the THF was removed and the green-yellow residual oil was
extracted intc n-hexane. A yellow o0il de posited on
removing the solvent from these extracts. The oil was
"dried" for 20 hours under vacuum, but tlke analyses
approximate those required for [Cr(CO)Smta].O.S(C6H14)
Calculated for [Cr(C0).mta].0.5(CgH ) : C 48.12%; H 4.30:N 3.74
Found - 48.90 ; 4.03; 3.69
An unsuccessful attempt was made to synthesize Cr(CO)4mta
by irradiating Cr(CO)Smta in THF.

Pentacarbonyl(2-methylthiocaniline)molybdenum(C)

The same method as for the chromium complex was
followed using 3 mmole of the ligand and 3 mmole of No(CO)6
(0.792 g.). A brown precipitate separated with the yellow
oil, but it was carefully removed by dissolving in hexane.
The presence of some Mo(CO)6 was indicated by the IR

spectrum of the yellow oil.



Pentacarbonyl (2-methylthioaniline)tungsten(C)

This was prerared by the same method as for the
chromium and molybdenum complexes using 2 mmole of mta
(0.279 g.) and 2 mmole of W(CC), (C.704 g.). A cloudy,
yellow oil was isolated from the n-hexane extracts.

In a second preraration, a light yellow solid
(MP. 7C - 72°) was isolated and this returned Carbon and
Hydrogen analyses corresponding to those required for
[#(co)cmta]. 0. 25(nexane).

Calculated farEKCC)Smt%.O.ZS(hexane): @ 33.4574. H 2556

Found . 33.158 3 2.75

Further characterization of W(CO)Bmta

i) After 1C minutes of refluxing W(CO)Smta with
a ten-fold excess of P(CPh)3, all of the mta had been
replaced by P(OPh)3. An IR spectrum of the reaction
products in chloroform prcvides good evidence fcr this

conclusion.

Reaction Products :2084(s)3;12S5(sh)3;1267(sh):
1852(vs

Iiterature W(CO).P(OPh).(Ref 291 ):2088(s);1927(sh);1268(sh);
> 3 1255(vs)

The observed formation of W(CO)SP(OPh)3 is in itself, good
evidence for the existence of a W(CO)Smta complex.

ii) W(CO)5mta was refluxed in a cyclohexane and this
forced the formation of a small quantity of a tetracarbonyl
complex, but the intensities of the IR absorptions after

8 hours of refluxing were the same as they were after 1 hour.
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TABLE 21

MISCELLANECUS PHYSICAL DATA

COMPLEX COLOUR ¥.p/°C ANALYSES: Calc.(Found)/%
€ H N S
[cr(co)g] etea yellow 72-175 34.37 2.27 6.55
(34.27) (2.95) (6.12)
[w(c0);],etea yellow 83-84 22.34 1.47 4.26
(22.55)  (1.65) (4.99)
Cr(CO)4etea yellow 1M14-117 35.69 4,12 11.91
(35.76) (4.C9) (12.38)
Mo(CO)4etea yellow 117-118 3C.68 3.54 10.24
(3c.52) (3.58) (1€.18)
W(CO)4etea pale yellow 150-151 23.95 2.76 7.99
(23.21) (2.91) (8.47)
Cr(CO)4tbmp yellow 125-127 48.69 4.38 4,06
(48.98)  (4.67) (3.94)
Mo(CO)4tbmp yellow 134-136 43,19 3.88 3.60
(43.59) (3.91) (2.59)
W(CO) , tbmp yellow 169-17C 35.24 3.17 2.%4
(35.57)  (3.29) (2.89)
cr(co)gmts yellow dec. > 100 35.C7 2.62 9.09
(35.38) (2.68) (9.09)
Mo(CO)smti pale yellow dec.125 3G.69 2.29 7.96
(30.84)  (2.36) (8.94)
w(co)smu yellow-orange dec.167 24 .56 1.83 6.37
(24.83) (2.22) (6.78)
[cr(co)gmmbi].0.5mmbt  yellow > 230 46.517 2.76 9.59
(46.6c)  (3.17) (0.22)
W(CO)smmbi pale yellow 167-169 31.98 14165 5.74
(32.03) (1.56) (5.71)
[cr(co)gbi].0.5b1 pale yellow dec.104 50.42 2.46 11.38
(49.93)  (2.85) (11.25)
W(CO)S'oi yellow 146-15C 32.61 37 6.34
(32.91)  (1.27) (5.91)

CEE |
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THIQETHER INTERACTICNS

Y ITH

ZERC=VALENT INETATS

A) ARYL THICETHEE ANL AIEYI THIOETHER IIGARDS

The [K(CG)5]21 complexes (where b = Cr, W and I = mtt,
bett) that were characterized in this study are the first
examples of bridged-ligand, Grour VIE metal carbcnyl
complexes of dithiocetlrer-sutstituted, tenzene-related
ligands. This type of complex was rot reported in an
earlier study on the Croup VIR metal carbenyl complexes of

1,2-bis(methyltkio)benzene. "’

Tre formation of toth
tridged-ligand and chelated-ligard (K(CC)412 where " = Cr,l0,
W and 12 = bmtt, tett) complexes demcnstrates the flexibility
of tlese ligands towards transiticr retal cocrdinaticn.
Similar behaviour is otserved for cther dithioether ligands

(suck as the RS(CH2)nSR lifands; see Tatle 1).

| Interpretation of Electronic Spectra

The electronic sjectra of the [K(CC)B]nI comrlexes
of the aryl thioether ligands tmtt (n=2), bett (n=2),
m-tmtb (n=2) and mta (n=1), are consistent with the N-S
(thioether) bonding teing weaker than in arnalogous complexes
of alkyl thioether ligands such as RSCH2CH2SR (where R = t-Ru,
Et). Similar differences hetween thre tridged-ligand complexes
of RSCH2CH28R where R is p—XC6H4 (X = NO

and where R is t-Pu'

5»C1,H, e, OI‘.fe,ITI{.e2)

19 . L
4 are also aprarent on examining

94

the electronic spectral data for those complexes.
Trie electronic srectral results suggest that, in
general, aryl tlioether ligands [and rhosphine sulphides

such as SPNe3 and SP(me2¢)] have net o-donor/ T-acceptor
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bonding characteristics similar to tkcse cf Leterocyclic and
alkyl amine ligands.

