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ABSTRACT

A study has been made of the copper catalyst employed in the.
oxidative coupling of phenols and also of some polynuclear éopper {I1)
complexes which are closely related to the‘catalyét system, .
| Thé preparation of pyridine complexes of coppef (1) halides'and
- their characterisation_by infrared spectra is described and thé nature
of these compléxes in the solid state and in solution discussed.

The preparation and propertiés of éevé?al new ﬁetraﬁucléar
coéper (II) complexes of the type Cu,0Xg4L, where X is Cl or'Br and L.
is a monodentate Ligand, are described and, in addition, several of
.these tetranuclear complexes containing mixed halide bridges havg been
prepared for the first time and characterised. In theory, several of
these mixed halide complexes should exhibit étructural isomerism, and
-éhe two isgmers of the complex CUQOClzBrH4pylhave beenrpositively
identified from physical measurements. Tetranuclear copper (II)
complexes have been shown to undergo halideléxchénge reactions in -
solutions and from conductivity studies_it is péstﬁlétea_that these
complexes may well be considerably dissociated in sélvents such as
nitromethane. In addition, tetranuclear complexes with pyridiné |
ligands have been shown to undergo redox decompositiqﬂ reactions at
temperatures abéve lSOQC to yield coppef (I} halide and a halopyridine.

The hydrolysis of three tetranuclear copper complexes has been
investigated and the prodﬁcts appear to be three new-basic.copper (11)
salts which readily dehydrate in solution to form the original
cluster complex. |

| The oxidation of éopper (1) halide-pYridine complexes has beén
studied.in some detail and the relationship between the oxidation products

and tetranuclear copper (II) complexes is fully discussed. It is

(1ii)



postulated that a cluster complex of the type CuyO(OH),Clydpy
is initially formed from the oxidation of a copper (I) halide-pyridine
- mixture or complex.and that this tetranuclear compound is the active
catalyét for the oxidation of prhenols. This catalyst complex has not
been isolated due to a fast hydrolysis reaction it apparently undergoes
in the presence of water vapour. |
A reaction écheme for the oxidative coupling of phenols, involving
a.tetrénuclear copﬁer {II) catalyst is discussed and shown to be viable
in terms of the known properties of.the-catalfst sYstem; and the
kinetics of polymer formatiogg
In addition, a brief study of soﬁe mixed halide éomplexes of
" copper (IX) of the type_CuxclyBrznpy isldescribed and possibig

structures for these compounds are discussed. -
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CHAPTER ONE

INTRODUCTION




Amine complexes of copper salts have been used extensively
as catalysts in oxidative coupling reactions ever since Hay reported

the preparation of high molecular weight polyphenylene ethers

using a copper (I)-pyridine catalyst in 1959(1). Hay found that‘

2,6-disubstituted phenols could be oxidatively coupled to yield

polyethers (C-0 éoupling) according to equation 1.1.

R - o R
' Cul1) ‘
n OH+ 20, ———» O— +nH-0 (1.1)
_ 2VY2 2
Py-solvent n

A side reaction invelving C-C cﬁupling results in the formgtion of
some tetramethyldiphenoquiﬂone. | |
Poly (2,6—dimethylphenylene oxide} (PPO) is now produced
commercially (2) and has excellent electrical insulating propérties
and good resistance to chemical attack. Copper-amine catalyst |
sfstems have also been used to prepare poly (disulphidés) (3),
Poly. (acetylenes) (4) apd azo polymers (5} acco;ding to equationg
1.2 to'1.4
' Cu(1)

nHS-R-SH + n/30 3 —P» (-S-R-S)_ + nH,0 (1.2)
amine o o

" c=cH o, S cuct .—C—c c=c— +nH20 .3

Py
HC=C
- Cu(I) . . _ oo
NHpN-Ar~NHy  + nOp ———8» [-Ar-N = N-] + 2nl0 . {1.4)
amine n )

These polymers also find commercial applications inthe plastics

industry. In recent years oxidative couplingas. a synthetic technique.



has had considerable use, particularly in the field of natural
product chemistry: the role of oxidative coupling in the
biosynthesis of alkaleoids and lignin has been fecognised {6). In
addition,thé copper-amine catalyst system has kinetic and |

mechanistic similarities with the copper oxidases in enzymic

‘oxidation reactions (7). Nigh (8) has recently reviewed the use

of copper compounds as oxidative catalysts in organic chemistry.
It is not surprising, therefore, that due to the important
indistrial and biological role of copper catalysed.oxidétive
coupling reactions, the kinetics and meﬁhaniéms of such reacti&ns
have bee% widely studied.. :However, although the role of the copper
catalyst in such systems har been discussed at some length, no
satisfactory gxplanation has beén put forward as to the chemical
composition or possible structure of the catalystSPeciesinvolvéd.
Iin general the problem of the nature of the catalyst has been
approached with the emphasis on the purely organic aspects of the
éxidative coupling reactiqn. Only limited attempts have been made
to consider the catalyst in the context 6f the likely chemistry of
copper complexes, and some of the stoichiometries and structures
which have been proposed are not acceptable from the point-of_view
of an inorganic chemist. This project was ﬁnderﬁaken to.study the
catalyst system, in order to determine the stéichioﬁetry-and_:
strgéture of the copper species involved inlfhé phenolic coupling
reaction. It was hoped that, if-the structure of the cafalyst
was determined, this would lead to a greater understanding of the
mechanism of the phenolic coupling in particular, and of oxidative
coupling in general, so that more informea attempts‘could be made
to éliminate unwanted side reactions and'maximise vields of the

desired product. A summary of kinetics, mechanisms, stoichiometri®€s

._2....



and structures which have been proposed fqr the copper catg}ysed
oxidative coupling reaction over the past fourteen years is
discussed below.

An active éatalyst species is produced by suépending a
copper (I} halide in a suitable solvent (benzene, nitrobenzene,
O-dichlorobenzene, etec.} containing an amine, and oxidising the
resulting species with molecular oxygen or air, to give a green
copperr(II)'complex. This active catalyst species is preéent'
in solﬁtion. if, for example,_a éhenOl monomer is adaed to the
solution whilst oxygen is being.passed thrqﬁgh-it, an oxidative
coupling reaction takéé place. The kinetits of the oxidation

.reéction have been studied by several workers (7, 9-14) .

. Finkbeiner (7), White and klopfer (12) and Tsuchida et al. (10) have
shown'fhat the role of oxygen in the system is tb.reoxidise copﬁér.
(I} to Copper (II}' only, and that one quarter of a mole of oxygen
per‘molé of copper is consumed'during the oxidation. Brooks (18),
Price and Nakaoka (9) and Tsuchida et al-_(lO,l14) have sh§Wn
that the rate of reaction was independent of momomer concentration,
but first order with respect to the copper (Ij halide concentration
ana the oxygen partial preséure. Tsuchida et al (10) have shown
that for the oxidation of éopper {I) hali&e—pyridine mixtures in tﬂe
abseﬁce of monomer; the rate of oxygeﬁ consuhption is a ﬁakimum
for a pyridine to copper ratio of 3:1. The quantity and type éf
amine used in the catalyst System has a marked effect on both the
fafe.of 6xidation.oflmonomer and on the production of unwanted
by~products. White and Klopfer (11, 12) have studied the effect
of_various aminason the polymerisation of 2, €é-diphenylphenol.
Using the intrinsic viscosity of the solution as a.measﬁre_of the

rate of polymer production, they compared the activities of a



number of monodentate or bidentate primary, secondary and tertiary
amines, and found that the most effective polymerisation catalysts
for the production of high molecular weigﬁt polymers, occured at

a nitrogen to copper ratioc of 1l:1. They also found that with bistertiary
amines, high molecular weight polymers were not férmed unless the
two nitrogen-atoms were separated by either two or thrée carbon
atoms, Pyridine, tetramethylethylenediapinine (TMED) and
tetramethyl—l,3—butanediémminé (TMBD) appeared to be the most
effective ligands  for the pol&merisétion.' Endres et él. (13)
have shown ﬁhat the extent of the C-0 and C—C.coupling reactions in
the oxidative coupling of disubstituted phenois, is determined in
part by the copper to hitrdgen ratio of the catalyst speqies.

For a copper (I) chloride-pyridine catalyst, they féund that at
low pyridine to copper ratios, C-C coupling predominéted, whilst
at high pyridine to coéper ratios (>10:1) the major product was
the polyphenylene oxide as a result of c-0 coupling. White

and Klopfer (11) found that in general, the less active the amine
in promoting the oxidation of monomer, the smaller the carbon-
carbon coupled product. A notablé exception to this, however, is
N,N' diethylethylenediapimine, which is completely unreactive to
polymerisation, but does promote the C-C coupled reaction.

Hay (15), White and Klopfer (11, 12) and Price and Nakaoka (9)
have studied the effect of moncmer structure on the rate of
oxidative coupling in disubstituted phenois. Their results
indicated that there are two factors connected with momomér
structure which are important in determining the rate of the
oxidation reaction. Firstly the presence of bulky 5ubstitgents
in the 2,6~positions slows the rate of reac£ion by physically
preventing coordination to the catalyst spécies. Secbndly the
absence of electron donating .o-methyl groubs or the presence of

-~ 4 -



electron with-drawing groups in the phenyl ring retards tﬁe
oxidation reaction by raising the oxidation potential of the
substituted phenol.

Brooks {18) has studied the oxidative coupling réaction ﬁsing
a copper (I) halide-pyridine catalyst at high pyridine to copper
ratios, and proposed a mechanism for the réaction which was
kinetically similar to enzyme reaction mechanisms. & very.similar
mechanism has been proposed by Tsuchida et al. (10, 14) who
studied the polymerisation of 2r6—disubstituted phenols with
partiéular referenée to coupling selectivity (10) and the xole of oxygen
in the system (14). They found the oxidation kinetically similar
~to a Michaelis-Menton type reaction, well known in enzymatic |
systems. .The proposed kinetic reaction scheme is shown in
figure 1.1. Tsuchida et ai. found the co-ordination stage (A in
figureml.l) to be dependent on the nature of the aﬁine used in the
catalyst. The value of the equilibrium constant for staée A was
found to be very much greater for pyridine than fof aliphatic
amines. This was ascribed to steric effects; -bulky amines
physically prevénting the phenol from co;ordinaﬁing. These workers
a}so found that, whereas om eguivalent of the_copperl(II} catalyst -
contéining an aromatic amine would oxidise 6ne equivalent of
monomer#in the absence of oxygen; in the pxesence.of an aliphatic
‘amine, even an excess of copper (II) cataljst.was not sufficient
for the coupling to occur in the absence of oxygen. It was concluded
tﬁat oxygeh pfomotés.éither the electron ﬁransfér from the
co-ordinated monomer (Stage B in ﬁiguﬁe 1.1) to the metal.ion, or
the dissociation réactibn of the activated monomer (Stége c),
probably by forming a complex with the iﬁtermediate. ' These

workers suggest that the I-electron accepting property of the
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A. Coordination of monomer.

© . » o
CulIDL + O , - LCu(11)+-_Q.

B. Electron transfer

- e - ) ke . . . Lt
LCu(II)+O—© —= = Leoum 4——-0@ |
C. Dissociation of activated monomer.

| . kd .

LCu(I) <~ > LCull) +

coupﬁng

D. Recycling of cctalyst.‘.

ko I
Cu(llt. ~——mow> CulII)L

FIGURE 1.1 kineti'c reciction sche'me for oxidative
coupling {Tsuchida _et al.)




pyridine ring allows stage B to occur and thué the catalyst is
active even in the absence of oxygen,

Concerning the coupling éelectivity of the catalyst system,
Tsuchidaet al. studied the extént of C-0 couéling using a catalyst_
‘with pyridine to copper ratios varying from 1l:1 to 100:1.

They foundlthat Fhe value of k;, the .rate constant.for the
polymerisation (equal to E&i(l - %g-jh ihcreased with increasing
selectivity of C-0O coupling. This rate constant may be_coﬁsidered
és-a measure of the.affinity of the coppef complex for thé.phenol.
Hence it is the eiectronic.state of the co;ordinated.radicals
(détermined by the nature of the amine ligand) which decides the
;éupli;g selectivity. These-wdrkers suggested:that it is diffiéult
to regafd_the coupling as a free radical mechanism; as had Been
proposed by many other workers (7, 15-17), for if the coupling
occured between the free radicals theﬁselves; there would be no
need for it to be determinéd by the nature of the catalyst species.
As C-0 coupling océurs only in the presence of metal ions, the.
mechanism is considered to involvé a co-ordinated radiéal:_ C~C coupling,
they suggeét; mnay Qccur'through a very diffefént méchahism.
rTsuchida et al. also discussed the effects of different solvents
on the rate of feaction, and explained the very slow rates in
polar solvents, such as dimethylformamide, by the lowering of the
electron fransfer_rate (sﬁaqe B in figure_i.l) due to the
stabilisation by the polar solvent of the:compléx before electron
transfer.

Finkbeiner (7) studied the oxidatioﬁ of a coppér (1} chloridé-
pyridine mixture in benzene énd Q-dichlorobenzeﬁe and proposed.
stoichiometries for the reaction shown in equations 1.5 and 1.6
below. Equation 1.5 applies in the absence of wate; and 1.6 when

water is present.



4CuCl + 0, g—gﬂ‘ia» 2CuCl, : 2Cu 0 npy C(1.5)

CgH ] _ . .
4CuCl + 0 W—_6H—26e>2c:uc12.2Cu(on)2 npy (1.6)

Due to the fact that F.inkbeiner and othér workers in this field

reported only the routine drying of solwvents, and pretfeétment

of pyridine with potassium hydfoxide {which does not remove the

1ast.1% of water), water must be considered as a possible

reactant in the prepa;ation of an éctive cétalyst.' Henée

equation {1.6) is more likely £o be neafer the true stoiqhiometry

for the oxidation. Further work by'Finkbeiﬁer_led him £o

~investigate the minimum.pyridine to copper ratio that would

préduce complete oxidation of the copper (I) species,‘asAmeasuréd by

the amount of oxygen congumed in the reaction. He found that

below a pyridine Eo copper ratio of 2:3, oxidation.was inéomplete

and vroposed the stoichiometry of Qquation 1.? forrthe oxidafion;
6CuCl + 3/20; + 4py S6Heny 2cuCl, 2py.CuCly:3cuo  (1.7)

It is not clear whether the productiin equatinn.(l.j) was supposed

to be a complex salt or a mixture of bispyridinedichloro copper {II}),

copéer(II)fchioride and céppef (fI) oxide. Finkbeiner claimed #o

have attempted to isolate the active species, by precipitaﬁion'bf

the copper complex with hexane, but did not report any results as

to the catélytic éctivity or stoichiométry of the complex thus |

obtained;apart from noting thatrit had a similarrinffared'spectrUm‘

to bispyridine dichloro copper (II). Although Finkbeiner found

that the oxidation of a copper (I} chloride-pyridine mixturelin benzene

or Qudichlorobenéene (referred to ag "inert soivents")'produced aﬂ

ill-defined amorphous copper (II) species, he reported that if the

oxidation_was carried out in methznol, a'deep green crystalline

material precipitated (7). This complex had the stoichiometry

-7 -



Cu(OMe)Cl py and was a very active catalyst for the polymerisation
of disubstituted phenols. This catalyst species also promoted
different proportions of C-0 and C-C.coupled products, the relative
amounts.depending on the pyridine to copper ratio in the reaction
mixture, as had been observed in the different catalyst system
prepared from an ": inert. seolvent". Hay (16) found that although
copper (II} hydroxide in pyridine was inactive as a catalyst,
tréatment with one egquivalent of hydrogen chloride generated an
active species.. He concluded that the actiye catalyst was a
copper salt-containing one hydroxide group per copper atom.
This.supposition was supported by Tsu;uya gt al. (19) who oxidatively
colded 2,6—dimethylphendl using a catalyst prepared from copper (II)
chioride, potassium hydroxide (1:1) and_pyridine in methanol.
De Jongh et al, (20) used a complex of stoichiometry [Cu(OH)TMED]aCla»
as an effective oxidative catalyst. This‘was prepared by the |
oxidation of copper (I} chloride in a methancl-water solution
containing.tetramethyleﬁhylenediémmine. This complexvas observed
by Dé Jongh'fo be identical (infrared spectrum, ﬁelting point
and colour) to [Cu(OH}TMED],Brs prepared by Wasson in 1968(21).
The.grystal structure of this latter complex (22):show§d the
two hYdroxide;groups bridgihg the two copper-atoms. The data in
Wasson'sﬂpapérs, however, refers to the_bromide coﬁplex only and
whilst the_étructures of the two complexes might be'expected to be
similar, properties like melting point and infrared specfra are |
not likely to be identical for a chloride and bromide complex.
Several structural forms have been postulated for the active
catalyst species. Finkbeiner (7) studied the visible spectra of
solutions of his coppér methoxide chloride catalyst species at

different pyridine to copper ratios ang, based on a small shift in

-8 -



the. abszorption maximki_ubetwaen pyridine to copper raﬁios of i:l
ana 558:1, postulated the existence of two catalyst species, the
strucﬁures of which are shown in figure 1.2. One species (&) is
present at relatively low pyridine to .cOpPPerratios and catalyses
‘the C-C coupling reaction; the other (B) exists at high pyridine
to copper ratios (?100:1) and catalyées the C-0 éoupling reaction.
The two competing couplin§ reacfions for these éatalyst species
are shown in equations 1.8 and 1.9 beléw; |