The electronic 1e—+ 2a, C.T. transition (see
Charter 1, Section II) cf Cr(CC)SSPI.’e3 occurs at energies
similar to those of the [Cr(CO)S]nl corplexes of aryl
trioetker ligands (see Tatle 6, Section II) such as btrtt,
bett, pte, nte (all n=2) and mta (n=1). ThLis sugfrests tlat
the overall strengths of the individual Cr-S tends in all
c¢f these complexes are similar, and that thke Cr-S tond(s)
w111 te comparable in length to the Cr-S tond (2.510(2) A)

227

of Cr(CC)5SPre Trat is, they shkoulc be longer tkan

3
in Cr(CC)cS(Et)CE,FL 203 (2.458(2) E), for which the

J
1e-—’2a1 C.T. transition enerfies are similar to tlose of
thre [Cr(CC)c]nl (n=1 or 2) coryplexes cof other alkyl

thioether ligands (see Tatle €, Section LI). Similsr

predictions are aprlicable to the [%(CC)S]HI complexes of aryl

thioetlrer ligands.
In the atsence of knowledge atout the electroenic

srectra of M(CC)412 corrlexes (see Chapter 2, Section II),

it can not be said with any certainty that similar predictions

apply to these complexes. Tlat is, it car nrot he argued that

the bonding behavicur of a specific bidentate ligand (e.g.

tmtt,bett,o-tmtt,dto) will necessarily be similar in botk

its btridged- and chelated-ligand complexes. For example, in

its chelated-ligand complexes, a ligand may act as a better
TI-acceptorzz] (compared to its bridged-ligand comrlexes),

simply because there is one less cartonyl group competing

for the metals T-bonding, d-electrons. This means that

although aryl ditkioethers may exhitit weakened N-S bonding
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in their [N(CC)5]21 complexes (comyarecd to alkyl
dithioetlers), tris rmay not be apparent in their chelated-
ligand complexes. Thkis point ies evident from a cormparison
of the crystal structures of u(CC)4o—bmtb‘” and

u(cc)4(t-EuS(CH2)nSt-Bu)’°°

where n=2 and 3. In fact,
for the former cecrplex, the %-S bonds (mean 2.52(2) £) ray

actuvally te slightly skeorter that in the latter complexes

(n=2, mean W-S = 2.562(5) & and n=3, mean Ww-S = 2.578(5) X.).

llowever, the cdifferences are not statistically significant
anéd there is the possibility that steric interactiocns ray
lave an effect cn the W-S bonding in tlLe latter ccmplexes.

ii) Torce Ccnstant Calculations

The informatior provided ty the fcrce constant
calculations for the cormplexes of thicether ligands other
than C6F5SEt is more difficult tc interprret. TFor the
chromium complexes (Tabtles 4 and Ct) tlhere do not aprear
to be any major differences between the net T-acceptor/ o-
donor bonding cl.aracteristics of the sulphur atoms in
2lkyl thioether ligands (e.g. dto, bms, S(Et)CHZPh,S(Et)Q)
and aryl thioether ligands (e.g. tmtt, bett, o-bmtb, mta,
S(Ph)z) where RS- is adjacent to an aromatic Ti-orbital
syster. Iowever, for the tungsten comrplexes (Tatles 4 and
Cb) there dc appear to be some differences, especially
in the W(CC)412 complexes. ThLe aryl thioether ligands
generzlly arpear tc be better T-acceptors and/or weaker

o -donors. It is not clear why such differences are more
significant in the tungsten complexes. Factors such as

energy differences between the M(C) d-ortitals and the

acceptor/doncr orbitals on the sulphur atoms, will be
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important in determining net M S overlap.

iii) Ceneral Ccnclusions

Cver all, the results of these spectroscopic studies

[and those of other authors]m'198

tend to suggest

trat aryl thioether ligands are poorer o -donors and, in
general, may act as tetter T-acceptors (particularly

in chelated-ligand complexes) thkarn alkyl thiocether ligands.
These conclusions 2re in agreement with the recently
putlished results for a study on the electronic spectra of
some Pt(II) and FTA(II) complexes of aryl thioether and
alkyl thioether ligands.'’

The poorer o-donor atility of aryl tlioether ligands
probabtly arises from delocalisation of the sulphur lone-pair
electrons onto adjacent T -ortital systems (i.e., ns/ﬂ
conjugation). These eifects are enhanceé by the presence
of electron-wiihdrawing substituents. Thotoelectron
spectroscopic studies for ligands such as 1,4-bis(methylthio)-

tenzene, methylthiobenzene and 2-methy1thionaphthalene]BL

188,269 have shown this delocalisation to be real. It can
also be used to explain the photoelectron spectra of tmtt,
bett and m-bmtb (see Chapter 7, Section I).

It was concluded (This V.ork) from the spectroscopic
properties of the Pt(II) and FA(II) complexes of
1,2-bis(pentafluorophenyltlrio)etkane and ethylthiopentafluoro~-
benzene (Pt(II) only), that the T -component of the M-S
(thioether) bonding is probably of only minor importance to
its net strength. Other workers have come to similar

249,266

conclusions and further suprport for these

conclusions is lent by the studies on the }N(CC):.1 complexes
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of C6F58Et. Eence althoufgh it is aprarent from

force constant caculations that the T -—-component of the

N-S bonding (M = Cr, V) in these complexes is significantly
greater than for other thioether ligands, a decrease in

S=N o -donation (due to electronegativity effects) results
in the complexes being quite unstatle.

Trhis study has showr that substituent effects can
influence the T -zcceptor/ o -cdonor rrcrerties cf tlioether
ligands. Tre effects are manifested in the spectroscceric
and ckemical rrcperties (e.g. the unstable nature of tke
M(CO)5C6F5SEt complexes) of their Crcup VIB metal cartcenyl
complexes.

B) MIXED (TEICETHEEE)S-N LIGAKIS

The bridged and chelated ligand complexes of etea
ané the chelated-ligané corplexzs of ttmp, are the first
examples of these types of Group VIE metal carbonyl complex
involving sulphur-nitrogen donor ligands. Similar bridging
and clielating roles have been observec in the metal carbonyl
complexes of phosphorus-nitroger (e.g. 2-(diphenylpkosphino-

248

amino)pyridine ) and phosphorus-sulrhur ligands (e.g. (Ph)f-

PCH,CH,Ske* ).

In the infrared spectra of the [M(CC)S]zetea
complexes, averaged carbonyl stretching atsorptions are
observed. That is, thkere is no splitting of the carbonyl
stretching absorptions as a result of bonding differences
between the S(thioether) and N dcnors at the respective
N(CC)5I centres. The infrared spectra for the complexes of

2-(diphenylphkosphinoamino)pyridine and (Ph)2PCH20H28Ke are

similar in this respect.
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For the ligands mti and mmbi, these studies have
provided conclusive evidence for the preference of N-N
interactions (over VM-S interactions) in their N(CC)5I
complexes. In transition metal complexes of imidazole and
benzimidazole, the ligand almost invaria®ly tinds via the
pyricéine nitrogen and not the pyrrole nitrogen (—NH—).l53
The latter will only tincd if the proton is removed. Tlere is
no reascn to susrect trat mti and mmti are ary different in
this resrect. There is no indication, from the spectroscopic
results, tlat N-S(thioether) interactions exist in the
corplexes of mti and mmbi with the zero-valent Crour VIR
metals. These results are thus in general agreement with
tke interrretation of the spectroscopic data fcr the Cu(II)
complexes of these ligands. (Cu(Il)/mti complexes, see
Crharter 5, Section I; Cu(II)/mmbi complexes, Kef.148 ) and for
a Co(IL) complex of mti (Ckapter 5, Section I).