Low liéandlto copper ratio:-
2{Cu(CM2}Cl py] 4+ 2 ROH —b[Cu(OR)-Cl py]zf—b diphencguinone (1.8)

ﬁigh ligand to copper ratio:i-
(.Zu(GI.Ma Cl(py)o + ROH——}Cu(OR)C.l(py)z—‘P polypheﬁylene oxide (1.9)

RQH =- disubsfifuted phenol

In'copper alkéxides, alkoxyhalides and co-ordination
complexes of such compoundé, it is the alkoxide groups that are
thought to bridge the two coppers of a dimeric unit. Magnetic
and spectral data indicate that bridging alkoxide groups are
present in copper methoxide,‘copper methoxychloride_and copper
ethoxychloride (23, 24). Sterns {25) has repérted the crystal
structure of [Cu(OMe)Cl 2—ﬁepy]é. This complex consists of twé
centfoéymmetric dimeric units, in whicﬁ the copper atoﬁs are
linked by methoxide oxygen bridges, the dimers béing joinéa into
infinite chains through lbng éoppef—chlorine'bonds. The methoxide
complex prepared ﬁy Finkbeinermay well be stfucturally similar.to
thatlstudied by Steins; the presence of bridging methoxide
groups in the former complex could well be confirmedrby determininé
.the magnetic moment of the complex. The magnetic moment of
[Cu{CTe)Cl 2—mep§]2 has been found to‘be lowered to 0.6 B.M. at

room temperature, due to spin-coupling between the copper atoms

-9 -



Py\ /Cl\ /OCH3 Py\-/Cl
/ \ / N /" N

OCH, OCHy

A o B

FIGURE 1.2. Proposed methoxide catalyst
structures (Finkbeiner)

NN
(Py]/d \Cl/ . \ OH

FIGURE 1.3. Proposed catalyst structure
(Price_and Nakaoka)




assisted by the orbitals of the bridging oxygen atoms of the methoxide
groups. Recently Roubaty et al. (26) studied the proton NMR of the
methoxide complex prepared by Finkbeiner, and suggested thﬁt it
contained the structural unit:-

SAN
Cu— Cu

Apart from points already discussed, such as the effect on the
magnetic pfoperties of this type of structﬁre and inconsistency with
what is known of copper chemistry, this work is unsatisfactory.in some
of the details of its aﬁalytical and NME data. This paper will be |
discussed in detail in Chapter Eight, in which present work on the
structure of the methoxide coﬁplex is evaiuated.

When the oxidation of a copper (I) chloride-pyridine mixture was
carried out in the absencé of methanol, Fihkbeiner proposed that structurally
similar estalysts to those shown in fig. 1.2 were formed: in tﬁis case,
hovever, hydroxide groups replaced the terminal methoxide groups in the
figuré,} Co-ordination compléxes of copper hydroxide speciés are similar
"~ to the alkoxide complexes described above, to the extent that dimeric
structures with hydroxide bridges are favoured, as in the case of
[Cu(OH)TMED],Br, mentioned earlier. Complexes of the typé {Cu(OH)L 15X,
where I may be a monodentate (m = 2) or bidentate (m = 1) emine and X is
en anion, have been studied in detail by McWhinnie (L = 2-mepy, 2—amino Y3
X = Cth; NO3) (27,28) ‘and Ferraro and Walker (29) aﬁd Harris et él. {30)
who each studied a similar series (L = bipy, phen: X =.Cl, Br, I, NCS,
C10y, :soq). In ali cases dimeric hydroxy bridged complexes were
postulated. In addition,Leussing and Hansen (31) have reported the'
existence of the dimeric species py,Cu(OH),Cupy3™ in solution. It is
clear that the structures proposed by finkbeiﬁgf (rig. 1.2) are.not in
accord with what is now known of the co~ordination chemistry of copper

nmethoxide and hydroxide complexes. Price and Nakaoka (9)



lsuggested.that the structure shown in fig. i.3 waé the active
catalyst produced by the oxidation of copper tI) chloride and
pyridine in nitrobenzene. This differs from that proposed
by Finkbeiner (figﬁre 1.2, Aj only in the position of the terﬁinal_
hydroxide groups and in the number of pyridine 1igands pfesent,
and can be considered unlikely to occur for the reasons outlined
above. |

" The proposal that the catalyst species is dimeric in nature
seems fo be.derived from the supposition that copper (I) chloride
exists as the dimer.Cuzclzz this dimeric structure with bridging
chloride atoms being retained in the QxidiZed copper (II) species.
Coﬁper (1) chléride has been shown‘to be polymeric in the solid
_statel(32), with the Zinc Blende (%407°C) or Wurtzite (>4Q7°C)
structure.  There is evidehce thaé, even at high temperatures, the.
vapours of cobper.(I) chloride contain substantial amounts of £he
“cyclic trimer - CujCls(33) and the tetramer CuyCly (34, 35), with
smaller amounts of the penéamer CusCls (35), there is little
evidence however, for tledimer claimed by earlier workers.

Price and Nakagka (9); however, have usea evidence obtained
froﬁ the oxidation of copper .{I) chloriae in ﬁelts'to suppbrt the
dimeric structure of the catalyst; ‘Ruthven and Kenﬁey (36) found
that the rate of oxidation of copper (I) chloride in a melt of

-potassium and lanthanum chlorides, Qas proportiohal to the square

: oﬁ thé cuprous ion concentration. This was interpreted as arising
from a reaction involviﬁg the simultaneous oxidation of two éuprous
ions_with one mole of oxygen, to give a peroxy bridgéd intermediafe
species: the proposed reaction scheme is.shown in figure 1.4;
The évidencé for the peroxide spécies in Ruthven and Kenneys'_paper'

‘however, was very tentative and no substantiating evidence has been
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put forward by Price and Nakacka for the existence of this
particular species in the catalyst system;

Complete mechanisms for the oxidatife coupling reaction,
involving a structural description of the coppér catalyst species,
have been postulated only by Price and Nakaoka (9) and Smith (37).
The reabtion schemes envisaged by Price and Nakaéka for the
oxidativé!coupling of disuﬁstituted phenols.are shoﬁn in figures .
1.5 and 1.6. Figufe 1.5 is relevant for high pyridine to copper.
ratios which produces.C-O coupling, and figure 1.6 for low
pyridine to copper ratios, producing C-C coupiing. At high
pyridine fo copper ratios,two pyridine'molecules are co-ordinated
té éa;hmcoéper atom {figure 1.5). This results in decreased
bonding between the coppexr and aryloxy radical after electron
transfer and causes the radicals to readily dissociate and
participate in C—Olcoupling. At low pyridine'to coppef ratios,
however (figure 1.6), only one pyridine molecule is co—ordinaﬁed :
to each copper atom and this results in the aryloxy radicals
remaining co;ordinated to the copper atoms after the electfon

trahsfer reactioﬁ This in turn leads tolC—C coupling to form
rthe diphenoquincne. As both of these %eéction scﬁemeé reqﬁiré
the preseﬁce of terminal hydroxide.
~groups and a copper.perokide intermediate, they-must be considered.
unlikely for the reasons stated above."Recentlf'Smith (37)has
suggested the séme reaction mechanism for the pxidafioﬁ of
thiophenols; also involving a dimefic'catalyst with terminal
hydroxide groups and a peroxide type intermediate. This -gCheme
musﬁ.also be considered suspect for siﬁilar reasons.

It can be seen on consideration of the above inférmation,
that ﬁhe catalytic oxidative coupling reaction is very
. complicated and influenced by a large number of paraméters. Any'
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lstructure. proposed for the copper catalyst would (apaft from
being realistic in terms of copper chemistry)haveto.agree with
the kinetics of the oxidation'and explain the effecﬁs of ligand
ratios and structures, monomer structure and solvent effects,
cn the raté of oxidation and yields of specific producté.
The reason why the catalyst sfructure is unique to the oxidatioﬁ"
producté of copper (.0 halides will also have to be satisfactorily
éxplained. |
During the initial stages of this study it became_clear fhat
lpolynuclear'copper complexes were_involved during the oxidafion
of a copper (Iihalidé—amine complex. The oxidafion in wet air of
a copper (I}chloride-pyridine complex of stoichiometry CuCl py
‘was studied using a graVimetric techniqﬁe. The results of this
investigation (deﬁailed in Chapter Eight) indicated thétra reaction
involving at least four copper atoms must be considered in order
to account for the cbserved weight changes in terms of whole
nunbers of constituent atoms or molecules. The first stage in
the.oxidation appeéred to be the gain of one mole of oxygen and
one mole of water pexr fﬁur:copper atoms, giving rise to the
stoichiometry indicated in equation lrlO,r
4CuCl py + Op + H0 — = Cu,0(0H) ,C1,, 4py ' : (1.10)
Tetranuclear copper (II) complexés'of similar stoighiometry
to the prbdﬁct in.equation 1.10 have been studied since 1966,
Coincidently they were first feported by Finkﬁeiner {(7), who
prepared the complex CuFOC154py, but tﬁought;t to be a mixturé of
basic copper (IL) salts. He did, however, réport that the compléx
had some catalytic activity. Little is known of the ?éactions aﬁd:'
stabilities of such complexes and if was decided, on the strength of
the results outlined abové, to devote a large part of this project
to the étudy of these polynuclear complexesf
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Consequently this thesis describes the preparation and
characterisation of new polynuclear copper (II) complexes with
structural properties that could be related to thé catalyst
complex. Investigations intc the stability and reacticns of
these-complekes,‘as well as a study of the oxidation products
from copper (I) halide—amine complexes both in the solid.sﬁate.

and in solution are reported.
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CHAPTER TWO

COPPER (I) HALIDE-PYRIDINE COMPLEXES



2.1 Introduction

As alpreliminary to the study of the oxidation of copper
halide-péridine mixtures, it was felt appropriate to invesfigate
and characterise the solid copper (I) halide-~pyridine adducts, with
the aim of subsequently oxidising these complexes in the solid state.

Up to the time that the work on this particulaf aspect of the
project was initiated, some confusion existed in the literature ‘
concerniﬁémthe stoichiometrics and polours of copper (I) halide-
pyridine complexes. Lang in 1888 (38), varet in 1897 (39) and
Murchjan lin 1940 (40) ail reported 1:2 adduétsrpf copper (I) chloride
and bromide with pyridiné. The complexes were described by these
. workers as_"Qreen" or "golden green". No precautiohs were taken'to
_exciude_o%ygen from the prepafations and, as pyridine solutions . of
copper {I) chloride and bromide aie very sensitive to aerial oxidation,
it seems likely that the ;comple..xes obtained by these workers were
wholly or partially copper (II) compounds. Complexes of cﬁpper (1)
will exhibit colours due to charge transfer‘effécts rather fhan a-d
transitions,; as the copper atoms have a ale cqnﬁigu;atioh. The
charge transfer bands attributable to the copper (I)-pyridiné syStem
might be expected to occur near the uitraviolet end of the spectrum,
producing yelloﬁ or white complexes. Ménf copper {II) comple#es are-'.
green'or blue, due to the 4-4 trapsitions of the &9 copper (IIf
configuration. A white i:l adduct of copper (I) bromide and pyridine
was reported by Wilkins and Bu;kin (41) who also prepared the
dorreséonding‘white iodide comple#. Malik (42), however} reportedrf
the i:l copper. (I) iodide-pyridine complex as an amethyst crystalline
solid. He also reported potentiometric evidence for the existence of
" 1:1 and 1:2 adducts of copper (I) chloride and py:.;idine,- but failea |

to isolate those complexes. Due to this somewhat confused. picture it
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was considered necessary to isolate all possible adducts of

copper (I} halides and pyridine, and charactérise thern by analytical
and infrared data. After this work was completed, however, De Ahna

| and Hardt (43) published the preparation of complexes of copper (I)
"halides with pyridine, picolines, lutidines and collidines; These
compounds had thg stiochiometry.CuXLn, where X is cﬁloride, bromide
or iodide, L is pyridine or alkyl'pyrid;ne, and n is one or three,
and they exhibited intense fluorescence which changéd reversibly

at low temperatures. _Bothll:l and 1:3 adducts were prepared using a '
vacuum technique simiiar to that described in 2,2 be;ow. De Ahna and
Hardt'reported thermogravimetric data on the trisamine adducts

which showed a oné—step loss bf two molecules of’ligand to form the
monoamine adduct. Bisamine complexes were 56t isolated. The
decomposition of the monoamine adduct was reported to be a

ﬁultistage procéss, the eventual product being.the copper (I) héli&e;
In addition to fluorescence and thefmogravimetrié data, they also
tabulated x-ray powder diffraction lines fqr the compiexes, but did
not report infrared or analytical data.

2,2 Experimental and Results

2.2.1 Preparative methods

The pyridine adducfs of copper (I) chloxide and bromidé ‘ﬁeré
very sensitive to aerial oxidation, and so were prepared using a.
vacuum technique, After preparation these complexes we;é handled iﬁ a -
Aglove—box.containing an atmosphefe of dry nitrpgén and_ahélftical_and-
infrared data obtained using standard techniques (46).

(a) preparation of copper (I) chloride and bromide complexes

Pyridine adducts of copper (I) chloride and bromide were
preparea using a simple vacuum frame shown in figure 2.1. Pyridine
{40ml) was degassed in tube B and cold distilled into tube A, which

contained the copper (I) halide (ca.0.2 g) and a magnetic stirrer bar.
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The solﬁtion was allowed to reach room temperature and stirred untii
all the copper halide had dissolved. Pyridine was then cold
distilled back to tube B with the temperature of tube A maintained at
0°C. This resulted in the formation of the yellow trispyridine adduct.
The pale yellow (chloride} or white (bromide) monopyridine:adducf was
preparéd by evacuating the trispyridine adduct for thirty minutes,
whilst maintaining the temperature of tube A at 35°C.

Dry nitrogén was let into the apparatus by means of tab Cy
and the tube containing the copper (I} halide-pyridine complex
‘transférfed to fhelélove-box for analysis. |

Attempts were made to prepare the bispyridine adduct of copper
(1) chloride.and bromide by twé different methods. In the first ofl
these, the general method of prepgration of the nnnopyridine adduct
was followed as described above, exceptlfhat the temperature of tube A
ﬁas varied between C¢ and 30°C during several preparations. Analytical-:
data indicated that the products con£ained between one aqd three
molecules of pyridine. No complexes corresponding to the‘bispyridine
adducts were obtained. In the second method of preparatién;dry
: degassed diethyl ether was cold distilled to the édpper (I) halide-~
pyridine solution. A creamy yelléw complex ﬁrecipitated, thch was
fiitered onla filter stick, wéshedfwith degassed diethyl ether énd
transferred-to a glove-bog for analysis. Analytical‘data indicated
that this complex contained between one and two molecules of pyridipe.