From a consideration of the Fearson classificatiorn of
acids and bases,6 it may be intuitively expected tlLat
Cu(IIl) would prefer to bind to one of the heterocyclic
nitrogens of mti and mmbi. Similar reasoning would suggest
that the "soft" zero-valent metals (Cr(C), No(O), W(C))
would prefer to bond to the "soft" thioether sulphur in
these ligands. That this expectation is not observed
may suggest trat:

i) Steric considerations are important in
determining the nature of the N(C)-I interactions where L

is mti and mmbi. However, molecular model studies do not

procvide any evidence to support this suggestion.
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ii) Tyridyl X is a "softer" base than
ﬁhioether S. Although this can be legitimately infered from
the results of the carbonyl studies, the studies cn the Cu(II)
complexes of mti and mmbi do not support tlis suggestion.
iii) T -backbonding to the carbtonyl groups of
I.T(CC)5 may cause M(C) to act more as ar "intermediate"
acid and therefore, to prefer N(C)-N interactiones on the
forration of Y(CC)BI (I = mti, mmbi).
In contrast to mti ané¢ mmti, it is apparent fror
the spectroscopic data for the Y(CC)qmta comrlexes, that
mta prefers to tind via the thicether sulrlur dcnor only.
Chelated-ligand complexes cof mta cculd not be isclated,
ever thougl tiLelr presence was indicatec in reflux and
mass cpectral studies.
The —KHE grour's reluctance to rarticipate in
tending to zero-valent Cr, lc and % can be attributed to
the low basicity of the aniline amino group. Aniline is
a weaker base (due to electron delocalisation) than
heterocyclic amines such as pyridine2” and imidazole.‘53
Dennenberg and Darensbourg237 have previcusly commented
on the unstabtle nature of Cr(CC)Saniline in solution,
which precluded further attempts to purify the complex.
Hence, even the extra stability that is usually
imparted by chelation (see Introduction, Section I) does
not appear to readily induce }(C)-armine interactions in mta.

g ECYDINC CRARACTEEISTICS CF DIFREEENT T IGAND TYPES

Before crystallographic data tecame availatrle for
Group VIP metal carbonyl complexes of thioether ligands,

it was assumed '?’ that the T-accepter ability of

thioether sulphur is similar to trat of related phosphine



ligands. However a COmparison‘” cf the structures of
complexes such as Cr(CC)4diphos (diphos = 1,2-bis(diphenyl-
phosphino)ettane)?®®  and Cr(CC)4dto (dto = 3,6-dithia- |
octane)'”  indicated that thioethers have & lower

T -acidity than rhosphine liganas. In the former complex
the Cr-P bonds (mean, 2.36C(2) k) are significantly shrorter
than the Cr-S tonds (mean, 2.418(1) k) of Cr(CG)4dto, even
thougl phosphorus is consicered tc Lave a greater covalent
radius (1.1C R)?? thar sulmhur (1.4 4)72 The
similarity of the cis and trans Cr-CC tondlengths in
the respective corplexes (Table 22) implies that tke net
electron densities at tlre resrective ckromiur atcms are
similar. The same argument arpiies to Cr(CC)SP(P]z)3 and
Cr(CO)SS(Et)CHZPh. Thus if phosplkine ligands suck as
diphos and T(Ih)3 are better T-acceptors trhan tlioethers
such as éto and S(Et)CEth, they must also te better

199
o —-donors.

333
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TABLE 22

STRUCTUEAT DATA FCR Cr(C) CCNPLEZXES

CCNFLEX cis-Cr-CC trans-Cr-CC Cr-L REFERENCE

Cr(Co)g nASEci(Sy) 269

1.914(2) 264
Cr(CC)gP(CFR) 1.896(5) 1.861(4) 2.3ce(1) 270
Cr(cc)5P(Ph)3 1.88C(4) 1.844(4) 2.422(1) 270
Cr(CO)BS(Et)CHzPh 1.88(1) 1.85¢(7) 2.45E(2y 203
Cr(CC)gSThe, 1.5CC(4) 1.815(8) 2150 8628 227
Cr(C0) ,diphos 1.884(7) 1.831(7) 2.36C(2) 268
Cr(cc), dto 1.8€7(3) 1 83213 2.418(1) 199
cr(cc),15"® 1.886(2)  1.833(7) 2.379(2) 207
Cr(cc)3(3NH-pd) 1.816(5). 2.185(4) 271

— 3NH-pd = 3-Azapentane-1,®-diarine
— all bondlengths are Angstroms.
Alkyl amine ligands dc not have any T-acidity at all.??
This is reflected in the short trans-Cr-CO bonds (Table 22)
of Cr(CO)3(3NH—pd). In the Group VIB metal carbonyl complexes,
an increase in NM=1 M-interactions results in an increase in
the M-CO bondlengths. This effect is particularly evident in
the trans-M-CO bonding (see Table 22 for Cr complexes)
In contrast to the alkyl amine ligands, aromatic heterocyclic
amines have m*-orbitals that are capable of participating in
T-bonding with filled d-orbitals on K(0).?" The effects

of these T-interactions have been observed in a variety of

7 32 231,232

studies (kinetics,” photoelectron? and ' C nmr
spectral studies, thermodynamic studies > ) and they can be
shown to influence the W-pyridine stretching frequencies in a

series of W(CO)5(4R—pyridine) complexes.?? However, (in contrast
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to P and S ligands) these T -interactions have not been
observed to have any sigrnificant influence on 'V(CC),N"237
v(#-C)®'"  and &(wco)®'  frequencies, and 130 nmr
cherical shifts?’

The results of the spectroscopic investigations that have
been presented in tris thesis, when considered in conjunction
with the work of other autiors, allow various types of phosphorus,
sulphur and nitroger. donor ligands to be placed in tke following
general order of decreasing )M(C)-1 interactions:

phosphite > phosphine » alkyl thioether » aryl thioether

~ phosphine sulphur ~ pyridyl N ~~ alkyl 1" Yamine >

aryl 1ryamine.
This ceries is derived Hrimarily from the electrconic spectroscoric
data for [U(CC)B]nI corplexes (rn = 1 cr 2).

In terms of decreasing TI-acceptor ability, tlre general
ligand sequence:

phosphite » phosphine » aryl thioether » alkyl thioether

> phosphine sulphide ~~ pyridyl N,

is consistent with crystallograrhic and infrared spectroscoric
data.

Spectrcscopic and crystallograrhic investigations into
the nature of the Group VIB metal carbonyl ccmplexes of
thioether ligands, have thus provided a valuable insight into the
bonding behaviour of these ligands. The comparison of relevant
data with tl.at for analogous complexes of phosphorus and nitrogen

donor ligands, has been of particular importance to the interrret-

ation of the results of these studies.
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THE RCI.E CF STERIC INTERACTICES

IXN THE CCMPILEXES OF

tbmp, tbmgo, I, etea AND rti

(D) COVFPLEYES OF tbmp

The crystallographic and spectroscopic studies on the
F(II) (I = Cu, Co, Ni) and Cu(I) complexes of tbmp, have
shovn that their structural and behavioural diversity is
broa¢ and complex. A corrpariscn with the complexes of other
bidentate ligands, suggeststhat part of this diversity may
te attributed to the influence of thke bulky t-butyl groups
that are attached to the coordinated sulphur atom.

i) Cn examination of the crystal structure of
[Cu(tbmp)Er2]2 (Chapter 1, Section I), the t-butyl groups
appear to be responsible for tlocxing tle approack cf a
sixth ligand to tke reraining coordination site on each Cu(lII).

The complex therefore, exists as discrete dimers.