{b) preparation of copper (I) iodide complexes

Copper {I) iodide (ca.4) was dissolved in pYriaine {Ca.50 ml) and A
the yellow.solution filtered. About 20 ml of pyridine was removed
under vacuum and drf diethyl ether (20 ml) added to the remaining
solution. A pale vellow sclid precipitated which turned white when

washed with diethyl ether. The white product was collected and dried
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TABLE 2.1

ANALYTICAL DATA FOR CDPPER (I) HALIDE-PYRIDINE COMPLEXES

' COMPOUND 'COLOUR | % COPPER % HALOGEN
| FOUND | CALC. FoUﬁD CALC.;
‘cuclpy Veypele s 3s.es 1984 19.912‘
a
CuCl3py Deep yellow 18.90 18.89 10.58 10.543
CuBrpy White 28.66 25.55 35.94 35.91%
- CuBr3py Deep yellow 17.01 16.69 . 21.25 20.'99%_
' Culpy White 23.33 23.57 46.87 47.085;
Cul2py Pale yellow ia.01 ‘. 18.23 36.14 :

36.40;
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TABLE 2.2 -

INFRARED DATA (1700-250 cm_l) FOR COPPER HALIDE-PYRIDINE COMPLEXES

ASSIGN~ CuX. 2py

Afd?ﬁi MENT (§0) CuClpy CuCl3py CuBrpy CuBr3py Culpy CulZpy

D (50) xCL  x=Br : -

1583 8a 1603 1601 1596 1593 1596 1595 1596 1591
1572 8b 1572 1571 - 1569 - - - -
1482  19a 1490 ‘1490 1482 1482 1482 1480 1480 1480
11439 19b 1449 1448 1442 1442 1442 1442 1440 1440
1375 14 1365 1364 1352 1355 1352 1352 1353 -
1288 3 1240 1238 - - - - 1235 - .

\ ' 1215 1215 1210

1218 sa 1218 1219 1212 130, 1212 [5o0 | 1215 oo
1148 15 1151 %igg 1156 1150 1155 . 1151 1150 1149
1068  .18a 1079 1078 1076 1068 1075 - 1068 1068 iggg
1085  18b 1063 1061 - - - - -~ -
1030 12 1042 1042 1039 1039 - 1039 1036 1040 1032
i 1016 1015 '

992 - 1 1009 1oog 1009 1016 1009 1010 1009 1003
942 5. 948 944 - - e e - -
''891  10a 876 870 889 890 . 888 890 © - -
- - 747 Lo 742 748

49 4 764 759 oo 755 47 e 751 o
: 704 705 702 699 706

700 L 891 889 g9y 700 693 694 698 690

C 1605 6a 645 645 629 629 620 625 622 ° 621
' 1405 16b 444 444 412 - 422 413 420 410 416
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in vacuo (2 torr}. The product was analysed and found to be ﬁhe
monopyridine adduct. The monopyridine adduct of copper (I) iodide
(:1.0g) was placed on a watch glass in a closedlvessel containing
pyridine, at 20°C. The complex'wéé allowed to remain in contaét_with
the py;idine vapour for several days, until no further gain in weight
was obhserved. .The product, a pale lyellow solid, \;"a.s analysed and
its infrared spectrum recordeé, it had the stoichiometry CuI2.4py.'.
Thus if a trispyridine adduct of copper (I) iodide did exist, it
~was not stable with respect to loss of pyridiné at.this témﬁeréture.

Dry nitrogen was passed over the yellow complex for two hours

resultipg in a pale yellow compound which, on analysis, was found to
have a stdichiometry Cull2py. This complex did not.lose.any further
pYridihe at 20°cC.
Analytical data for these copper (I? haiide-pyridine adduqté
- are. contained in table 2.l1. Infrared spectral data was obtained in
the region 4000 - 250 em™1 using a Pefkin Elmer 457 Specfrophotometen
Spectral data for these complexes (1700 —.250'cm_1) is contained in
table 2,2. The only bandsattributable t; the compounds in the
region 4000 -~ 1700.cm71 were due to the.C-H.vibrations of the.pyfidine
ring (3000 - 3100 cm !). These bands were very weak and appeared éﬁ.' ”
'thé same frequenéiés in all the compiexes studied, and so are not
tabuiated. The copper (II) com?lexes, CuC122pf and.CﬁBr22py,
are included for comparati%e purﬁéses.
The spectrophotometer was calibrated in the region 4000 - 700 cm-i
by means of polystyrene film ', and from 700 - 250 cm ! using‘a:éaraffin

0il mull of mexcury (II) oxide between cegium iodide plates.

2.2.2 Vapour pressure measurements
The wvapour pressures of the trxispyridine adducts of copper (I}

chloride and bromide were studied in the temperature range 18 - 90°C,
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in ordex to investigate the possible existence of Bispyridine
adducts of these copper (I} halides, using the apparatus shown in
figure 2.2. The spiral spring and @tically flat window and holder
were obtained from C.W. Wingent Ltd., and incorporated into the
vacuum frame as shown in figure 2.2. The apparétus consists of a
hollow spiral spring connected directly to the container holding
the sample under investigation. The outer case is connected to a
vacuum system, via a mercury manometer, Any pressure difference
between the tWOIhalves of the‘apparatué, causes the spring to
distort, which in turn results in a deflection of the platin#m
mirror attached to it. The deflection of the mirror is directly
proportional to the pressure difference between the two halves of
the apparatus, and so can be utilised to determine the vapour
pressure in thé part of the appéiatus containing the sample.. In
practice, the filament of a lamp is focused onto the mirrér and
reflected back to a séale fixed horizontally above the lamp.
Changes in the position of this reflected beam are used to evaluate
the changes in the vapour ﬁressuré dﬁé tolraising the temperature
of the sample.

Aftér-confirming its analytical purity, 0.2 - 0.4 g of the
trispyridine complex was placed in a small sample.hblder in the
‘gloveﬁbox.and_then attached to the vacuum frame, using a blanket of
nitrogen., The frame had already been flushed out with dry nitrogen,'
and directly the sample holder was attached, taps A and B wexe o
opened and tap C turﬁed to connect the ffame'to the wvacuum pump;

The sample was cooled with liguid nitrogen to prevent losg of pyridine
. during this initial evacuation; fhe whole system was then
pumped out to less than one tqrr. Tap A was then c;osed and remained

so for the rest of the experiment. The apparatus was lowered into
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a thermosﬁatically controlled water bath, up to the base of

.tap A (figure 2.2). The system was allowed to reach thermal
equilibrium {about two houfs in thié first instance). Tap B was

theﬁ closed, the lamp filament focused on the centre of the scaié;

and this "zero” reading noted. After this, care was takgn ﬁot té,move
the lamp, scale orx épparatus in the water bath, as this woﬁld shift
the "zeroJ position of the feflected filament.  The temperéture_

of the bath was recorded and raised by 3 - 4°C. ' After the

apparatus had again reached thermal equilibrium (indicated by the
position of the filament image on the scale remaining steady, about

40 minutes in all}, tap C was opened to thé air and tap B carefully
opened. Air was iet into the rightshand side of the apparatus

until the image of the filament had ?eturned to the "zero" position

on the scale. ht this point the pressure iﬁ'both éides-of the
aﬁpératus was équal, and éo the pressure recorded on the manometer
was egual to the'vapouf pressure of the sample in the other half

of the apparafus. The manometer was read using a katharometer, and
the temperature of the water bath noted. ‘fhe manometer side of the
apparatus was then gvacuated and the temperature of the water bath
raised prior to the next reading. The water baﬁh could be heated
from 18 to 20°C by means of an immersion heater, teﬁperature control
.of better than + 0.1°C being achieved by means of a 100 watt carbon :
filament lamp connected to én adjustable thermostat. For températures
above 75°C, a 250 watt immersion heater replaced the carboﬁ lamp.

The temperature éf the water bath &as recorded by means of 0-50'énd 50
- 110°C thernﬁmeters, whose accuracy was checked against a‘N.P.L.'
calibrated thermémeﬁer. Polystyrene spheres were used fo reduce

heat and water losses at the surface of the bath.
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TABLE 2.3

CONDUCTIVITY DATA

'SPECIFIC EQUIVALENT -
COMPOUND conclN CONDUCTIVITY CELL CONDUCTIVITY CONDUCTIVITY
g.eq./1 ohm™! CONSTANT  ohm™} cm 2 ohm™!
‘ (av) (av)
AgNOg 0.001 7.35 x 104 0.123 9.04 x 1075 90.4
4.14 x 109
cucl -0.001 to  _ 0.123  5.71 x 2078 5.7
' 5.14 x 10 °
pyridine - 3.74 x 10-6 0:123 4.6 x 10-7 -
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The results of the vapour pressure measurements are
presented in figures 2.3 and 2.4 as graphs of log)gP versus
1/1% K.

2.2.3 Conductivity measurements

Conductivity measurements were made on a copper (I) chloride-
pyridine solution using the apparatus shown in figure 2.5, which
was designed to measure: conductivities under anaerobic conditions.
The conductivity of a M/1000 solution of copper (I} chloride in
pyridine was compared with that of a M/1000 solution of a 1:1
electrolyte, silver nitrate, at the same tem?erature, The procedurg'
adopted is outlined below.
D?& copper (I) chloride (0;001 moiej wasweighed into the
“conductivity cell and the apparatus flushed out with dry nitrogen.
Dry degassed pyridine QSOlml) was added through the rubber septum
using a syringe,'and the solution was stirred magneticaliy until all
the so0lid had dissolved. . The cell was then placed in a thermostaticélly
controlled liquid paraffin bath and allowed to reach thermal |
equilibriuﬁ. Liquid paraffin was used fo} a constant temperature
bath as a wafer bath leads to spurious réadiﬁgs at very iow
conductivities. The temperature'was maintéined at 25 + 0.2°C.
After one hour in the constant temperature bath,the conducﬁivity
of the solution was measured.by means of the platiﬁum black
electrodes attached to a Wayne Kerr :tonductivity bridge. The
cell coﬁstant was determined both before and éfter the expe£iment
with a M/lQOO potassium chloride solution at 25°C.
The experimentwas repeated with dry silver nitraté {(0.001 ﬁole),
_and then with pyridine alone. | |
During these studies, it was ob#erved that the conductivity of
the solutions did not remain constant over an extended period of
time. Whilst this effect was relatively small {ca. + 10%) at
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concentrationé of solute in the order of M/1000, attempts to
measure the cénductivity at solute concentations of M/2000 and
lower, resulted - in large fluctuations over a périod qf a few
hours (Ca. + 100%). It was hoped to record conductivities at
various concentrations of copper (I} chloride in pyridine, in order
to investigate the electrolyte type by the method of Feltham and

- Hayter (47). However, this had to be ébandoned due to the large
fluctuation in conductivity observed at concentrations below
M/1000.

These variatioﬁs in’conductivity have not been satisfactorily
explained. However, pyridine has not been used and is not
recommended for use as a solvent iﬁ conductivity measurements, due
to its stréné donor properties and low dielectric constant (48).

It may be that, due‘to the very low specific conductivities
encountered (ca. 1 x 10 5 ohm™!) when working in pyridine at low
concentrations of solute, small changes in temperature may cause

large conductivity changes. Working with a liguid paraffin bath .

means that.the temperature can only be controlléd to + 0.2°C (due to 7
viscésity and heatltransfer effects) and this may account for the _,.
cqnductivity variations experienced. The results of thé :
conductivity.méaéufements are contained in tabié 2.3.
2.2.4 Reagents

Copper (I) chloride and bromide were prepared by the reduction
of the corresponding copper (II} halide in aguecus éolution, using ;
sulphur dioxide. . The precipitated copper (I) halide was'filtered. |
under a blanket of nitrogen. The white (chloride) or pale yéllow |
.(bromide) product was washed with several portions of glacial -
acetic acid, followed by absclute ethanol and anhydrous diethyl ether,
and dried in vacuo(2 torr) at 20°C, The products were stored under

vacuum.
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Copper (I) jiodide was prepared from the reaction between an
aqueous copper (II) sulphate solution, and a soiution of potassium
iodide and sodium thiosulphate (44). The precipitated copper (1)
iodide was filtered, washed with several portions of &ater, followed -
by absolute ethanol and anhydrous diethyl ether, and dried in vacuo
(2 torr)'over phosphorus-'pentoxidé for several déys. The |
product, an off-white solid was stored over silica gel and away from

. direct sunlight.

All three copper (I) halides were analysed for copper and
halogen and found to be 99,5 - 99.9% pure.

-The pyridine used was a Fisons G.P.R. solvent whidh ﬁés
disﬁilled twice froﬁ solid potassium hydiéxide, then refluxed fof.
two days over 4A molecular sieve. The solvent was then redistilled,
the fraction boiling between 114°C and 116°C being collected. The
purified, dry solvent was stored in an anber bottle 6ve£ molecular
sieve.

All other solvenés ﬁsed were distillgd and dried by standard
methods (45).

B.O.C. “whitg spot" nitrogen was used thrqugh§ut and dried by-
passing it successifelyrthrqugh colums of silica gel, ':aluminiuh
oxide and molecular sieve type 53. ﬁo attempts were made to remove
the tracés of oxygen in the gas (;<5 ppm) since copper (Ii'chlorideQ
pyridine solﬁtions could be stored in confact with the nitrogen fof
several months, without ény visible signs''of oxidation.

2.2.5 Analytical procedures;

{(a) Copper

Copper was determined gravimetrically by dissolving_the complex
in a minimum quantity of dilute nifric acid, neutralising the solution,
and precipitating the metal as the ethylenediammine mercuric
iodide gomplex according to standard procedures (49).
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{b) Halide

Chloride was determined potentiometrically by disseolving the
complex in concentrated nitric acid and titratiné with standard
N/10 silver nitrate solution, using qalomel and silver métal
electrodes, and a potassium nitrate s#lt bridge.

Bromide was determined by the Mohr titration‘(49) using

standard N/10 silvey nitrate and N/10 ammonium thiocyanate.

Todide was aetermined gravimetrically by dissolving the complex in
*880" ammonium hydkoxide sclution and precipitating the halide as silver
icdide, using a N/100 silver nitrate solution according to a standard

method (49). ‘ ' ‘ .
Analar reagents and halide free conductivity water were used

throughout.

2.3 Discussion

Table 2.1 shows that complexes of stoichiometry CuCl3py,
CuClpy, CuBr3py, CuBrpy, and Culpy hgve been established,
'confirminé the work éf De Ahna and ﬁardt(43). In addition,a
complex with appareht stoichiometry CuI2py has been pfepared.
These‘éomplexes gxhibit.yellow or white colours as expected for
éopper (I) compounds. A yellow complex of stoichiometry Cul3py was-i
feported by De Ahna and Hardt to be stable to loés of pyridine at
20°C,. but the present work was unable to confirm this compound.
The chloride and bromide complexes are oxidised to copper (II)
compouﬁds on exposure to the atmosphere: the.monopfridine.adduct
of copper (I} bromide is only slowly oxidised over a period of
several days exposure to the atmosphere,.whereas the trispyridine
adduct of copper (I) chloride is completely oxidised after a few
seconds exposure to the air. & qualitative.assessment of the

order of stability to oxidation results in the series:-
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CuBrpy > CuClpy > CuBr3py > 'CuC13py
The infrared spectra of ﬁhe copper (I) complexes (table2.2)
are , in many respects, similar to coppex (II)~-pyridine complexes.
Co-ordinated pyridine can be readily distinguished from the freé
amine by a shift in the strong 1583 em~l band | to around 1600 cm!;
and by shifts of the 605 and 405 cm™! bands to 645 and 444 om™ !
respectively foi copper (II) complexés Gdla In general there is a.
tendahcy for the fundamental modes of fhe amine t6 be at a Slightiy
higher frequency on co-ordination. This may_be considered'ﬁo arise
from the inductive effect conseqguent on co-ordination. The.smallness
of these shifts haé been attributed (51) to back donation which
weakens bonds by partially filling the ligand w* orbitals. The
shifts tend to be greater for the chloridelthan the bromidé
complexes of copper (II), which implies that the co-ordination of
the amine is stronger in the chloride than the bromide épmplex.
The frequencies of the ligand bands decrease as the negative
charge accumulated ea the metal increases,,or'aé metal ligand
'n—bonding increases; - thus the higher polgrizability of Br
relative tb c1 explains why the ligand frequencies are generally
slightly lower in the bromide complexés.
| The sﬁift 6f the fundamental modes §f pyridine oﬁ co-ordination’
can be observed in the pyridine complexes of coppef {I) halides.
Howevér, it is ﬁoticeable-that the shifts in thésé compiexes are 1
much smaller than in the corresponding copper (II) compounds, indiéatipg
that the co-ordinaée bond.is weaker in copper (I) complexes; as miéht
be expected due_to the smaller chargeon\ the metal atom. Where
there are noticeable differeﬁces between the positions of'thelbands'in
chloridé and bromide copper (I) complexes, these differences imply

a stronger co-ordinate bond, . for the chloride complexes similar to
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that observed for copper (II)-pyridine c0mpounds; This trend is also
seen in Culpy in which the pyridine is least strongly co-ordinatgd of
all the monopyridine adducts. Similar trends can be observed between
the v;rious pyridine adducts of a particular copper (I) halide

wﬁere, ig general, the greater the co-ordination number oflthe

copper species, the weaker the co-ordinate bqnd, as reflected in

the positions of the infrared bands. Hence it is now possible to
distinguish between_not'only copper (I) and copper {(II}-pyridine complexes‘Q
'by means of infrare& data, but also to distingﬁish.between cobpgr (1)
~halides with different amounts of pyridine ligand. The infrared
spectrum of the species with stoichiometry Cul2.4py (not'tabulated)
showed the presence of unco-ordinated pyridine, with bands at 405,

605, 700 and 1583 cm™ ). ‘ This suggests that the complex.of‘

stoichiometry Cul3py obtained by De Ahna and Hardt may well have
contained unco-ordinated pyridine. They did not report the x-ray _
powder pattern of'tﬁis particular complex, nor analytical |

data for this or any other of‘the amine complexes prepared. Hence
there must remain some doubt as to the existence of a trispyridine
adduct of copper (I) iodidé. The infrared spectra of the speéieé
isolated during the atummmapreparation of the hispyridine addﬁcﬁs of
popper (I} chloride andg bromide (2.2.1 above), indicated that they

were mixtures of the mono- and trispyridine complexés. In a tfpical
preparatioﬁ, a sample anélysing as‘CuCll.7py had bands at 692, 704,

74% and 1156 cm! due to CuClpy, and at 700, 755 and 1150 cm™!

due to CuCl3p?. No spectral data suggesting a bispyridine species

were obtained.