272

Crystallographic studies on complexes such as Cu(aep)Cl2

(aep = 2-(2-aminoethyl)pyridine), Cu(amp)Br225 (amp =
2-(aminomethyl)pyridine) and Cu(en)C1287 (en = ethylene-
diamine), where the ligands' amino groups are unsubstituted
show that Cu(II) prefers to adopt a tetragonal polymeric
geometry. In order to do this, infinite chains of planar
CuN2X2 units, bridged by halide ions, are formed. ILivingstone
et al, in their work on 2-(methylthiomethyl)pyridine (mmp),”
concluded that Cu(mmp)Cl2 and Cu(mmp)Br2 also have tetragonal
polymeric structures.

ii) The electronic and far-infrared spectroscopic
studies provide good evidence for the preference of cis-
octahedral structures in the M(tbmp)zx2 complexes (M=Cu(II),

Co(II), Ni(II). Nolecular model studies provide support for

these conclusions and show that two isomers are equally
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possible:
8] two sulphurs cis, two X cis, two nitrogens trans;
b) two sulphurs cis, two X  cis, two nitrogens cis.

A structure in which the two sulphurs are cis and the two
nitrogens are cig, but the two anions are trans, is ruled out
by the molecular models. A trans tetragonal structure
(2S trans, 2N trans, 2X trans), as adopted by complexes
such as Cu(mtea)2(0104)233 (mtea = 2-methylthioethylamine),
[Cu(en)ZX.HZC]X ozl (X = C17, Br ) and Cu(aep)z(ClC4)2
“© | does not appear to be possitle for the I.f(tbmp)zx2
complexes either. There would be excessive steric interactions
between the t-butyl groups of one ligand and carbon 6 on the
pyridyl ring of the second ligand, if thkis structure was
adopted. The I'(II) complexes therefore assume a cis—octaledral
configuration in preference to undergcing tetrahedral
distortions. These would effectively reduce steric interactiorns,
too.

In contrast to tbmp, Livingstone et gl's report that
mmp, on the basis of model studies, is able to coordinate
in a trans square planar configuration.

2) CCLFIEXSS OF tbma

This ligand can te considered to be disubstituted tbmp
in tiat two R groups (the second aromatic ring) have been
added to carbons 5 and 6. The effect of this "substitution" is
guite dramatic. For Cu(II), only the distorted tetrahedral
Cu(tbmq)X2 (X = C17, Br ) species could be isolated in
pure form. Althougl. there was some indicaticn that a
Cu(tbmq)2(0104)2 complex can be formed (Chapter 6, Section I),
tl:ere was no evidence for the formaticn of 2:1 species with

chloride and Yrcmide anions. In contrast to the
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[Cu(tbmp)Er2]2 cemplexes, Cu(tbmq)612 and Cu(tbmq)?r2

are protatly monomeric in thLe so0lid state. Thus tbmc can

be compared vith 2-methyl-8-methylthio-quinoline(mmtq)

vwhich also forms distorted tetrahedral complexeslA

of this type. Crn tle other hand, the magnetic moments

(/; = 1.7%-1.93) for the 1:1 complexes of E—methylthioquinoline13
aprear to be normal for sguare planar Cu(II). If thLe

complexes of mmtq tried to acoprt a planar structure, the

2-methyl groupr would interact with the cther ligands in the

equatorial plane.m Similar steric effects can explain the

distortions in L;u(tbmq)Cl2 and Uu(tbmq)Erz. However, the

calculation of g" / |AM ratios for the latter complexes

(see Charter 6, Section I), indiczted thrat tlre distortions

are nct severe and treir structures can te test describted

as being flattened tetralkedral.

3) CONPIEXES OF T

Nolecular models suggest that the three potential
tinding sites (imine ¥, thioether S, ketore 0) of tlis ligand
can not assume a planar configuration atcut a coordinating
metal ion. Tlrerefore, tetrahedral distortions must occur and
this is indicated in the spectroscopic data. ZErodie and
Otsvka in their study of some related disubstituted

. l 162
camphorquinone ligands,

sugegested that the wide ligand
tite will also be an imrortant factor in forcing a tetrahedral
geometry on the metal ion.

It was inferred from the infrared data for the
CuI(C1C4)2.acetone.xH20 (x = C.2) complexes (Chapter 6,

Section I) that the ketone oxygen of T is ccerdinated to

Cu(II). The crvstal structure analysis'®® for a Cu(II)
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complex of the monosubstituted imine fcrred by 3-hydroxy-
methylenecamplhor and phenylalanine, showed that this oxyeen
can tind to Cu(II). It is relevant to note that in the latter
complex, the "scuvare planar" CuCBN ckrorovhore has undergone
slicht tetrahedral distorticns.

4) CCANTTEYXES CF etea ard mti

In contrast to thre Cu(tbmp)2X2 complexes, the analogous
ccmplexes cf etea, and Cu(mti)4Cl2, (Chapter 5, Section I)
exhitit trans ccordination of the anions. The observation
of two o (S)=— Cu(II) charge transfer atsorrtions in thre
electrcrnic spectra of Cu(etea)2(0164)2 and Cu(etea)z(BF4)2
was interpreted as indicating trkat tie coordinated -SEt groups
are cis tc eachk otker. Eowever, it could not te decided from
the reflectance spectra, wiethier or not the ckloride and
bromide complexes have similar structures. For 2-methyltlio-
ethylamine (mtea), tle analogous perchlorate complex has been
shovn®  to have a trans-tetragonal structure (tke -Sle
froups are trans) and only one o(S)— Cu(II) chorge transfer
atsorrtion is evident in its mull spectrum."

The arparent rreference of Cu(mti)4Br2 for cis anion
coordination, suggests that with four mti ligands in the
equatorial plane, tlere are steric reasons as to why toth
bromide ions can nct bind in the axial rositions. For thre
smaller chloride ions, however, axial coordination does take
place.

The studies on the transition metal complexes that have

been reported in Section I of this thesis, have shown that

arparently simple systems, on close examination, can exhibit
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remarkatly varied structural and chemicai behaviour. For
studying thevCu(II) complexes, the sensitivity of electron
spin resonance spectroscopy has been especially useful in
interpreting their behaviour in various solvents.

Cf particular importance to the interpretation of the
spectroscopic data for tlLe complexes of tbmr, tbmg and I,
has teen the compzrisor of tke complexes of etea and mti.

In general, the ccrrlexes tlat these latter ligands form, are
similar to those whichk have teen well characterized for etlylene-
diamine and imidazole.

These studies have thus showr tlrat tle synthesis of
structurally distorted (quite apart from rormal Jahn-Teller

distortions) Cu(Ll) complexes can be readily achieved by tre use

of simple, but suitatly designed ligands.
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THICETEHER INTERACTIGES

WITEH

Cu(I) AND Cu(II)

An understanding of thioether sulphur/zero-valent
metal bonding, can be extended to consider the possible
characteristics of thioether sulphur interactions with
other metals, suck as copper in its 41 and 42 oxidation states.

&y Cu''— S(thioether) T -interactions

In the Tearson classification of acids and bases,
® Cu(I) is classed as a "scft" acid and Cu(II) as 2n
"intermediate" acid. Also, the studies witl ti.e zero-valent
Creup VIE metals (see atove) have shovn trat thiocether
sulphur ic capahle of participating in partial T-bonding
interactions with tke d-orbitals of "scft" metal atoms.

Hence it is anticipated thLat cu”*— S(thioether) T-backbonding
will be more acceptable tc copper in its +1 oxidation state,
that it will be to correr in its +2 oxidation state.