Preparations involving high vacuum techniques are not likely -
fo reveal.the presence of bispyridine coﬁplexes that may be.relatively )

unstable to loss of pyridine. A similar argument can be applied to
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the thermogravimetric work of De Ahna and Hardt (43), which was
conducted under a wvacuum, and‘indicated a one step decomposition of
the trisamine adducts to give monoamine complexes. Consequéntlm
vapour pressure measurements were made to determine whether the
bispyridine adducts could be detected uﬁder higher vapoux pressures
of pyridine than had existed under the experimental conditions
previously used. A graph of log;g vapour préssure ﬁersus reciprocal
temperature should reveal the presence of stable pyridine adducts
and their subsequent decompositions, by changes in the slope of the
_ graph. .The results for the appropriaﬁe chbride and bromidé
complexes, shown in figures 2.3 and 2.4 respectively, reveal smaller
changes in the slopes of the graphs than had been expected, but do
however indicate a multistage decomposition for 5oth compiexesi

From this present work and from the work of De Ahna and Harat it

'is clear that the monopyridine addiacts of copper.(I) chloride

and bromide are stable under high vacuum at temperatures' in excess
of 40°C. Hence the highest temperature "plateau" on the‘Qapour
pressure‘- temperature graph will correséénd_to these stable
monopyridine adducts. This is indicated in figufes 2.3 and 2.4.
The decoﬁposition of the monopy;idiheiadducts at high_tempe?ature

is clearly visible as a large increése'in vapour pressure, resulting
in a positive slope change. Two other "plateaux" at lower
tempgratures are discernable on both figures, the one at lowest
temperatures will correspénd\to the trispyridine adducts, (since
that was the specieé at the beginning of the experiment) with
subsequen£ decomposition as indicated by é positive increase in the
slope of the graphs. The other’'blatéad occuring between the‘stable
tris- and.monopyridine adducts may well corfespond to the bispyridine

adducts or some other intermediate. The small changes in vapour
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pressure corresponding to the decomposition of this complex is an
indication that it is very unstable to loss of pyridine, and probably
exists over a very limited temperature range.
The results of the conductivity reasurements (table 2.4) must

be treated with caution for reasohs already stated. They do, hbwever,
..indiéaﬁe that_copper (1) chloride‘ié a non—electrolytg in pyfidine
solution; there being a very large qifference between the equivaient
conductivity of the copper (I) chloride solution and the sdution of
the 1:1 electrolyte, silver nitrate. These differenceg cannot be
accounted for in terms of experimental error. Due to the insolubility
of the copper (I) halide—pyridine complexes in 6rgaﬁic solvents,

it was not wossible to measure the molecﬁlar'weiéht of these
compounds and determine whether they were monomefic or polymeric in
nature. However-éomplexes of.the type CuXR, where X is halide, and

R a monodentate ligands have been shown by x-ray cxyétaliogfaphy and
molecular weight studies to be tetrameric in form. Complexes such

as [Cul(AsR3}]y, (R = Me., Et., Bu.®), and [CuBr(asPhy)], are
‘well known (52, 53). De Ahna and Hardt'slwork on the thermal
decompaosition éf the monoamine adducts of copper (I) halidés, Which
showed a multistage decomposition, indicate that these cémplexes

could well be.polymeric. The molecular weights of copper (i)‘chlor;de_
~and bromide iﬁ pyridine.have geen-determined recenﬁly in theée
laboratories (54}, and shown to be 484 and 392 respectively
[(CuCl)y = 396, (CuBr)y = 574]-Copper (I) halides therefore
have polymeric structures in pyridine solution, ané by analogy
with the aSove x-ray work, similar structures are probab;e for tﬁe

copper (I) halide-pyridine complexes in the solid_és well.
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CHAPTER THREE

TETRANUCLEAR COPPER (II) COMPLEXES —

PREPARATION AND PROPERTIES



3.1 Introduction

A relationship between tetranuclear copper complexes and the
product from a reaction closely associated with the copper-amine.
catalyst system was mentioned in Chapter One. At this stage it
is relevant to deécribe polynuclear cobper (If) complexes containing
the structural unit Cu;0 in more detail. This section describes
the‘structure and properties of thgse complexes, és well as
geﬁeral methods oflpreparation. The nuﬁber of known tetr%nucléar
copper complexes has been extended by this present investigation
and the preparation and properties of these complexes are déscribed.
In addition, the attempted preparation of tetraﬁuclear_'complexes
with varioﬁs aﬁions and. involving other metals is reported.

3.1.1 Structural properties

The first preparation of a tetranuclear copper {(II) compiex of
stoichiometry Cuy,0XgdL, where k is chloride or bromide, and L ié a
mbnodepta@le ligand, was reported by Finkbeiner in 1966 (7). He
prepared the complex Cuy,0Clgdpy by the o;idation_éf a éopper (I)
chloride-pyridine mixture.in iso-propﬁl‘alcbhol. Fiﬁkgeiner, however,
did not realise fhe true nature of the complex, believing iﬁ to be |
a mixture of basic copper salts. The first cryétaL struCturé of a
complex of this stoichiometry was reported by Bert?andand.Keliey in .-
1966 (55, 56).: .Since then the crystal structure.of a further seven .
cluster compounds of this type has been reported (57 - 63). These
complexes contain the structural unit Cuqoxé; in which the central
oxygen at;m is tetrahedrally co—ordinéted to four copper atoms,
which are bridgéd in pairs by six halide atoms {chloride or bromide). .
The trigonal bipyramidal co-ordination d the copper is completed
by the presence of an éxial ligand. A perspective drawing of the

structure is shown in figure 3.1. Copper (II) compounds cf this type:
. ' )
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FIGURE 3.1, Structure of the tetranuclear copper (II)
complexes Cu;0Xghlb |




are similar in structure to the basic beryllium and zinc acetates

(64, 65) and the Grignard oxidation product ngoﬁreé(OCQHlo) {66)

and are unusual in that they containlfive co~ordinate copper and

four co-ordinate oxygen. About forty of these.coébér cluster complexes
are now known, the majority of fhem reported by Beck et al. {(&7) ana
Dieck and Brehm (68), and containing amine ligands in thé axial
position. A few complexes are known with chloride or bromide atoms
in the axial position, and in these cases counterrions such as
éotassium {62, 68) ammonium (68), tetramethyl ammonium, (55, 58, 68)
and NNN'N' tetraethylethylene diammoniuﬁ'(Gl) have been. used.
Structural data from x~-ray crystal studies (55-63) reveal that the
dimensions of the cﬁuo unit (Cu-0, 1.91£; Cu-Cu, 3.123;' Cu~-0-Cu, 1099}
" for all the reported structures, are almost identical to those'of'
the Cuy0 unit in copper (II) oxide (32). Although the tetrahedron
formed by the four copper atoms is.fairly reguiar in all the reported
crystal structures, the halide octahedron of the Cuy,0Xg unit is.‘
aistorted to some degree. Whereas this distortion | is small.for the
species [(CH3)yN1% Cu,0Cl1"~ (55, 58),. 'Cu,0Brgd(NHs) (60), and
Cuy0C1lg54(TPPO) (55, 56), it is considerable in the éase of

Cuy 0Xg4py (57, 63) and Cu40C164(2-mepy) {59). Cu-Cléq, - Cu angies
for the decachloride complex vary_frém only 81.2° to 81.5° but

for the 2-methylpyridine complex, between 78.2‘and 80.2° while the
corresponding Clgq, = Cu -~ Clegqg, angles lie'betweén‘118.9° and

120.5° and 95,9° and 155.0° respectively. The cause of these
distortions has been suggested to be intermolecular hydrdgén-chlorine
contacts in the case of the pyridine.compiex (57), and iﬁtramoleculgr
éarboﬁ—chlorine or hydrogen-chlorine confacts in the 2-ﬁethylpyridine

complex (59).
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The magnetic moments for these cluster compounds lie between
1.9 and 2.2,B.M. per copper atom, within the range predicted for
trigonal bipyramidal copper (II) (69). There appears to be no
interaction between metal atoms. Since superexchange is usually
found in copper complexes containing a bridging oxygen (70}, §uch an
interaction might have been expected. However, it has been suggested
(71) that superexchange involves coﬁpling of spins through ﬂ-ofbitals
on oxygen and; with the outer s and p orbifals used for o-bonding,
there are no orbitals available on the oxygen for m-bonding in these.
complexes. A recent study by Barnes et al. f72) and Lines et al. (73)
on the magnetic properties Of-tetranuclear ; copper complexes at
low temperatures, revealed evidence for antisymetric exchaxllge in
the pyridine and tripheﬁyl~phosph;he oxide complexes, but not in the
decachloride complexes. |

The electronic spectra of these tetranuclear copper complexes
(56, 67, 59, 61, 67) show. one broad band between 700'and 1000 nm,
sometimes with an associated shoulder. This hand has been assigned.
to d-d transitions (56). Apart from x-ray structural data, these
copper cluster compounds'can‘be feadily aistinguished from other
copper (II) halide-ligand complexes, by means of their colbur and
infrared spectra. Tetranuclear cﬁloride complexes ére yellow and
bromide complexeé brown; whereas the majority of cobper (IT) halide-
ligand complexes are blue or gréen; The other major distinguishing_
feéture is the presence df a strong band in the.infrared spectra
of the cluster gompounds, which has been assiéned fo the aséymmétric
Cu—O stretching vibration (67, 68)._ This band is sensitive to‘tﬁe
nature of the axial ligand, as well as the bridging halide and ligs

between 500 and 600 cm 1; it has been used to characterise many

of the known tetranuclear copper complexes (67, 68, 74, 75).
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3.1.2 Preparative methods

The most important preparative method for these polynuclear
coppér complexes involves a reaction between copper (II} halide and
copper (II) oxide. There are two main variations on this reaction.
The method ﬁsed by Dieck and Brehﬁ (68) is to reflux a 3:1 mixture
of aphydrous copper (II) chloxide and copper tII).oxide in anhydrous
methanol for 1-2 hours, filter the resulting solution and remove fhe
mefhanol under vacuum., The prodﬁct is the tetranuclear complex
with axial methanol groups, which is slurried in anhydrous diethyl ethérr
A stoichiometric amount of the appropriate ligand is added, and the
required tetranuclear complex formed by replacement of the axiél
methanol by the ligand. This reaction scheme is shown.in.

equations 3.1 and 3.2 below.
(1) reflux in MeQH

3CuCl, + Cu0 P Cuy0Clg4MeOH S (3.1)
(2) remove MeQH
Et,0

Cu}, 0C1g4MeOH o Cu-;;0c154L + 4MeOH (3.2)
4L

1

Dieck: and Brehm did not extend this preéarative meﬁhod to the
analoéous bromide complexes. |
ihe other common method of preparation involves simply

refluxiné a stoichiometric émounﬁ of copper (1II) halide, copper
(11) oxideland 1igand in methanol or nitromethane for 24 hours;r
filtering the hot soiution, and allowing the tetranuclear species
thus formed to cryétallise over a period of days (55; 56, 58);

- One of the more unusual features‘of these copper clusﬁer
compounds is thervariety of ways in which they can be prepared.
It is possible to prepare them from reactants containing less than.

the required copper to chlorine ratio of 1:1.5, as well as from
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TABLE 3.1

UNUSUAL PREPARATIVE METHODS FOR TETRANUCLEAR COPPER (II) COMPLEXES

COMPLEXES PREPARATIVE METHOQDS REFERENCE

Cuy, 0C1g4 (TPPO) recrystallisation of CuCl,2(TPPO) 55, 56
in methyl isobutyl ketone

Cw, 0C1g 4 (2-mepy) CuCly2H,0 + 2-mepy 59

Cu40C154py oxidation of a CuCl-pyridine 7., 57
mixture

CuyOBrg4py reflux CuBrp2py in ethanol 63

Cu;OBr54(NH3) recrystallisation of Bromo 60
[2 phenyl-2(diethylamino)ethoxol
copper (IX)} from nitromethane

Ky Cuy 0C1y g  oxidation of CuCl in a melt of - 62
KoCuCly )

TPPO = Triphenylphosphine oxide




systems where the source of the central oxygen atom is not
'immediately cbvious. In fact it is fair to say that the'majority
of these complexes whose crystal structure has been determined,
were first prepared more by accident than design. A summary of
some of the more unusual preparations is_contained in table 3.1.
Bock (67) has used the reaction between copper (II).chloride
dihydrate, sodium hydroxidé and an amine to'prepaie several
tetranuclear species with substituted pyridines and quinoline,
according to eqﬁation 3.3.
2 days
4CuCl2H0 + 2NaOH + 4L ————P Cu 0Clg4L + 2NaCl + 9H,0 (3.3)
20°C
L = amine
This reaction, however, is very élow and yields of tétraﬁuclear
species ;are small (< 8%). Carr and Harrod (74) héve prepared.l
several tetranuclear copper complexes as by-produc#s, during the
preparation of low molecular weight polymers, by the thermal

decomposition of halophenoxycopper (II) compounds {equation 3.4).

X o ' ' X

A .
.lzL L, Cu _0‘©‘X hydroperoxide. B C“LOXS"L““O‘@' | (3.4)
X 2 ' : X ;. n
L = CsHsN X = .cl
CoHsNH 5 c1
(CgHg) 3P0 c1
NH 4 | c1

(CH3) pN.CHO  Cl1
(CH3) SO .cl
CgHgN Br
' Thisrdecomposition reaction normally yields the bisligand .
aihalo—copper (11) specieé, CuX5:2L , but the addition of

hydroperoxides produces an almost 100% yield of tetranuclear complex
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(based on copper). However this method of preparation is not of
practicable value due to difficulties in . preparing the starting
material and separating the tetranuclear complex from the
polymer.

There has been little work reported on the preparative
reactions themselves. Gill and Sterns (59) have ghown.that the
reaction hetween anhydrous copper (II) cﬁloride and 2-methylpyridine
in anhydrous methanol prodﬁces the methoxide complex
[Cu(OMe)Clz-mepy]Z, whereas the corresponding reacti&n with
copper (IT) chloride dihydrate yields the tetranuclear csmplex,
even in the absence of oxygen. They suggested that the centrai
oxygen atom in this latter complex cémes from the water in fhe
system. Belford- et al. {61) have suggested that tetranuclear
‘copper (iI) complexes are formed by controlled base hy&rolysis
reactions, involving the aggregation of two binuclear hydroxy
bridged copper (II) complexes, with subsequent condensation and

dehydroxylation to form the Cuy0 unit.

- 38 -



TABLE 3.2

ANALYTICAL DATA FOR TETRANUCLEAR COPPER {II) CCMPLEXES

ANALYSES - Cuy0Xg4L

LIGAND (L) | x = cl X = Br VCu - 0 asym.
: % Cu % Cl % Cu % Br cm™t

Found Calc. .FPound- Calc. Found Cale. Found Cale. X=Cl X = Br

d-amino Pyridine 29.50 29.58 24.54 24.75 22.61 22.57 42.64 42,58 578 550
3,4~dimethyl Pyridine 27.55 27.88  23.15 23.34 21,41 21.57 40,65 40,69 572 530
3,5-dimethyl Pyridine 27.56 27.88 22.93 23.34 21.29 21.57 40.71 40.69 574 530
2,4 dimethyl Pyridine 27.60 27.88 23.08 23.34 21.19 21.57 40,40 = 40,69 575 534
4-Cyano Pyridine 28.36 28.26 23.89 23.65 21.60 21.90 41,32 41.12 580 538
Methanol - - - - 28.67 28.95 54,31 54,62 - 558
Piperidine 30.72.  31.07 25.84 25.96 23.24 43,91 566 532

23.40

44,14




TABLE 3.3

ANALYTICAL DATA FOR TETRANUCLEAR COPPER' (II) COMPLEXES

ANALYSES ~ Cw,0Xg4L

X Cl - X = Br
LIGAND (L) $ Cu $ Cl & Cu % Br

Found Calc. Found Calc. Found Calc. Found Calc.
_Pyridine 31,55 31.80 26.48 26.61 23.80 23.84 44.92 44.98

2-methyl pyridine 29.60 29.71 24.85 24.87 - - - -
3-methyl pyridine 29.84 29.71 24.88 24.87 22,40 22.65 42.45 42.73
4-methyl pyridine 29.9é 29171 24,91 24.87 22.60 22.65 ;12.45 . 42,73

Methanol* 39.64 41.59 33.20 34.81 . - - - -

* Isolated as CuyOClg4MeOH: MeOH(Calc.3Cu, 39.52: 3Cl, 3307 )
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TABLE 3.4

ELECTRONIC REFLECTANCE SPECTRA FOR SOME TETRANUCLEAR COPPER (II} COMPLEXES

A MAX FOR Cu,0Xy4L (nm)

LIGAND (L)
X=Cl ) X = Br
4-aminopyridine 870, 775l(sh) B 855
3,4~dimethylpyridine 850 _ 850
3,5-dimethy1pyridiﬁe 840 835
2,4~dimethylpyridine 825 820

4-cyanopyridine
piperidine
3-methylpyridine
4—methylpryidine

pyvridine

- ' 874, 990 (sh)

800,875 (sh) 825
850, 800 (sh) " 840
860, 825 {sh) 850

800 | 820, 900 (sh)

sh =

shoulder

- 41 -~



TABLE 3.5

THERMAL DATA FOR SOME TETRANUCLEAR CHLORIDE COMPLEXES WITH SUBSTITUTED PYRIDINES

DECOMPOSITION
LIGAND TEMPERATURES WEIGHT LOSS
COMPLEX - pKa - e¢ % PRODUCT
| Ts T % Found Calc. for
loss of
4L
‘ 3CuCly
Cu, 0C1g4 (pip) 11.20 150 180 400 41.2  41.4 cuo
Cuy 0C1g4 (NHopy) ©9.17 220 320 3400 33.0 _ 43.8 .

) . 7 . ' '3CuC12
CuyQClg4(2,4-dimepy) 6.72 150 300 350 47.6 . 47.0 Cud *
Cuy, 0C1g4 (3,4~dimepy) 6.52 160 220 >400 34.8  47.0 B

. . _ ‘ 3CuCl»
Cuy, 0C1g4(3, 5-dimepy) 6.14 160 230 400 46.2  47.0 Cuo
Cuy 0C154 (4-mepy) 5.98 230 250 3400 39.2 43.6 2
- . , 3CuCls
Cuy 0Clg4 (2-mepy). 5,96 140 240 290 - 43.8  43.6 cu0
s 3CuClsy =
Cuy 0C1g4 (3mepy) 5.63 230 320 340  43.0 43.6 Cu0

Tg = Temperature at start of decomposition.
Tm = Tenmperature at maximum rate of weight loss.
Tf = Temperature at end of decomposition.

Product . composition confirmed by x-ray powder diffraction data.

a2



TABLE 3.6

.THERMAL DATA FOR SOME TETRANUCLEAR BROMIDE COMPLEXES WITH SUBSTITUTED PYRIDINES

DECOMPOSITION
TEMPERATURES WEIGHT LOSS
. Oc %
COMPLEX LIE?FD ' ' PRODUCT
P Ts Tm Tg FOUND CALC. FOR
LOSS OF
4L
Cu;;0Brg4 (pip) 11,20 120 150 390 31.7  31.0 3CuBr,
- Cul -
Cuy 0Brg 4 (NH,py) 9.17 | 160 300 400 32.0 33.4 -2
: . 3CuBr2
Cu,0Brg4(2,4-dimepy) 6.72 140 260 330 36.9 36.4 -~ Cu0*
Cuy0Brg4(3,4-dimepy) 6.52 160 290 >400 29.6 °  36.4 -
. : BCuBrz 7
Cuy0Brg4(3,5-dimepy)  6.14 145 210 . 390 36.1 36.4 Cu0
) . 3CuBry
Cu,0Brg4 (4-mepy) 5.98 140 180 380 33.8 33.2 Cu0
Ts = Temperature at start of decomposition.
Tm = Temperature at maximum rate of weight loss.
Tf = fTemperature at end of decomposition
* " Product coinposition confirmed by x-ray powder'diffraction data. -
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3.2 Experimental and Results

3.2.1 Preparation of some tetranuclear complexes Qf the type Cu,0Xg4L

During the course of this present investigétion, several new
tetranuclear copper (II)} complexes werxe prepared in order to stﬁdy
a wide range of these cluster compounds. Sevefal other_COmpLexes,
previously reported by other workers, were prepared for the same
purpose. BRnalytical énd infréred data for the former compounds are
contained in table 3.2 and analytical data for the 1atter complexes
in table 3.3 .fable 3.4 details reflectance spectra between 1000 and:
500 nm for many of these compounds, and tables 3.5 aﬁd 3.6 list
thermogravimetric data.

With the exception of the 2-methyl pyridine and méthanol
complexes, all the tetranuclear complexes contained in tables 3.2 énd
3.3lwere prepared by a variationgpn the method of Dieck and Brehm (68).
This new method was found to produce very‘pure products, it was quick-
and did'not require anhydrous conditions. 'Copéer (1I) halide (0.1 mole,
C%hQ122H20 or CuBr,) and copper (II) oxide.(0;033 mple) were
‘reflu#ed in ethanol (150 ml) for two'hou£é. Thé solution was
gooled and filtered., To a portion of the filtrate, half‘the
stoichiometric amount of ligand (baéed on Cuxp - Cuy0Xg) was added
and the tetranuclear complex preeipitated. The complex was
filtered, washed with absolute alcohol, followed bf anhydrous  l
diethyl ether,rand dried in vacuo (2 torr) at 20°C. The addition
of a greater amount of ligand to the filtered cbppér-(II) solution
(hereafter refered to aé the "Cuy0Clg" or “"CuyOBrg" éolutioﬁ)
resulted in the formation of appreciable amounts of the bisligand
'species, CuXy 2L, idenfified by the appearance of bandé due fo the
Cu-N and cﬁ—x stretching vibrations of thése complexes in the

infrared spectrum (76). The addition of encugh ligand to precipitate
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all the copper from solution resulted in the formation of a mixture

of the bisligand species, the tetranuclear species and paratacémite-
Cuy (0H) 3C1. These productswere identified by infrared and x-ray
powder diffraction data (77, 78). Several of the pyridine and methyl-
pyridine complexes were found to contain small amounts of the
bisligand species. The tetranuclear complex was purified_by

treating the product with boiling ethanol; the bisligand species
being more siuble in efhanoi than the tetranuclear complex, was

easily removed in this way. |

If é 3:1 mixture of copper (II) chloride dihydrate and copper {(II)

oxide-was refluxed in ethanol for a long period of time (ca. 24 hours) ,
a light green compound slowly precipitated. The infrared spectrum

and x-ray powder diffraction péttexn of this complex was-compdréd

with reporfed déta (77, 78), and the cdmpound idenﬁified.as a mixture
of paratacamite, Cu,(0H)4Cl, and copper HydroxychlorideCﬁ@éHiCl:rhis.
strengthens the theory mentioned earlier that copper hydroxide

species are formed as precursors in the formation of-tefranuclear
éomplexes. This precipitétion of basic éopper salts was hot evident
in the analogoﬁs brémide reaction. |

The tetranuclear 2-methyl pyridihe complex (table 343) was

prepared by the method of Gill and Sterns (59). They reportéd that
_fhis complex cfystallised as the monohydratg (fhé ﬁater ﬁas identified’
by infrared sPeqtra énd'elemental analysis). However the present work
does not confirm tﬁs; several preparations had identical analytical
data and showed no evidence for water in the inffared spectra. rThe
tetranuclear methanol complexes were prepared under anhydrous
~-—conditions by the method of Dieck and Brehm (68). It was noticed =~
during these latter preparations, which involwved refiuxing b.4 mole

copper (II) halide with 0,13 mole copper (II) oxide (3:1) in anhydrous
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methanol, neérly half the copper oxide remained unreacted after

two hours. As subsequent removal of the methanol resulted in an
almost 100% yield of tetranuclear complex {(based on halide),

molécular oxygen or a reaction with methanol must provide a
substantial proportion of the oxygen required for the cluster complek.

3.2.2 Reactions of "Cu,0Xg" solutions with other ligands

Attempts were made to prepare tetranuclear copper (II) cqmplexesr
with many other ligands, including some bidentate ones. The
results of these preparations are contained in table 3.7. In most
preparations the ligand was added to the ethanolic "Cuy, 0Xg"
solution; the only Hexdeption‘to this being the triphenyl phosphine -
complexes, the preparation of which followed the method Qf Diecknand
Brehm (68). The producté were characterised by halide an;lysis
and, where possible, by a comparison of the infrared spectfa with
that of reported species. ‘In the case of p-chloro aniline and
m-nitro - aniline, no infrared data had been reported, and the specigs
CuX;2L were prepared by aning a solution of‘the ligand in ethanol
to an ethonalic solution of the copper (Ii) haliae, and.washing the
precipitated product with ether. The tetranuclear compiexes that
were prepared, contained large amounts of the bhisligand species and
were not obtained in pure form. Dieck and Brehm (68) réported the
species Cuy0Xg4(PPhy) X = Cl, Br, to be stabie up to 60°C; |
however the present work was unable to confirm this. ' The reduction
of copper (II) halide complexes in ethanol by triphenylphosphine,
" ~arsine and -stibine has been reported by Jardine et al; {53, 795; and
the present wdrk,indicates that the copper (II) ions in tetranuclear

complexes have similar redox properties. - e -
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TABLE 3.7

RESULTS OF THE ATTEMPTED PREPARATION OF TETRANUCLEAR COPPER COMPLEXES WITH VARIOUS LIGANDS

4=nitro pyridine N-oxide

p—tdluidine

p-chloro aniline

m-nitro aniline

LIGAND (L) SPECIES PRODUCED ON ADDITiON OF LIGAND TO "CUQOXG" SOLUTION
triphenylphosphihe Reduction to copper (I) - éux(PPh3) - (79)
triphenylarsine | Reduction to copper (I) = CupXp & gPhsz)lz °* (53)
triphenylstibine Reduction to copper (I) - CuZClz(ngh353; CuBr(sbPhs) 3 (53)
thigurea . Reduction to copper (I) - CuCl (Tu)j {80)
2,6-dimethylpyridine Cu¥, 2L ' _ (76)
2,5-dimethylpyridine CuXs 2L _ (76)

ethylenediammine CuX,2L R (81)
2,2-dipyridyl équZL ' . l(82l
guinoxaline Cu¥s2L _ | _ : (83)

mixture of CuXp2L and Cuy0Xg4L
Cu-0: 578 em~!, x = €1, 532 em~!, x = Br (84)

CuXs 2L ' o ' (85)

mixture of'CuXZZL and Cu?OXS4L ‘ :

Cu-0: 565 cm™*, x = Cl1, 522 cm‘l, x = Br’

mixture of CuXz2L and Cuy0Xg4lL
Cu-0: 560 em~!, x = C1; 525 em™!, x = Br




3.2.3 Attempted preparation of tetranuclear complexes with other
bridging anions

It was considered likely that tetranuclear copper (II)} complexes
containing anions with known bridging properties such aé |
thiocyanate, acetate, hydroxide, cyanate and iodide could‘be
prepared by methods similar to those described in sectioﬁ 3.2.1.

The results of these preparations are summarised in table 3.8;

The reacténts were refluxed in the particularsolvent system shown
for periods ranging from 2 to 24 hours. The only tetranﬁcleaf
speciés produced were the Cu,0Clg or Cu#OBrg complexes when

halide atoms were presenﬁ in the reaction mixture. It ﬁéy be that
the insoluﬁility of the copper (11) Starﬁing material in ethanol or
methanol (with-tge excéption of copper (II)‘acefate) prevented a
reaction with copper oxide, and - :formation of a tetranuclear
species. Other solvent systems were not tried, but they coﬁld
produce better results. The reaction of ¢0pper hydroxychloride with
copper oxide to produce a "Cuy0Xg" solution is a furtherlindication
that hfdroxy,species may be involved in the prepération of
tetranuclear copper (II) complexes.

Copper (I)'iodide was prepared by the method desc;ibed in
Chapter Two; cppper hydroxychlqride by the method of.IiﬁajkaL(BG),'
copper (II) hydroxide by thé reaction betﬁeen copper (IXI) chloride
‘and sodium hydrOXide; copper (II). cyanate was‘prepared.by hea£1ng
the hexapyridine complex at 80°C under'vaguum for one day, the latter
complex was prepared by the method of Davis and Leogan (87).

3.2.4 Attempted preparation of tetranuclear complexes of other metals

The existence of the tetranuclear beryllium and zinc acetates
and the Grignard oxidation product.ngOBr64(quH16), all cluster

compdexés containing the structural unit My0, has already been
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mentioned. In addition,Blake (88) has reported the preparation
of Coy0- 6(0C0-CMe3) which he assumed to be of similar stru&ture.
It seemed probable that tetranuclear complexes of other metals
could be prepared, using similar methods to those descrihed above
for copper. Consequently attempts were made to prepare cluster
complexes of cobalt, zinec, cadmium, magnegium and nickel by
refluxing the metal (II) halide.and metal {II) oxide in alcohol,
and addiné pyridine to the filtered solution. The results of
these preparations are shown in table 3.9. The products were
identified by halide analysis, and by reference to the reported
infrared spectra of metal~pyridine complexes. No tetfanﬁclear
complexes were prepared; it is possible that reactions carried out
under rigorously anhydrous conditions might be more successful.

The copper salts used throughout these experiments were
Fisons G.P.R. chemicals. Pyridine‘was purified as described in
Chapter Two. The other amines used were B.D.H. or Koch Light
products, and were fractionallydistilled of recrystallised before
use., Copper and halide analyses, and inf¥ared spectra were determined
as described in Chapter TWO. Reflectance spectra in the region =
IEJOOO - 500 nm were obtained at 20°C on a Beckman DK2A‘spectrophotometer_.
equipped with a staﬁdard reflectanceﬂattachﬁent. Thermogravimetric -
daté were determined on a C.I. Microforce electro bélance, undéf an
atmosphere of nitrogen wh;ch had been fendered éarbon dioxide free
and dried by means of successive columns of soda asbestos and
4A‘molecu1ar sieve. A heating rate of 2°C per minute was ﬁsed, and
the furnace temperature controlled by means of a Stanton-RedcrQft
linear temperature programmelr. The furnace had a maximum teﬁperature'r
ofl400°c. The témperature‘was recorded with a copper —constantan
thermocouple pair, with the reference thermoco?pie in an ice_bath
The outpﬁt was fed to the X-axis of the recorder. X—raf powder
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TABLE 3.8

RESULTS OF THE ATTEMPTED PREPARATION OF TETRANUCLEAR COPPER COMPLEXES

WITH VARIQUS BRIDGING ANIONS

REACTANTS ~ - SOLVENT SYSTEM ‘ PRQDUCT'
‘_CuO 4+ Cul + I, ~ ethanol no reaction
{(1:3:2)
Cu0 + CuOHC1!' C ethanol - Cuy0Clg4py produced on
{(1:3) : addition of pyridine to solution
Cu0 + 'Cu(NCO0)} 5 6py _ ' ethanol ‘mo reaction
{(1:3) . '~ and methanol '
cud +'Cu(NC0)2' _ ' anhydrous . no reaction -
{(1:3) ‘methanol ' : :
Cul + Cu(OH)z ' ethanol 'nd féaction
(1:3) oo : .
Cul + KNCS + CuXp . ethanol and "Cuy 0Xg4py produced on .
(L:3) ‘ anhydrous methanol addition of pyridine to solution
Cu0 + Cu(QAc)y ethanol no reaction
(1:3) ‘ ' '
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TABLE 3.9

RESULTS OF THE ATTEMPTED PREPARATICN OF M, 0Xg4py SPECIES

PRODUCT ON ADDITION OF

ACT
RE ANTS PYRIDINE TO FILTERED SOLUTION
CoQ + CoCly6H,0 CoCl,y2py . (blue and violet forms)
(1:3) in EtoH CoClodpy (76, 89, 90) ' '
Ni0 + NiCly6H,0 ' NiCl,2py
(1:3) in EtOH NiCls4py (76, 90)

zn0 + ZnCly-, ZnCly2py (76, 90, 91)
1:3) in EtOH .