An examination of the crystallograrhic data
for Cu(II) and Cu(I) corplexes of thioetler ligands (see
Chapter 1 and 3, Section I) eratles scme pertinent
comparisons:

a) the mear equatorial Cu(II)— S(tkioether) bond-
length (Range, 2.3C3(1) - 2.488(3) L) for all of the crystal
structures that have been reported (Tatle 4b), is 2.342(2) A.
This corresponds to the predicted Cu(II)-S single bond of
afl 2081 R (see Chapter 1).

b) The mean Cu(I)=—S(thioether) bondlength (Range,
2.276(2) - 2.345(1) K) for all of the crystal structures that

Lave been reported (Table 16, Section I) is 2.315(3) &.

The predicted Cu(I)—S single bond is ca 2.3 &.
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It is apparent tlerefore, that the average Cu(II)—S
(thioether) bond represents an essentially single bond. In
the cases where the Cu(II)—S bonds are shorter, for example

9

in Cu(14-ane-s,)(C10 (the mean Cu(IL)—S is 2.3C3(1) &)

.
there may be some Cu(II)—»S T-donation. Eowever, in general,
there aprears to be little evidence to suggest that Cu(Ii)—S

T-donation is a normal feature of Cu(IIl)-tkioether complexes.
In contrast, the Cu(I)—S bonds in Cu(I)-thioetker complexes
are consistently srorter than thre predicted single bond value;
tle average difference being ca C.C7 A.

In accordance withk tke predicted behavicur (sec atove),

the crystallographic data (in agreement witl the conclusions
of Paker and Morric " , provides strcng evidence for the
existence of Cu(I)=—S(tkioetker) T -bonéing. Seff and his
co-workers have also prcvideéd crystallographic evidence for
Cu(I)—S T-interactions, from treir studies on the complexes
0

of disulplkide ligands.”

ii) Bondlengtl. Differences Between (Cxidation States

a) cu™— s Fonds

In [Cu(tbmp)Brz]z, where botk ligands are
chelated (see Chapter 1, Section I), the Cu(II)=—S bonds
(2.353(5) and 2.351(6) A) are identical to the Cu(I)—S bonad
(2.358(4) A) of the chelated ligand in Cu(tbmp),Br (Chapter
3, Section I). These results are in general agreement v.ith
the comparative crystallographic studies of Baker and Norris?

707 and Brubaker et al."

Rorabacher et al
In each of these studies it was found that on changing the
Cu oxidation state, there is 1little change in the

Cun+——-S(thioether) bondlengths, despite the sligktly greater
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covalent radius of Cu(I) (1.35 4) compared to Cu(IIl)

(1.3C K). Paker and Norris_su{gested tlhhat the similarities
can be attributed to a greater T -compronent in the Cu(I)--=S
(thioether) bonding. The results for [Cu(tbmp)Er2]2 and
Cu(tbmp)zBr are in agreement with tlkis conclusion.

FEowever, on comparing "model" complexes where a
specific ligand has clranged its structural role (for example
chelated vs monodentate), large differences in the cultt=c
bondlengths may be observed. This point is illustrated in
tke structures of Cu(tbmp)zBr and [Cu(tbmpH)Er2]2
(Chapter 3, Section I). Vhere tbmp is monoderntate in these
complexes, the Cu(I)-S bonds are significantly shorter
(2.3C4(3) and 2.276(2) & resp.) thkan the Cu’*=s bonds for the
chelated ttmp ligands of Cu(tbmp)zBr (n =1, Cu(L)-S = 2.3582(4)
k) ana [cu(tbmp)Er,], (n = 2, Cu(Il)-S = 2.353(5), 2.351(6) k).
Hence care should te teken in making sucli ccrparisons.

h) cu*— N PRonds

Although the Cu(I)-N(pyridyl) bond (2.11(1) X)
in Cu(tbmp)zBr arpears to be slightly longer than the
Cu(IL)-N(pyridyl) bonds (mean, 2.C6(2) R) of [Cu(tbmp)Brz]z,
the difference (C.C5(2) R) is not statistically significant.
Neither is there any significant difference between the means
of the Cu(I)-N(pyridyl) bonds (mean, 2.C3(1) A) and the
Cu(II)-N(pyridyl) bonds (mean, 2.C21(8) k) for the complexes
in Tables 16 and 4c (see Section I). The predicted Cu(I)-N
and Cu(II)-N single bonds are ca 2.CS £ and ca 2.04 )y
(Chapters 3 and 1, Section I) respectively.

In general, there is no indicztion that Cu(II)=—N(pyridyl)

M -donation is significant. In contrast Lowever, the
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crystallograrkic data sugrests that some Cu(Il)=—N(pyridyl)

T —donation may occur in the Cu(I) complexes of subtstituted
pyridine ligands. Support for this pcssibility is provided
by the studies (see earlier discussion) on tlLe Croup VIT
metal carbonyl complexes of substituted ryridine ligands.
Thus Cu(I)=X(pyridyl, T -donation (from tie Cu(I) d-crtitals
intc the empty M crbitals of the ligand) wculd generally
account for thre similarities in the Cu(I)=—X and Cu(Il)=—T

bondlengtl data.



FIEXIBITITY COF Cu"'— S(thioether)

IVTERACTICNS

It is arparent from the foregoing discussion, thkat
tl.ioether sulphur interacticns wit: Cu(II) and Cu(I) are

remarkably flexitle:

i) low I'.V,. complexes of trioether ligands exhitit

widely varying structural and cliemical behaviour,

119 geometry and oxidation changes are easily
accormodated,

iii) crystallographic studies have shown thrazl
Cu(II)=—S(thioether) tondlengths vary cver a greater range
(2.303(1)-2.6C7(2) R; see Tatle 4t, Section I) thran
Cu(LI)=r(pyridyl) tondlengths (ca 1.9€C(6)-2.16(1) &;
Tatle 4c).

Fecause a vide variety of active site geometries anc

276 .
will be

varying degrees of'"site-structure rigidity"
encountered in different tiological systems such as thLe
copper prcteins, this flexitility (or plasticity) imrlies
tl:at methionine thioether sulphur is an ideal inner

coordination sthere ligand.

STRLCTURAL CHANGES

I
CCFPER_FRCTEINS

i) General Discussion

It is arparent from the above evidence tkat the
biologically relevant donor groups, thioether sulphur (as
in methionine) and pyridyl nitrogen (as in histidine), are
capatle of participating in Ti-bonding with a "soft" metal
such as Cu(I). This capatility can explain the general

observation (for "model" complexes) that trere is little

345
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or no change in cu**— S(thiocether) and Cun+——-N(pyridyl)
bondlengths on changing the Cun+ oxidation state. These
structural features are tlerefcre of direct relevance to
the redox role of the Cu™" ion in the correr proteins.

In these rroteins, electron transfer would be facilitated
if structural changes (both beonding and geormetric) are
minimised."

A distorted tetrahedral Cu(Il, geometry is not
energetically favoured as ligand-field stability is
maximised for square planar, four-coordinate Cu(II).?”®
Thus in the proteins where Cu(II) has a distorted tetrahedral
pgeometry, site-structure rigidity 2’® (imnosed on Cu(Il) by
the protein) must overcome the tendency for Cu(II) to
acdopt a scuvare planar structure and therefore allov. oxidation
state changes to proceed witlcuit severe geometry chlanges.