CdoY + cdcly CdCly2py (79, 91)
(1:3) in EtOH : - ¥

Mg0 + MgCls MgClyXHy0
{1:3) in EtOH '

Zn0 + ZnBro ZnBr,2py (90, 91)
{1:3) in FEtCH

CoQ + CoBro CoBry2py (90)
(1:3) in EtOH

Ni0 + NiBrsp ' NiBrs2py {90)
(L1:3) in EtOH:,
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diffraction lines were recorded using a standard Phillips
diffraction apparatus and filtered Cuke radiation. Samples were
" powdered, and pressed onto a glass microscope slide.

3.3 Properties of Tetranuclear Copper (II) Complexes -

The new complexes prepared during this investigation (table 3.2)
all show the characteristics of tetranuclear coppér (II) compounds.
The chloride complexes were yellow and the bromides brown. The
copper-oxygen assymmetric stretching'ﬁibratibn occurs at similar
frequencies to those reported for other tetranuclear compounds (67,
68). All the complexes, with the excéption of the 4—cyano pyridine .
and methanol compounds, were stable at room témpefaﬁu;e. The
4-cyanopyridineIcomplekes decomposed rapidly on exposure to the air
forming black oils. Thenethanolcompiexes reacted very readily with
water in the atmosphere,'but were stable at room temperature in a-
dry-box. Reflectance spectra (table 3.4) show one broad absorption
lfor all the complexes, sometimes with an associated shoulder;
the main band 1ying between 750 and /1000 nm as observed by ¢ther
workers (56, 57, 59, 61, 67). |

For the copper (II) ion in é trigonal bipyramidal cfystal field
(figuxe 3.2) two absorptions due to d-d transitions ére expected,
namely dyy, dyz > dz2 and dxy, dx?- dy.2 + dz2, It is noticeable
when comparing the x-ray structural data t56-61)-with the electronic
spectra (56-58, 61, 67) for tetranuclear copper 6omple#es, that for -
compounds such as.[(CHg)qN]t Cu,0C1g and Cuy0Clgd (TPPO), in
which the copper atoms are in a strict trigonal bipyramidal"'
environment, two bands are clearly obéerved in the electronic spectrum .
For complexes such as Cuy0Clgd (2-mepy) and-Cu40C154py,_where intra—
molecﬁlar or iptermolecular interactions result in a distortion of the

halide octahedra, causing the copper atoms to experience a crystal
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field bhetween trigonal bipyramidal and tetragonal pyramidal R
symmetry, only one broad band is observed. Distortions of this

type from trigonal bipyramidal co~ordination result in a

destabilization of the dkz—yz orbital and a stabilization of the d - \
d.yz and dxz-yz energy levels (figure 3.2). Under these circumstances,

the appearance of a broad bandlin the reflectance spectrum of Cu40015.hpx‘ |
at 800 nm (table 3.L4) in contrast to the two bﬁnds at 780 and 870 nm in

solution (57) probably reflects the lack of resolution in the former case,

Thermal gravimetric studies on fourteen of the tetranuclear

' complexés indicate thét on the basis éf weight losses, the.majority

of them lose four ligands to form a mixture of copper (II) halide and
coéper (II) oxide (tables 3.5 and 3.6). Séveral 6f-the complexés
however, still contained appreciable amounts of ligand at 400°C,

the maximumltemperature of the furnace. The présence of copper (II).
halide in the decomposition piodﬁct was QOnfirmed by dissolﬁing it in
ethanol and adding pyridine. This resulted in the precipitation of
the bispyridine dihalo copper (II)) species which was characterised

by its infrared spectrum. In several caées {(indicated in tables 3.5

and 3.6} the composition of the decomposition product was confirmed
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by x~ray powder diffraction data, with reference to standérd powder
patterns (77). All the complexes with the exception of the 2-mepy
species showed evidence for the formation of intermediates during the
decomposition. In most cases these corresponded to the losé of one
or two molecules of ligand; it is not clear however, at what stage
during the decomposition the.tetranuclear cluster'collapsed to form
copper (II)} halide and copper (IXI) oxide. Figure 3.3 shows typical
decompositions for three of these complexes. The thermal_stability
of chloride complexes was found to be greater than bromide complexes,
containing the same ligand.r This order is probably a consequence

of the gréater polarizability 6f the bromidé énion, which efféctively
reduces the extent of metal-ligand w-bonding in these complexes,

thus redu01ng the strength of the metal ligand bond. = The relative
thermal stabilities of the tetranuclear complexes can he estimated
from the decomposition temperatures {tables 3.5 and 3.6). One-might
éxpect the-basicities of the iigands, as judged by their pKa values,
to give an indication of the strength of the o-bond between the ligand

and metal, and for this to be reflected in the thermal stability of

the complexesf This relatiqnship has been found fqr many transition
metal-amine complexes, wheré trends‘have'been observed which indicate -
that thermal stability increases with increasing ligénd basicity (92-100).
Several workers, however_(83, 96, 101), have found thaﬁ copper complexes
do not follo* this trend, in fact Bowman and Rogers {96) found

that the thermal stability of copper (II) complexes with 4;substituted
pyridines followed a reve:se'trend; and proposed an oxidation-

reduction reaction occuring during the decompogition to explain this.
Dufing this study it was found that the complexes Cuy,0Xg4py and

Cuy0Brg4 (3-mepy) did undergo redox dgéomposition reactions and these,

and other copper complexes which undergo similar reactions, will be
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discussed in the next chapter; However the tetranuclear‘gomplexes

under discussion at present did not appear to undergo redo#

reactions during thermal decomposition (although data are incomplete

on several of the complexes that were still losing weight at

400°C) ,and little correlation between ligand basicity and thermal

stability can be found (tables 3.5 and 3.6). Beech (92), who

studied the decomposition of pyridine and substituted pyridine

complexes of cobalt (II} halides also found little correlation

between these factors. This lack of correlation in both systems can
be explained by steric interactions involving subsfituents in the

2-position in the pyridine ring, which will weaken the metalénitrogen

bond whilst different charge densities and charge dist?ibution in

the pyridine.rihg caused by substituents in the 3-ord4-positions, will’

tend to inhibit'Or.encourage T~bonding, thgs altering the strength{j

of the metai—nitrogen bond. The relatively weak bbnd in the

piperidine complexes (considexing the high ligand basicitY) is

probably a consequence of the lack of m-bonding inthese complexes.
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CHAPTER FQUR

TETRANUCLEAR COFPPER (II) COMPLEXES WITH MIXED HALIDE BRIDGES

f



4,1 Experimental and Results

It was mentioned in the previous chapter that many tetranuclear
copper (II) complexes of the type Cuy0X¥g4L are known. These complexes
all contain an octahedron of bridging bromine or chlorine atoms
around the central Cuy0 unit. If complexes containing mixed chloride
and bromide bridging anions could be prepared, these would be of
considerable intereét with respect to the structural and physiﬁchemical
properties of.these cluster compounds, and of.péssible éssistance in
spectroscopic assignments. Due to the,ease of formation of tetranuclear
chloride or bromide complexes, by the reaction of copper (II) halide with
copper {II} oxide in ethanol, an gttempt was made to prepare the
complex Cﬁ46C13Br34py by refluxing copper (1I) chloride,'copper (I1)
bromide and copper (II) oxide (1.5:1.5:1) in ethanol, fdlloWing the
general preparative method outlined in Chapter Three. The success of
the preparation ledto attempts‘to prepare the seriesg CuqOClnBrg-n4py;
where n = 1-5, by using different ratios of doPper (II)chloride to bfomide
These preparations were also successful., A general preparative method
is as follows:— |

Copper (II) chloride dihydrate and copper.(iI) bromide in tﬁe
appropriate moldr ratios (total halide, 0.1 mole) Were_réfluxed with
‘copper (II} oxide (0.033 mole) in absolute ethanol (150 ml) for two
hours. The résulting éolution was cooled and fiiteréd.ﬁo'a portion of
the filtrate, about ﬁalf the stoichiometric amount of pyridine (based-
on total halide in solution) was added, which piecipitatéd the required
tetranuclear complex. The product was filtered, washed with absolute
ethanol, . T ' followed by anhydrous
diethyl éther and dried in vacuo (2 torr) at ZO;C. A "work up"
pfocedure similar to that described for the hexachlorida and hexabromide
- complexes was found to be unnecessary. Analytical data are contained

in table 4,1. The piperidine complex Cu40C13Bf34(pip.) was prepared
by the same method. The mixed halide-methanol complex Cuy,0Cl3Brj34MeOH,

was prepared - 56 -



TABLE 4.1

ANALYTICAL DATA FOR TETRANUCLEAR MIXED HALIDE COMPLEXES

* Where applicable
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_ _ ANALYSES
COMPOUND % COPPER % CHLORINE % BROMINE %TéTAL HALIDE* COLOUR
FOUND = CALC. TFOUND CALC. FOUND CALC. FOUND CALC.
Cuy, 0CLsBrdpy 30.10 30.12 20.90 21.01 9.07 9.47 30.13 30.48 _C°°P
> ‘ : . . vellow
. ' o _ yellow-
Cu,, OCY},Br,dpy 28.58 28.62 15.76 15,97 17.74 17.99 Trown
' Cuy 0C1 3Br34py 27.03 27.25 11.54 11.40 25.95 25.71 - - light
3553 brown
6-Cu,0ClyBrydpy 26.10 26.01 7.16 7.26 32.4g 32.71 - - brown
B-Cu,OCl,Brydpy  26.21 26.01 7.14 ~ 7.26 32,61 32.71 - - brown
o  dark
Cu, OCLBrs4py 24,80 24.88 3.80 3.47 38.48 39,11 42.59 42.58
rown
: |
s ‘ light
Cuy0C13BradPip) 26.41 26.67 11.02 11.16 24.99 25.16 - -~ broun
- ‘ : : red-
Cu,0CL3Br3d (MeOH) 34.05 34,14 14.28 14,29 31.96 32.20 - - broun
Pip piperidine



from anhydrous reagents by a method similar to that of Dieck and
Brehm (68}, who prepared the hexachloride comélex. The

two isomers of Cuy0ClsBr,4py were obtained by two slightly different
preparative methods. o -Cuy0Cl;Bridpywas ' prepared as described
above; B-Cuy0Cl,yBrydpy was prepared from CuszClyBry (seé beléw) and
copper (IIS oxide.

The preparétion of the mixedlalide complex copper tII)
bromidechloride was reported by Batsanov et al. in 1968 (102). They
oxidized copper {I) chloride with a 50% excess of bromine in ethanol;
the ethanolic solutian was allowed to evaporate at room.femﬁerature,
which resulted in the dark brown_complex CuClBr.. The produét was
characterised by Batsanov et al. using X-ray, infrared and
thermogravimetric studies, all of which indicated that the product

was a true compound and not a mixture of copper (II) halides. This

preparation was repeated in the present investigation, but resulted in

a comple# of stoichiometry Cu3ClyBry (Found Cu, 32.46%; Br, 55.58%;
€1, 11.89%: Calc,. Cu, 32,80%; Br, 55.00%; Cl, 12.20%: Calc. for
CuClBr Cu, 35.51%; Br, 44.67%; Cl, 19.82%)-'. This componnd was
presumably formed by some further oxidation of CuClBr by the excess
bromine present, and could be a 2:1 mixture of CuC;Br_and CuBrs.

All other attempts to obtain pure samples of CuClBr, by the oxidation

copper (I) chloride with varying amounts of bromine were unsuccessful.

in the preparationd the tétranuclear cbmplex B=-Cuy 0Cl>Bry4py.
the species Cu3glgBr4 (6g) was refluxed with copper (II) oxide (lg)
in ethanol (150 ml) and, on the addition of pyridinei(2g).to-the
resulfing Qolution, the cluster complex was obtained in a similar
manner to the complexes described abové. |
Crystals of the trishalide complex, Cuy0CliBradpy, were obtained

" as 1 mm needles by adding a few drops of the "Cuy0Ci3Bxr3"” solution
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to 25 mls of absolute alccohol in. a boiling tﬁbe. ‘bné drop of pyridine
was then added, and the crystals allowed to form over a period of dayé
at room temperature. |

X—ray pow@er diffraction data and infrared spectra for all theée
mixed halide complexes are contained in tables 4.2 and 4.3 respectively;
Table 4.4 contains thermogravimefric.data. Réfiectanqé,séectra are
shown in fig. 4.1, while fiés. 4.2 and 4.3 contéin-the‘thermogravimetric
'deéomposition curves for these compiexés;_ The two héxahalide compounds,;f
Cu, 0¥gdpy (X = C1, Br),‘ére inciuded in several‘of these tables.and .
figufés for comparative purposes;_ |

Figure 4.4 shows thg thermél decomposition curves fordthe
bispyridine dihalo copper (II) species. . Some cohfusion existed in the
.1iterature concerning the decomposition of Ehe chlqride comﬁlex, and
the analogoqsibromidé complex had not been studied by this‘technique."
 These two complexes were preparéd by the methods ﬁf Lang (38) éﬁdl-,
Pfeiffér and Pimmer (103) resbectively and recrystallised.from DMF'.
Satisfactory analyses were obtained for both compounds.

To obtain information on the wvolatile p?oducts from the
thermaldecdmpositionstﬁfthehexahaiide éomplexes,;several'deccmpositions
were cérried out using a Carbblite muffle fufnace. ermperatufes_of
270°C for Cuy0Clgdpy and 220°C for CuyOBrg4py were uéed,_the samples
being contained in a glass tube. The volatiié deéompésition products
were swépt-into a "ug" tfap; cooled . with liquid nitrogen, by means. of
a éfream of dry nitrogen gas. After-the Aecoﬁpositions Wére compléte,
the Volaﬁile products were‘analysedlby mass spectrographic”techniﬁues.
The major peaks in the mass spectré are listed by mass nﬁmber in |
Table 4.5'.