Earlier, (Chapter 1, Section I) it was argued thrat
tetrahedral distortions in the geometry of a Cu(II) complex
(containing coordinated thioether sulphur and pyridyl nitrnrgen)
do not appear to affect the Cu(II)—S and Cu(II)—N bcnding

276

either. Tkis is despite the expectation trat ckanges in

the Cu(II)—I bondlengths may arise from gecmetric distortions,

as observed in the flattened tetrahedral and squzre planar
2—- 277
4 L]

ey Conclusions

forms of CuCl

The crystallographic data for "model" cu™ (n = 1,2)
complexes containing thioether sulphur and pyridyl nitrogen
as ligands, suggests that in proteins such as plastocyanin5

(and possibly azurin ’® ) where methionine and histidine
form part of tle distorted tetrahedral, inner coordination

sphere, oxidation state changes will be accompanied by little
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*—1 (n = 1,2) bondlengths. Thic is

or no change in the cu”
not likely to be altered by the presence of coordinated
cysteine thiolate sulphur (as in plastocyanin) as it too,

is capable of participating in T -bonding with Cu(I).

Cn the other hand, oxidation state changes for a
prrotein such as Cu-Zn superoxide dismutase (if indeed they
do occur) may be accompanied by rearrangements in tre
geometry of tre active site.’ In the oxidised proteir,
Cu(II) has a disterted scuare planar N4 envircnment.®
That this is ar unfavourable geometry for Cu(Il) is evidenced
by the structural differences that are almost invariably
observed in crystallograrhic studies of low V.VW. complexes.
However in mcst "model" complexes, Cu(II) and Cu(Il) are nct
subject to the same constraints that may be imposed
by the site-structure rigicdity of a preotein.

TEE CRIGIN OF TES 60C nm. ABSORPTICON

IN "NCDEL" CCMPLEXES

AND THE "EILUE" PRCTEINS

Before the crystal structure of poplar-leaf

plastocyanin became known, several studies had implicated
Cu(II)/cysteine thiol and/or Cu(II)/methionine thioether

interactions as being resronsible for thke intense

1

( €~4CCC 1.mol. Tem™ 1) optical absorption that is

4

observed near 6CC nm in the "blue" coprer proteins.

i Cu(II)=-thiol Interactions

Altrough the complex reactions between
mercaptides and Cu(II) have been studied intensive1y379
few systems exhibit the stability that would enable Cu(II)

complexes of coordinated thiolate sulphur to be isolated.
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Three examples which have been successfully characterized
crystallographically are the complex Cu(I)/Cu(II) clusters

formed by D-penicillamine (HSC(CL,),CHNH COQH) 28028

2

and B,B-dimethyl cysteamine (HSC(CcH CHZNH2)’282 T

302
trigonal bipyramidal CuI4S complex formed by the addition
of o-mercaptobenzoic acid to a Cu(II) complex of the
macrocycle, [rac—5,7,7,12,14,14—hexamethyl—1,4,8,11—
tetraazocyclotetradecane].283

The Cu(I)/Cu(II) clusters both have intense
absorptions at about 518 nm. (€ =425C and 34CC resr.) and
these have been assigned as o(S )— Cu(II) charge transfer

transitions.?®

A ncerly resclved atscrption at ca 59C nm
for the CuK4S complex was assifned as a d-d transition.

The reaction of thiolates wit! Cu(II) complexes will
often result in intensely blue, but usually unstable
(e.g., the reaction of t-butyl thiolate with Cu(tbmp)z(C1C4)2 =
Chapter 2, Section I) Cu(IIl)/thiolate species being formed.
80,135,284
In most cases, an intense absorption, that can be assigned
as a o(S”)=—s Cu(II) charge transfer transition,®
is observed 2t about 6CC nm. The reactions of Cu(iI) with
ligands such as imidotetraphenyldithiodiphosphinate,M°
N—(2—thiophenyl)pyridine-Z—aldimine285 and 3-ethoxybutan-
1,2-onebis(thiosemicarbazone)286 also result in these

intense absorptions being observed.

i Cu(II)-thioether Interactions

Despite the rapid growth in the number cf
spectroscopically and crystallographically characterized

Cu(II) complexes of coordinated thioetlLer sulphur, very few
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exhibit the electronic absorption that is characteristic

36.,69,81
the

of "blue" copper. In those that do,
absorrtions are not as intense as those obscrved for the
Cu(II)/thiolate complexes that were discussed above. The
work of Schugar and his co-workers ¢’ enables these
absorptions to be assigned as T(S)— Cu(IIl) charge transfer

transitions.

iii) General Discussion

Early work by Cray and his colleagues?’®'?¥

resulted in the ca 60C nm absorption, of plastocyanin and
other "blue" copper proteins, being assigned to o (S )— Cu(II)
charge transfer (arising from cysteine/Cu(II) binding).
Considerable support for tleir assignment has come from the
characterization of "model" Cu(II)/thiolate complexes
(see above) and recent Raman spectroscoric investigations.288

However, as a result of this Raman work, Ferris et al
concluded that T(S)— Cu(II) charge transfer may also make
a minor contribution to tlLe intensity of the 6CC nm
absorption in the "blue" prcteins wl.ere methionine also
appears to be coordinated.

As the intense TI(S)=— Cu(II) absorptions that can be
produced by thioether coordination are observed only rarely,
the conditions enabling these transitions to take place,
are therefore, not readily attainable in most small molecule
systems. Braithwaite, Rickard and Vaters o have concluded
that the degree of copper-sulphur orbital overlap is an
important factor in enabling these transitions to be cbserved
However, as noted in the early work of Rorabacher et al,

Sl the geometry of the Cu(II) chromophore is not



important. Hence, of the various structurally divergent
complexes that have been‘ investigated in thkis thesis, only
one [Cu(tbmq)Clz; see Chapter 6, Section I ] showed an
absorrtion (reflectance spectrum only) that can be

assigned as a T(S)=— Cu(II) charge transfer transition.
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APPENDIX I

i) LIGAND SYNTHESES

3,4-bis(methylthio)toluene and 3,4-bis(ethylthio)-
toluene

Although 3,4-bis(methylthio)toluene has previously
been prepared and used in reactions with metal saltsf“
its preraration was not rerorted.

General Procedure: For btoth ligands, 1C cm3 (C.C86 mole)
3

of toluene-3,4-dithiol vwere dissolved in about 1(C cm- of
Abs.EtCH. To this, a slight excess of Na (4.C g.) was
slowly added while the solution was being stirred and the

3 of VeI, 14 ers of BtI)

restective alkyl icdides (11 cm
were tlen slowly added. After tre scluticuns had teen
refluxed for about an Lour, trhey were left to stand

overnight.

i) 3,4=bis(methylthio)tocluene (bmtt)

On shaking the solution that had been left to
stand, white crystals precipitated. These were filtered,
washed with distilled water and a further quantity of
distilled water was added to the filtrate to precipitate
a second crop. The two crops of crystals were dried under

vacuum filtration (with N, passing over them). Tkey were

2
then combined and recrystallized from Abs.EtOH. A further
crop was isolated after the filtrate was concentrated

in vacuo and cooled at c°c.

YIEID: 13.883 g. (87%

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

Deionised water (2CC cm3) was added to the
solution that had been left to stand overnight. An oil

which precipitated after this solution had been cooled, was
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extracted intc ether. After the cloudy, agueous-ethancl
fraction had been concentrated in yvacuo, further ether
extractions were carried ou*t until the aqueous phase was
clear. The ether extracts were then combined, concertrated
CO, before the ether was

2773
removed in vacuo. Tke oil was distilled to give the

and dried with anhydrous Na

colourless ligand.
YIEID: &.CSC g. (44%)

Ctker Iigands

The syntheses of ethylithiopentafluorotenzene and
2-(3,3-dimethyl-2-thiabutyl)pyridine are descrited in
Aprendix I, Section I, together with the preraraticns
of 2-ethylthiocethylamrine and 2-methylthio-2-imidazcline.
Renzimidazole, 2-rmethylmercaptobenzimidazole and
2-methylthioaniline were used as supplied.

ii) DISTIIIATICN OF LIGANDS

The microdistillations were carried out as descrited

in the Appendices tc Section I.

TARLE 23
LIGAND PRCPERTIES AKD AKATYTICAL RESULTS

TIGAND ATFEARANCE N.P/B.P/Other ANATIYSES:Calc.(Found)/%

bmtt white 3¢ °c & C 57.4C, H 6.41, S 33.12
solid (57.48) (6.41) (33.12)
bett colourless 12C-122° C 62.2C, H 7.58, S 3C.2C
oll [ca 20 mm.He] (62.52) (7.56) (3C.28)

NOTES: ¢ calculated for [CGH,,S,]. 0.25(1,0)
- mass spectra indicated tkat bmtt loses a methyl
group and then the two sulphurs. This implies that
a methyl group is being transferred; i.e. ligand
rearrangement is occurring.254 This does not occur

in 1,2-bis(methylthio)benzene.?’
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il METHYLATION OF bmtt

In the presence of a large excess of methyl iodide,
an acetone solution of bmtt (6;944 g.) was 1lcft to stand
for four weeks at 4 OC, under nitrogen. An almost
plastic residue (C.122 g.) was isolated from the solution.
The 'E nmr spectrum (CDCl3 solution) suggests that there is a

mixture of the two species shown below.

"W nrr SPECTRUN: YETHYIATICE CF btmtt

+

iTLE -3\ 2 ] = -E

CCMPLEX Ske U(ChBLZ Ar-CH, Ar-IH
bmtt 2.4C, 2.42 2o 7.C

bmtt/Nel 2.6€6, 2.6 3.6C, 3.85 2.53, 2.6C TeaS
products

NCTE: - —chemical shifts are ppm downfield from TKS
—~ chemical shifts for aryl protons (Ar-l) are the

centres of the observed multirlets.

+
Me SMe, I~ Me SMe

12

+
SMe 5Me2 I=
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ATPENDIX II

i) GENERAL SYNTHESIS CF CARBCKYI CCLPLEXES

The Group VIB metal carbonyl complexes that are
described in tliis thesis were synthesized using the
Strohmeier photochemical technique256 . Although other
more direct, methods can be used, the Strohmeier method
has the following advantages:

- therrally unstable complexes can be formed,

- the products are often more pure and are formed

in better yields,

- less time is needed (compared with thermal
substjtution reactions) for the rreparation of
complexes.

For all of the syntheses that were described in

Section II, a mixture of the parent hexacarbonyl

(K(CO)6, I. = Cr, Lo, W) and tetrahydrofuran (THEF) is
irradiated for about one hour in an atmosphere of oxygen-
free, dry dinitrogen. The TEF is deoxygenated with
dinitrogen before irradiating. The irradiation results in

the formation of N(CO)_THEF, in two steps:

*
" h'V ” ¢
"excited"
intermediate

2) [r(co)g] + THF ——— ¥(CO)/THF
The irradiation is stopped at this point and the ligand
is added to the solution. This results 1in an exchange
reaction (3)3

3) M(CO)STHF + Ligand-————)N(CO)Sligand + THF
and the individual complexes are isolated as described

in the relevant Chapters.
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NCTE: - 1in all cases where solvents were removed in vacuo,
a rotary evaporator was used. Vhere complexes or residues
were dried in vacuo an evacuated (ca 2-5 mm. Hg) drying
line was used. The sublimation of excess l‘.i(CC)6 was
also carried out on this line.

ii) CHAKACTERIZATICN CF UNSTABLE C SEt CCVNPLEXES

B
6=5

The existence of the unstable K(CC)SC6FSSEt complexes
(M = Cr, V) was inferred from IR studies on the prcducts
of the prerarations that are described in Chapter 2.
IR spectra (21CC-185C cm_1) were recorded for freshly
extracted (and filtered) cyclohexane solutions. The
carbonyl stretching freguencies are reported in Tatrle 3.

A 1

H nmr spectrum (see below) whicl. was recorded for a
freshly extracted CDCl3 sclution (filtered under NZ)
of the Cr(CC)qTHF/C6FSSEt reaction products, surports

the IFP evidence for the existence of an unstable

Cr(CO)5C6F5SEt complex.
"H nmr SPECTRA (in CDC1,)
CCIPLEX -SCH29§3 —SCH29§3_
C¢FoSEY 2.96q(7) 1.29t(7)
4 ; S ' . .
Cr(CC)5L6F5 Et €2 3mil m ca 1.3 m
NOTES: — m = multiplet; t = triplet; g = quartet,

— chemical shifts are ppm downfield from TMS,
- coupling constants are in parentheses (Hz),

iii) REACTIVITY STUDIES; EXFERINMENTAI DETAIIS

w

where it was possible, either cyclohexane or
n-hexane were used as solvents for the following reasons:
- only moderate reflux temperatures (750 and 690 C

respectively) are required,
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- the cz2:bonyl complexes are more statle in
these solvents,
- superior IR spectral resolution is achieved.
All reactions were carried out under an
atmosphere of oxygen-free, dry dinitrogfen and IR spectra
were recorded only for the v(CC) region.

a) Reflux EK(CC)Q]zbett in n-hexane

Lbout 5C mg. of the comrlex vere dissolved

3

in €C cm” of n-hexarc.

b) Reflux [u(CO).] bett wit: excess Trirherylrkhos-
phine

A 6:1 ratio of ThBP (C.C7% g¢.) to the carbtonyl

complex ((.(43 g.) was used. The solvent was cyclohexane.

c) RefluxEG(CC)5]2bett with excess Trirhenvlvhos-—
[W(CO)5]2bett (C.1 mmole, C.C8&6 g.) was refluxed
for 2 hours (in cyclohexane) witl. 1 mmole of P(OPh)3
(C.31C g.). Samples were remcved for IR analysis after

refluxing for 5, 2C, 3C, €C arnd 12C minutes respectively.

a) Reflux [W(CC)B]zetea with excess Triphenylphos-
phite

The carbonyl complex (C.C65 mmole, 0.C5C g.)
was refluxed (in cyclohexane) with a ten-fold excess of
P(OPh)3 (C.2C2 g.). Samples were removed for IR analysis
after G.5, 1, 2 and 5 hours respectively.

e) Reflux W(CO)getea with excess Triphenylphosphite

[W(CO)S]Zetea (C.C65 mmole, C.050 g.) was
refluxed in cyclohexane to convert it to W(CC)4etea. A

ten-fold excess of P(cPh)3 (C.2C2 g.) was then added and

the refluxing was continued. Samples were removed for IR
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analysis after 5, 3C, 4C and 6C minutes.
In benzene, W(CO)4etea (C.2C mmole) was refluxed

with 2 mmole of P(OPh)3 over a period of &€ hours.