The copper reagents; amines and éolvents.used for thesé préparatiqns
were prepared and/or purified as previously described. The bromine;

a Fisons product, was used without further'pﬁrification.
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" PABLE ‘4.2

' X-RAY POWDER DIFFRACTION LINES FOR TETRANUCLEAR HALIDE.; AND MIXED HALIDE~PYRIDINE 'COMPLEXES

CuyOCl dpy Cuy0ClsBrdpy CuyOClyBrodpy CuyCCliBr3dpy o-CuyO0ClyBrudpy B-Cuy0ClyBrydpy CuyOClBrsdpy CuyOBrgdpy Cu408r54p§
° o - o o o o 0 ‘ 0 0
da I da 1 ada I da I d A I d A I da 1 dA I 4Aa I
10.72° 80 10.88 90  10.82 100 10.72 50 10.97 100 8.46 100 8.51 100 10.97 90 11.87 30
9.99 5 10.15 5 10.12 5 10.02 5 10.24 10 6.33 5 6.71 5 10.40 5 10.84 15
8.47 40 8.55 15 8.54 10  8.43 100 8.58 - 20 .14 5 4,02 5 8.58 30 10.65 80
8,04 100 .8.08 100 8.08 60 8,01 50 8.15 90 3.79 - 5 3.82 5 816100 7.97 100
7.83 80 7.89 80 7.87 50  7.83 50 7.95 85 3.55 5 3.66 5 7.97 70 7.60 30
6.66 20 6.70 10 6.67 15  6.66 30 6.71 - 15 3.37 5 3.3 5 6.66 10 6.19 10
5.37 20 5.39 30 5.39 40  5.25 20 5.42 30 | 5.41 20 5.93 20
5.05 20 5.11 10 5.09 15 5.08 50 | 5.11 25 _- 5.14 10 5,28 10
4,85 20 4,90 10 - 4.93 15 4% s 4,97 10 | - ' . 4.53 10 4.07 20
4.46 10 4.72 5 4.87 15 4.15 50 .4.19 5 ! g 4.09' 30 3.89 10
4.02 10 4.05 10 4,04 20 4,02 5 | 4,06 25 . o - 3.97 40 3.7 50
'3.92 10 3.95 10 3.1 15 393 S0 3.9 30 o 3.89 60 3.74. 30
3.85 10 3,81 5 3.80 3 379 5 3.83 35 '3 - L 3.65 15 3.36 15
375 10 3.29 10 3.43 15 3.36 10 N | 3.38 20
2,90 5 2.88 10 3.28 30 3.26 5 3.30 20 | 3.88 .20
_ 2487 - 30 . : 2.89 30 o 3.33 30
*see text ' - 2.92 30




TABLE 4.3

INFRARED SPECTRA (1700 - 400 cm™!) of mixed halide - pyridine complexes

iﬁ?ﬁE ASSIGNMENT CuyOClg CuyOClgBr: CuyOClyBrp CuyOCIgBrg CuyCClsBrg 0-Cuy0Cl;Bry, B-Cu,0Cl,Bry, Cu;, 0C1Brg CuyOBzrg
(50) (50) - ‘

1610 1609 1611 T610 1610 1610 1610 1609 1609

15.83 8a 16007 1600 1601 1600 1600 1600 1600 1600 1600
1572 8b 1575 1572 1574 1574 1572 1572 1574 1573 1572
. : 1490 1491 1490 " 1491 1490
1482 19a 1488 1485 1488 1488 1485 1489 1489 1488 1488
1429 19b 1452 1450 - 1451 " 1450 | 1451 ' 1446
1448 1446 1449 1445 1445 1448 1448 1448 1450

1375 4 1368 1366 1366 1366 1366 1368 1366 , - 1368
1288 3 1240 1240 1240 1239 1238 - 1239 1239 1239 1239
1218 9a 1217 1218 - 1219 1218 1218 1218 1218 1216 1219
1157 1157 1158 1156 1156 1157 ' _ 1157

1148 15 1146 1146 1147 - © 1146 1145 1146 1156 1155 1146

1085 18 = - . 1080 - . 1080 1080 - - - - - -
1068 18a 1070 - 1070 1070 1069 1069 1069 1072 1070 1069
11030 12 1040 1049 1049 1049 1048 1048 1049 ' 1048 1048
992 1 1020 - 1019 1020 1019 . 1019 1019 1020 1019 1019

. . 956 _ 950
942 5 950 956 956 953 - 953 - ' - 952

* single_crystéls from ethanol solution




TABLE 4.3 {cont'd)

_29.—

— 5 -
i;?IE\TE assignment Cuy0Clg CuyOCigBr CuHOCluBrz CuyOClsBry Cuy0ClgBry a-Cuy0ClyBry B-Cuy0ClyBry CuyOClBrs Cuy,OBn
(50) (50) ' : _ B
891 10a 883 - 880 875 - 879 877 873 880
766 76g " 766 764 | 765 766
749 4 761 760 761 759 760 - 760 759 758 760
756 756 756 756 756 756
- ? - - - 738 738 - 738 - -
- ? - 724 724 725 725 723 723 723 -
700 11 700 700 700 694 700 698 ' 698
695 695 696 688 692 694 691 690 693
651 652 - 651 '
605 6a 648 . 648 649 647 646 647 647 646 646
- yCu-Oasym. 576 569 562 553 551 | 544 541 537 536
405 16b 440 440 - 440 440 | -
. 438 438 437 437 437 438 437 437 438

% gingle crystals from ethanol solution




TABLE 4.4

THERMAL DATA FOR TETRANUCLEAR HALIDE AND MIXED HALIDE COMPLEXES

- WEIGHT LOSS %

. COMPOUND Tg Trél 3‘5 FRODUCT FOUND CALC.{-
'Cu,0C1g4py 200 265 295 acucl 50.1 50.5
;Cu40C15Br4py l60 215 240 3CuCl: CuBx : 47.0 47.8
Cuy0C1yBrz4py 166 222 248  3CuCl:CuBr 49.5 50.4
Cw,0C13Br34py 190 255 283  2CuCl: 2CuBr 48.3 48.0
;u~Cu40C12qu4py 185 240 271 2CuCl: 2CuBr 50.2 50.4

. B~Cu, 0C1,Bry, dpy 190 240 278 CuCl: 3CuBr 45.8 45.8
CuyOC1Brsdpy 130 185 215  A4CuBr 4.1 43.8
;Cu408r54py 184 210 2407 4CuBr 46.4 46.2

';cuq03r64(3-mepy) 140 280 320 ACuBr 48.7 - 48.9

g oo
] L]

=3
Fh
Il
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TABLE 4.5

MASS SPECTRAL DATA FOR THE DECOMPOSITION PRODUCTS OF
TETRANUCLEAR COPPER (II) COMPLEXES

COMPOUND MASS NO. ION. | COMMENTS
N ' ' +
Liquid product 79 CgHeN -
' positi 3 , .
from decomposltlop of 11 ; , i contains chlorine,
: CgHyNCL - {(intensities of
_Cuq00154py 115 peaks 1:0.3)
. j . : : ; +
‘Solid product 79 ) Br :
+
_ 8l ) (and CgHgN )
j?from decomposition of
iCuqOBr54py 127 ? No bromine
158 ) + intensities of peaks
160 ) Brop 1:2:1
162 ) T
206 ) - Contains bromine,
208 ) : (intensities of peaks
- 1:1)
253 ? . No bromihe-
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Copper analyses, infrared spectra, x-ray powder diffraction data,
electronic reflectance spectra and thermogravimetric datawere obtained
as previously described. Mixed halide analyses were détermined
potentiometrically by a standard method (104), using silver wire
and calomel electodes.and a potassium nitrate salt bridge.- Potentials
were recorded on a high impedance digital wvoltmeter. This methad
: producéd excellent results on standard samples (mixtureé of
_CuC122py and CuBr,2py). However, when either halide was in very
low cbncentration; copiecipitation prédﬁced some jinaccuracies, and
in these. cases tetal halide values are included in the analytical data:
(table 4.1). Mass spectral data was obtained using an A.E.I. MS.iZ
_spectrometer. |
4.2 Discussion

Mixed halide complexes of copper are not well_knowh. Apart from
Copper'(II) bromide chloride ﬁentioned above, the preparation kle)
and crystal structure (106} of the five co-ordinate mixed halide
copper complex [Cr(NHé)5]3+ [CuBr3C12]3_ has been reported. In
addition Rosenstock et al. (34) have shown by mass spectrometric
methods, that when two copper (I) halides are volatﬁlised togéther,
the vapour contains mixed polymeric ions such as Cqur.3C1+ and
Cu3Br2Cl+.‘ The complexes described in this chapter as well as
extending the number of known mixed halide complexes of‘copper,.represént
the first reported tetranﬁclear compiexes with the structpralrunit M#O,
containing mixed halide bridges. The characterisation and-properties
of these compounds will be discusséd under the appropriate physiochemical

tecﬁniques.
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4.2.1 X-ray data
From the x-ray powder diffraction data (table 4.2) it can be

seen that:—

(i) the mixed halide complexes are trus compounds and not mixtures
"of the hexachloride, and hexabromide.comblexes,

{(ii) the complexes CuqOClsBrépy, Cuy0C1lyBrodpy, Cuu0¢l3Br34py and
a-Cu, OCl,Brydpy are isomorphous with the hexabhlofide complex.

{iii)there appear to be two forms of the hexabromide complek, one
of which is isomorphous with the hexachloride compound.

.(iv) the o~ and B- forms of Cu, 0Cl,Br,4py havé different ?owder
patterns,

{v) the compleiesE}CuHOClzqu4py and CuqbclBr54py_have badlf défined
powder patterns, containing one intense 1ine;.with only a few
other lines of low intensity present. They appear, however, to be
isomorphous.

The crystal structure of the hexachloride complex is well
established (57). Kilbourn and Dunitz repo;ted unit cell dimensions for
tﬁe hexabromide complex in 1967 (57), but it was ﬁot unfil very recentiy
thé£ a complete refinemeﬁt of the stfucturéwas:eported by Swank et al.
(63). This latest paper reveals that these two hexahéliAe combléxes
are not isomorphous,the.difference between the two being only iﬂ the
packing of tetrameric units within the unit cell. Howevef the data
in table 4.2 indicate that thére are two hexabromide complexes, one
of which is apparently isomerphous with thé hexéchloride comple#, and
shows an increase in '@’ sﬁacing as expected on going frém a ;hloride
to tﬁe éorresponding bromide complex. Dﬁring eight theoretically
identical preparations of the hexabromide species, éeven resulted in
the complex isomorphous with the hexachloride compound, aﬁd only one

in the other complex (designated by an asterisk in table 4.2).
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Analytical, infrared and reflectance spectra were identical for both
forms. Apparently there are two crystalline forms for the hexabromide
- species, one isomorphous with the lexachloride complex and the other,
the crystal structure of which has been resolved by Swank et al,
differing only in the packing of the Cuy0Brgdpy units within -the
crystal. A similar type of isomorphous behaviou¥ has been observed_by
Bailey et al. (107), whd have prepared ﬁine crystalline forms of the
compound CuL{NCS); , (L = 1, 7-bis-(2—pyridyl)—2,6—diazoheptane5. 
Crystal studies on two of these complexes indicated that they each
contain five co-ordinate copper, but differ.in the packing of molecules
in the unit cell. The two crystailine forms of éu(NOa)z 2(2-ﬁépy)
~described by Comeron et al. (108) provide another examéle of this
phehomenon. A reproduceable preparative method for the non;isomérphous
hexabromide complex has not been discovefed.

It can be seen from table 4.2, that not only are the éentachloﬁde,
tetrachloride, trischlorideandcrﬁschloriéecomplexes isomorphous wifh
the hexachloride complex, but the trischloride complex has an almost
identical powder pattern to this latter comﬁound; which indicatés
that these two.species mpst have very similar unit cell‘dimensions.‘
The unit cell. constants Qf the trischlé#ide complex have been determined
in this department (109), and are contained along with the hexahalide
species in table 4.5. From these datarit does appearlthat the
hexachloride and trichloride species afe‘crystallpgraphically very
similar. The spécg groups le/n and le/c are closely relatea and
the two unit cells can be correlated since the c.diménsion of the-
mixed halide is ' the samerlength aé the diagonal of the (010) fécé of
the hexachloride cell. A complete structural refinement for the

mixed halide complex is underway.
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TABLE 4.5

X-RAY SINGLE CRYSTAL DATA FOR TETRANUCLEAR PYRIDINE COMPLEXES

COMPLEX SPACE GROUP o UNIT CELL CONSTANTS
' o o. -
an __- jo): cA ge
Cu,0Clgdpy (57) P23 m 11.3 21.4 12.0 92
Cuy0C13Brzdpy (109)  P2) /¢ ©11.9 21.53  16.32 45
CuyOBrgdpy (63) Ca/c 30.64 12.43 20.17 129.6
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One might expect to be able to prepare structural isomers of
some of the tetranuclear mixed halide complexes. CUqOClng34py will
have three structural isomers, ' whilst Cuy0ClyBr,4dpy and CuHOClZBr44py'
will have two each. These isomers are shown in figures 4.5 and 4.6.
From the x-ray pow&er diffraction data, it seems 11kely that the o~ and
- forms of CU40C12qu4py correspond to the two isomers of this complex
Although x-ray powder data will not rewveal the type of structural
differences between such isomers, these differences may resﬁlt iﬁ
different packing arrangements within the crystals, which will then
show up in the powder ﬁatterns. This seems. to be the case wi£h
CquClzBﬁg4py. The aﬁomolous powderlpattern of the B—isﬁmer of
Cuy 0CLyBrydpy, isomorphous with CuyOClBrsdpy, may be due to-a
preferential orientation of the crystals‘in these complexes, which can
qccur, for exaﬁple, when a complex crystallises as platelets. a-
microscopic examination of the crystals of these two campiexes revealed
that they were too small to determine crystal type. The presence of
‘structural isomers shouldlmanifest itself in‘physical and physiochemical
prbperties of the complexes in gquestion, and the isomers of
CuqOCizBruépy will be further discussed in relation to infrared and
thefmogravimetfic studies.

4,2.2 Infrared data

The infrared spectra of the tetranuclear_halide‘and mixed haligde
complexes of pyridine, between 1700 and‘400 cmfl,'(tablé‘4.3);.reveal
that the ﬁands due to pyridine ring vibrations-are almos£ unchanged in
'frequenﬁy from those in the bispyridinedihalo:copper (II) complexes
(table 2.2), although some band splitting can be observed in the former
complexes, noticeably in the 749, 706, 605 and 405 cmflupandsof the
‘ free amine. The assymmetric Cu—0 stretching vibration provides furthér

proof that the mixed halide complexes are true compounds and not -
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FIGURE 4. 5.  The three structural isomers of Cu,QClBri4py
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mixtures of Cuy0Clgdpy and Cw,0Brgdpy. They exhibit a single Cu-0
band which lies between that of the.hexachloride and hexabromide,
decreasing in frequency from the pen£achloride to the pentabromide
complex as might bé expected. Mechanical mixtures of the hexachloride
complexes were made, and showed twin Cu-0 bands at 576 and 536 cm” !

in the infrared spectra. The structural isomers ﬁentioned in 4.2.1
above might be expected to exhibit slightly different frequencies for
the Ccu-0 vibration, due t§ different arrangemenfs of halide atoms
around the central Cuy0 unit. The two complexes a- and B—Cu40C12Bfu4py.
show Cu-0 bands at.544 and 541 cm"i respectivély and althquéh this
difference is close to the experimental limifs of - the apparatus (+ 1 em 1y,
it does indicate fhat the two complexes may well be different isomers.
There are other differences between the infrared spectra of these two
compounds. Several pyridine vibrationé which occur as single bands in
the B-complex, appear split_in the spectrum of u—CuHOClzBr44py. A

similar situation can be observed with the tri_shalide _complex (£able 4.3).
This compound prepared by the usual method shows some spectral differences
to that obtained as single crystals from a dilute "Cuy0C13Brs"solution.
These differences lie again in the frequency of the Cﬁ*O vibration‘énd
in.fhe splitting of pyridine vibrational kands, but are smallef‘in
magnitude than in the CuqoclzBr44py'éomplexes. Far _linfrared data

_for tetranuclear complexes will be diséussed in<:hap£er Six.

4.2.3 Reflectance spectrafa

Electronic reflectance spectra in the region 600‘to 1000 nm
(figure 4.1} are similx to other tetranuclear copper (II) complexes.
One broad band, sometimes with an-associatéd,shoulder, is observed in
the spectra.of the mixed halide complexes, which is typical f0r copper
(iI) ions in a distorted trigonal bipyramidal crysél fiela, as was

discussed in Chapter Three.
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4.2.4 Thermogravimetric data

The thermal decomposition of metal-amine and polyamine complexes
has been studied extensively in recent years (93-96, 111-116). 1In
general this work has been carried out in order to correlate thermal
stability and ligand basicities, with bond energies evaluated by far
infrared spectroscopy. It was mentioned ianhapterfEhree that the
thermal.decomposition of copper (II).complexes is sometimes coﬁplicated
by redox reactions, and it is perhaps for this reason that the
decomposition of copper-amine complexes has not been studied in any
great detail. Redox decomposition reactions involving coppef’(II) 
compounds have been studied by Bowman and Rogers (96), Biiling (101),
Pappas et al. (117), Liptay et al. (112) and Smith and Wendlandt (119).
Reduction.; Qf the metal has also been reported in-ﬂﬁathermal decomposifion
of cobalt (III)-amine .eomplexes (120) and in mercury (II) pyridine-
N—oxide complexes (117). ILittle work has been done to chafacterise the
products from the redox-decomposition reactions of copper (II) cémplexes;
the only reaction in which all thé products have been positively
identified, is that of copper (IT)~ammonia complexes which have been

shown to decompose in accordance with egquations 4.1 to 4.4 below (119).