358

ATPENDIX III

i ) INSTRUMENTS AND RECCRDINC CF SFECTRA

Infrared spectra were recorded on a Beckman IR-2C

spectrorhotometer and calibrated with polystyrene film.
To record the spectra of soluticons, C.5 mm., NaCl cells
were used.

Electronic Spectra were recorded on a Shimadzu MFS-5CCC

spectrophotometer, using 1C mm. guartz cells. The spectra
were recorded immediately after the preparation of each
solution.

‘B nmr spectra were recorded using a JECI C-6CHEI High

Resolution NMVE spectrometer. Tetramethylsilane (TI'S)
was used as an internal standard for all srectra.

Decompcsiticon problems were cften encountered and
these were minimised, cr even eliminated, by filtering
each solution under N2.

Resonances were assigned for tcth the ligands and
their complexes by a consideration of integrated peak
areas, expected spin-spin coupling effects and symmetry

effects (for bmtt and bett).

13C nmr spectra (proton decoupled) were recorded on a

JEOL JNN-FX6C Fourier Transform spectrometer, using TMS
as an internal standard. ZEach carbonyl solution was
filtered before use.

Relatively high concentrations (ca 50-100 mg.cm_3)
of the carbonyl complexes were used in order to minimise
the data collection time. For each comrlex, the ligand

resonances were recorded first. For the 13CO resonances

1-2 mg. of the inert, paramagnetic, relaxation reagent
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Cr(acac)3%7 were added to the solutions to give a
ratio of atout 1:1CO Cr(acac)3:substrate,258
The resulting decreased relaxation times enabled the
data to be collected in a shorter time (gg 3C minutes).
The longer spin-lattice relaxation times (T1) of
non-protonated carbon atoms 2°8 enable the substituted
aryl carbon atoms (C1, C3, C4; see Table 11t) cf bmtt
and bett to be easily distinguished from the other
(c2, C5, C6) aryl carbon atoms. Thke former have
relatively low intensities. C1 has been tentatively
assigned by comparison with the sprectra of some
n-methylthiotoluene (n = 2,3,4) ligarcs.”

Vass srectra mere recorded on an A.Z.I. NS¢

instrument.
ii) SOLVENTS

a) Spectroscopic Investigations: All solvents

were of Spectroscopic Grade. Nitromethane was stored over
molecular sieves.

b) Preparative Work: All hydrocarbon solvents were

redistilled before use.

Acetone was A.R. grade.

Tetrahydrofuran was dried with anhydrous calcium
chloride before it was distilled over Na wire. Cuprous
chloride was added to the solution being distilled to
destroy explosive peroxides. Care was also taken to ensure
that the solution being distilled did not drop below a

3

volume of about 2C0O cm~,.
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APTENDIX IV

MISCELIANECUS REACTICKS

i) Reaction of tetraethylthiuramdisulphide with Cr(COQO),.
L&)

Cn adding the ligand to irradiated Cr(CC)6 (in THF)
there is immediate discolouration and decomposition
gradually occurs through several stages. A stable
cartonyl-free, violet complex (probably Cr(Etthc)B)

was isolated from benzene extracts.

M.P/°C IR/cm” ! EF.
Violet complex 253-255 1487 This work
Cr(Etthc)3 25C(dec) 1542-148C ¢ V.F;Ref. 262
I.R;Ref. 263

¢ Pand in this region due to w(C=N) rode of tre
+
:E:NRZ canonical form for dithiocartamoto corplexes.

- Etthc is Etzhlcl —

S

ii) Reaction of 1,4,8,11-tetrathiacyclotetradecane (TTP)

with W(CO)

In an attempt to synthesize a bridged—ligand complex,
1 mmole of TTF (C.268 g.) was added to 2 mmole of
irradiated W(CC)6 (C.7C3 g.) in THF. The mixture ha2 to
be irradiated for 3C minutes to dissolve most of the
ligand and then it was filtered. A pale yellow precipitate
(X.P 56-62°; Yield: C.13C g.) was isolated from acetone
extracts of the reaction products.

The relative concentrations of the penta-and tetra-
carbonyl species of this solid are unaffected by attempts
to separate the species on a silica-gel column.

Although the carbon and hydrogen analyses are close

to those expected for WZ(CC)9TTP, the sulphur analysis



is too low.
Calculated for W2(CO)9TTP:,C 25|, 6955 ® 2. 275 'S 1L A4

Found - 25.55 2.45 11.%06
also12.C6

The highest peak in thke mass spectrur of the
"complex" is [W(CO)6]+; the ligand is observed intact.

IR Spectrum (nitrometkane solution)
1

Vv (CC) assigned to W(CC)4 : ca 2C19(w) cm™

v (CO) assigned to ‘.‘.’(CC)5 : 2C79(w); 1975(vw); 1S4C(s).

V(CC) unassigned : 1616(ms); 19C6(ms);1872(r);
1862(m); 1848(wm).

iii) Eeactions of M(COQO), (M=No, W) with fpte

Attempts were made to synthesize N(CC)4fpte and
[W(CC)5]2fpte respectively (fpte = 1,2-bis(pentafluoro-
rhenylthio)ethane) by the normal methods. FHowever tlere
was no evidence for the formation of an) complexes with

this ligand.

361
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APPENDIX V

FORCE CONSTANT CALCULATIONS

FOR

CARBONYL COMPLEXES

The general solutions for the approximate secular equations given by Cotton

and Kraihanzel e are outlined below. For these equations:

Kl is force constant of CO's trans to the substituent ligand (L)
K? is force constant of CO's cis to L.

Ki is an interaction constant.

A = \02 x 0.058890 where V is frequency (cm-l) of absorption.

B = 0.14576

Force constants calculated from these equations have units of dyne cm_l. To

convert to N.m-l, multiply K by 10—3.

i) Solution for C H(CO) L complex, using A (1), B and E modes

2
ﬁpK
oy IVCJK Gk, Aa,> + *a'/”

where K, = Aslfu and Ki = G.li(z - lE)/2u

NOTE: To simplify the equations, AI(I) is written as a’

ard AI(II) is wvritten as a"

i1) Solution for C H(CO) L complex, usiquA (1), A (II) and E modes

(=b + /b2 - 4ac)/2a

where a = -10],12 [Hence 2a = -0.424918])

b = llua-ZAEu [a = A&, + ka,]
2 2 2
c=20lz—9u>\d+9)\a,—lg—u

Using Kl' then:

K2 = (ZXE - uKl + a)/3u

and Ki = (p Kz—XE).’Zu

1ii) Solution for c2v !*I(C('JI)Z._I:2 complex, using AI(I), ‘.I!1 and 32 modes

(-b- /b2 - 4ac)/2a

2

where a = 2y
T L
- + 2y - A
c )‘a’(Z)‘Bl + ABZ + Xa,) XBI (2u Bz)

Using K2, then:
K = (UK, - 151 )/2u

and K = (ABZ - uKi)fu
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