[CulNH3)gl X9 = Cu(NH3) 2%y + 4NH3 (4.1)
6Cu (NH3) 2Xo > 6CuxX + 6Nﬁqx_ + _N'z +4NH3‘ ' k - (4'..2)
X = Cl or Br | |
2[Cu(NHg) 11, > 2Cu(NH3) oTp + 2NHj : (4.3)
2Cu(NH3) oI > 2CuT + I, + 4NHgz C(4.4)

Billing (101) has suggésted thathaloaminéS’are formed duriné the
décomposition of copper (II) halide-quirno xaline complexes; Pappas '
et al. (117) have shown that'the thermal deCOmposition of copper (II}
halide-pyridine N-oxide complexes involves aﬁ oxidation of the pyridine

ring. Furthermore, the work of Yoke et al. (1.21), Weiss et al... {(122) and
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Clifton and Yoke (123}, on the reactions of primary, secondary and
tertiary ethylamines with copper (II} chloride, indicated that
complexes were formed which decomposed belo& room temperature, by

means of a redqx reaction -involving dehydrogenation of the ligand

and subsequent polymerisation of the resulting vinylamine. A'similar
system with triethylphbsphine complexes of copper {(II) chloride yielded
triethylchlorophosphonium chloride, (CsHg)z PCl,, and coméleﬁ copper
(I) cuprates amongst the.redox decomposition products (124).

Thermogravimetric.studies on the tetranuclear halide and mi#éd

halide complexes (table 4.4, figures 4.2 and 4;3); indicate that

redox decoz.npositions are involved. The non volatile decomposition
- products were characterised by weight loss (table 4.4), colour (they
.were all ﬁhite or cream as expected for copper (I) halides),‘and in

the case of the hexachloride and hexabromide complexes, by x~ray

rowder diffraction.data which corresponded to copper (I) chloride
(NantPkite) aﬁd y—copper (I} bromide respectively (78). The
thermogravimetric curves (figures 4.2 and 4.3) show a similar
decomposition mechanism for all the,comblexes# a.loss of about one
molecﬁle of pyridine, followed by a rapid 1oss1of the three remaining,
ligands, together with‘oxygén and the twé halide atoms in a one step‘
reaction. The exceétion to this was Cuy0ClgBr 4py; which lost two
molecuies ofrpyridine before the rapid final decomposition (figure 4.3(g})
Assuming the temperature of the maximum rate of weight change (Tm) |
corresponds.to the point at which the redox reaction occufs, one can
use this temperature as an indication of the relative stabilities

of these compleies (table 4.4). .It might be expected that the more
bromine atoms there were in the cluster, the less stable would be the
| complex to a redox reaction, as it.is normally fouﬁd that the éopper (x)

state becomes more stable as the covalent_character of the Cu~-X bond
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increases, that is, with more polarizabie anions. This stability trend
has been observed with copper (II})-ammonia complexes (119), as well as
~with amine complexes of cobalt (III) (120), and can clearly be observed
on comparing the decomposition temperatures of the hexachloride
(Pm % 265°C) and hexabromide (Tm = 210°C) complexes.

However, a stability trend down the series from the hexachloride to
hexabromide complex is not observed.  Evidently the structure of the
mixed halide complexes has a marked effect on their thermal stability; The
trishalide complex, which has been shown 5y x-ray data to have similar
structural dimensions to the hexachloride compleg (4.2;1 above) ,has similar
thermal stability {Tm = 2555C). The two isomers of CuhOCiZBru4py uodergo
different redox decompositioo reactions, the a~form losing.two bromine
atoms to give 2CuCl:. 2CuBr, while the B—complei loses a chlorine and_o
bromine atom and forms CuCl:3CuBr, thus providing further proof.that these
two complexes afe indeed structural isomers, |

Idenfification of the volatile oxidation.prodocts from these
decomposition reactions was difficult, due to the fact that decompositions
carried out under nitrogen in a muffile furnoce, using large amounts of
sample, 4did not alwayé produce a pﬁre éample of copper (I) halide. " Only
the.hexachloride'and hexabromide oomplexes_were'inveStigated bf this method,
and in some instances black tarry residues were obtaineo from the
decomposition reaction. This may be due to sample packing (a.lqrge bulk
of sample preventing the volatile oxidation pfoducts‘escaping so that they |
then undergo further reactions), and heating rate (difficult to control in
a muffle furnacé). However, a sample of the hexachloride'complex‘which
did decomposé to copper (I} chloride, gave a volatile liquid which was
positively identified by its mass spectrum as a mixture of pyridine and
chloropyridine (table 4.5). The decomposition reaction for this complex
is shown in equation 4.5

Cu, OClgdpy + 4CuCl + 2py + 2(Clpy) + HyO {4.5)
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The decomposition of the hexabromide compound resulted in a
volatile product which appeared to be a mixture of red and yellow
solids at room emperature. A mass spectrum‘of the product showed
no volatilecopperéompounds and revealed the presence of Br2+, B¥+ and
probably py+ (table 4.5). In addition there appeared to be several
species present with molecular weights greater than 200, one of which
clearly contained bromine. This indicates that pyridiﬁe condensation
products were present.

Some confusion existed in the literature over the thermal
decomposition of the species CuX22py, where X = Cl or Br, which it had
been hoped could be used for comparative purpoées. The bromide complex
~ had not been studied by this technique, whilst the cﬁloride complex s
according to Wendlandt and Ali (118), yielded CuClypy betweeh 150 and
240°C, 3CuCl,: 2py ketween 240 and 27050, and finally CuCl, at 340°C.
Bowman and Rogers, who studied the decompesition by a D.T.A. method,
reported that the complex undexwent a redox reaction at 240°C to
. form a black tar. (96). The decomposition of both chloride and brémide
complexes were studied in the presenﬁ investigation; It was found that
the decomposition curve of the chloride complex (figure 4.4) was
similar to tﬁat obtained by Wendlandt and Ali, except that temperaturesl
corresponding to individual stages were found to be about 30 - 40°C
lower than reported by these workers. The product was copper (II).chloride‘
(by weight loss). The analogoﬁs bromide complex (figﬁré 4.4) uﬁderwent
' a redox decomp05ition‘reaction to yield copper (Ih.bromide thch was
characterised by x-ray powder diffraction data. This is another example
of the relatively greaterrstability-of copper (I) bromide with respect
to the chloride, influencing the decomposition‘mechanism. A furtherx
example of a bromide complex which undergoes a redox reaction; whereas_fhe.
corresponding chlbride complex does not, can be found on consideration of
the tetranuclear 3-methylpyridine complexes (tables 3.5 and 4.4).
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4.3 Conclusions

The preparation and chéracterisation of tetranuclear copper fII)
complexes containing mixed bridging halides represénts an important
development in the study of polynuclear cluster complexes. Not dnly
hasg the number of possible‘complexes of the type been increased, but_the'
effect of changes in the bromine tolthorine ratio on the physical and
physiochemical properties of a serieslof complexes can now be studied.
In theory several stfuctural isomers of these mixed halide.compléxes
should exist, and from x-ray, infrared, and thermdgravimetric studies
the two isomers of Cu,0ClpBr,4py have been characterised. The
isolation of the isomeric forms of Cuy0C1yBrydpy and CuQOCigBr34py nay
be possible from preparations invdlving copper (II) bromochloride, ﬁhen
sufficiehtly.pure sémﬁles of this compound are availéb;e; The
'tetfanuclear‘pyridine cbmplexes have been éhOWn to undergo redox
decompositionﬁreactions, involving oxidation of the pyridine ring, and a B
corresponding reduction of the metal to copper (I).A redox reaction
of this type probaﬁly involves the generation of free radicals, which
in the case of hexachloride complex (equati6n74.5) would lead to the ‘
production o 2C1--and 0+ by the reduction of copper (II) to copper (I).
The chlorine radicals then attack the pyridine molecules to forﬁ :
'chlofopyridine‘withltye abstraction_of H+«. The presence of an oxygen
atom in the tetranucleaf complex is important in this type of.reactioh‘
because thé subsequent formation of an oxygen radical during the redox
reaction facilitates the chlorination by reacting with the two hydrogen
radicals to form water. By way of contrast, the thermal decémposition
of bispyridinedichloro‘Eopper (II); which has no.oxygén atoms to assist
the hydrogen abstraction, does not proceed by a redox. mechanism. The
reason why tetranuclear pyridine complexes undergo redéx decomposition

reactions, whereas complexes with similar amine ligands (discussed in
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chapter three) do not, is probably a result of the effect of the]igan&'
~on the redox potential of the particular complex. The rédoi potentials
are not simply related to ligand pka values, but are altered by
co-ordination number and steric effects, as well as the T—acceptor
strength of the ligand (125-127)., These effects are complgx and not
well understood, but could account for the differences between the

decomposition mechanisms for various tetranuclear complexes.
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CHAPTER FIVE

HALIDE EXCHANGE IN TETRANUCLEAR COPPER (II) COMPLEXES




5.1 Experimental and results

The preparation of the tetranuclear copper complex [(CH3)4N]: Cuqocl§6

had been reported by Bertrand and Kelley (55, 58) and Dieck and

Brehm (68). 1In addition, the latter workers prepared the complex
[(CHs)qN]: CuqOClGBruq*, by the addition of an alcoholic tetramethyl-
ammonium bromide solution to the tetranuclear compbﬁnd Cwy, 0Clg 4MeQH

in ether. It was decided to attempt the preparation of the other two
members of the series containing bfidging'bromine anions, {(CH3)4N]¢
CuQOBrIB-and [(CHé)qN]I CuqOBr5C144: ip order to interpret the

far infrared spectra of this type of molecule. ‘The decabromide

complex was sucGessfully prepared from ethanolic solution by the method
described in chapters three and four. However, the addition of a.
stoichiometric.amount of tetramethylémmonium chloride to a "Cu40Brs"
solution in ethanol, resulted.in the isolation of a complex

containing more than four chlorine atoms per CuuOunit. The

results of this preparation indicated that halide exchange was

occuring between the bridging bromide anions and chloride ions.

This exchange was confirmed by using a greater than étoichiometric amoﬁnt
qf tetramethylémmonium chloride in the reaétion, which in tufn resulted
in a complex with an even higher thorine to bromine ratio. It was
discovered that bj alterihg the reaction temberature, the amount Of.
‘halide exchange could.be controlled_to some egtent. In éeneral the
greater the bromine content of the particular tétranucléaf complex;

the greater was its solubility in ethanol, so by reducing the

temperature of reaction, the amount of lalide exchange could. be limited
by reducing the time the complex spent in solgtion and vice versa. |
By‘varying the reactants and reaction conditions, it should be possible
"to prepare the complete series [(CH3)4N]I CuqOClnBrlo_g'where n = 1—9;

however many of these will have several isomers, each containing. a
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different number of chloride or breomide anions in the equatorial

and axial positions and, in addition,'a number of structural isomers
of the type discussed in chapter four. There are in fact fifty four
.possible complexes including’the'éuqoxlgu" species, Only six mixed
halide complexes have been characterised in this present .investigation;
table 5.1 details the preparative reactions. The preparations were
based on the usual method of adaing ligand to "Cuy 0ClnBrg " solutions
in ethanol or methanol. The precipitated products were washed with
anhydrous petroleum spirit (B.P.40-60°C), aﬁd dried in vacw

(2 torr) at 20°C. The complexes were difficult to obtain in a pure
state, as working‘with alcohol or even diethyl ether to remove
unreacted "Cuy0ClpBrg " solgtion ortetramgthylammoniuﬁlhalide, resulted
in halide exchange., Table 5.2 contains énalytical and infrared data
for these six complexes and the two CuqOXIB" species, Alsoi

contained in table 5.2 is tbe composition of the ceﬁtral structural
unit, Cuy0ClpBrg .. It was found that reacting these complexes with
pyridine vapour displaced the axial ligands, leaving the species
CﬁMOCInBrs_n4py, which could then be identified froﬁ its infrared

spectrum by comparing this with the spectra of the mixed halide
complexes discussed in the previous chapter. X-ray powder
diffraction lines for the six mixed halide cqmplexes and the Cuqoxlgkm
species are contained in tabies 5.3 and 5.4;

The "CuqOClnBrs_n“ solutions, and the.coﬁplekes‘[(CH3)qN]:
CuqoxTE, X = 1, Br, and Cuqu154Me£H in alcohol solution, e#hibited
an intense band in the ultraviolet region of the spectrum between |
270 and 307 nm. The position of thié band céuld be used to study

.the halide exchange reactions. AMAx'appeared at different wavelengths

depending on both the particular compound and on the solvent in which

it was dissolved. This shift in Aypay fpr.the complex Cu,0ClgaMelH
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TABLE 5.1

PREPARATIVE - METHODS FOR DECAHALIDE COMPLEXES

"Cuy OCT Bre_, " TETRAMETHYLAMMONIUM MOLE TEMPERATURE

COMPLEX SOLUTION HALIDE ~ RATIO
@ . (8) ~ A:B :
[(CH3) ;N1 Cu,0CLy %  Cu,0Clgin EtOH (CH3)yNC1 1:4 20
[(CH3)1}N]~:C1140B1:104_ Cu,0Brg in MeOH (CH3)yNBr .1:4 6Q
[CH 3)4N]tCu1,0ClgBr'*_ Cu;y0Clg in EtOH (CH3)yNBx 1:2 80
[(CH3)qN]ZCuqOClgBrzh—Cuqt)ClsBra in BtOH  (CH3)yNCL  1:4 20
[(CH3),,N]T*c_ugochsrg“_cwocharg in MeOH  (CH3)yNC1 1:3 5
[ (CH3) 4N TCuy0c15Brs® Cuy0Brs in EtOH  (cHa)yNcl . 1:5 20
[(CHg)qN]tCuqOClgBreq—CuL}OClaBrs in (CH3) yNBE 1:5 70
- EtOH/MeOH. |
[({Chj) qu,tCuLFDClgBr';l*_CuqOCl3Br3in MeOH {CH3) 4yNBr 1.4 | 50
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TABLE 5.2

ANALYTICAL AND INFRARED DATA FOR TETRANUGCLEAR TETRAMETHYLAMMONIUM COMPLEXES

- 08 -

. % COPPER % CHLORIDE % BROMIDE $TOTAL HALIDE Cu:Cl:Br Cu—Oasym COMPOSITION OF
| _ _ -1
COMPLEX,  pouND CAIC, FOUND CALC. FOUND CALC. FOUND CALC,  i08 cm Cuy 0C1nBre—p
[(CH3)4N]y ‘ UNIT
cuy0clip®” 28,01 27.59 38,22 - 38.48 - - - - - 542 | -
CuyOBrip?  18.51 18.61 - - 58.04  58.50 - . - - 528 (sh) -
: 512(sh)
495
Cuy0CleBr® 25,91 26,32 32,79 33.04  7.54 8,27 40,6 - 41,3  4:9,1:0,9 538 Cut0Clg
CuyOClgBra* 25,01 25.16 27.41 28,07 15.34  15.82 - - 4:7.9:2.0 537 . Cuy0ClyBr
Cuy0ClyBr3t 23,75 24.10 23.10 23.54 23.10 22.23 - - 4:7.0:3.1 530 Cuy0C13Br3
. Cuy0ClsBrs* 22,31 22,22 15.23  15.50 34,74 34.94 - - 4:4.9:530 522 Cuy0CLyBra
Cuy0ClyBrg” 21.06 21.39 11.28 11.94 40.72 40,36 51.4  52.3  4:3,8:6.2 - 518 Cuy0C13Br3

Cu,0ClsBry%” 20.41 20.62  8.24 8,63 45,39 45,38 53.3 54,0  4:2.9:7,1 - 510 Cuy6C1 3Br 3




TABIE 5.3

¥-RAY POWDER DIFFRACTION DATA FOR ISOMOROPHOUS TETRAMETHYLAMMONIUM COMPLEXES

Cuqoc1104"' Cuy0C1,Br%”  Cuy0ClyBrg*”  Cuy0CliBry®”  CuyOBrigh”
aA I oa 1 aA T aa 1 a1
'9.86 40 10.04 30 10.03 50 - 9.99 30 9.99 40
9.12 20 9.31 90 9.31 40 9,31 70 9,37 60
8.79 100 8.93 100 8.95 100  8.95 100 8.93 100
8.53 5  8.60 40 8.59 20 8.60 10 8.60 30
8.02 90 8.6 9 8.5 40 8.13 20 3-_8.i5 70
6.37 5 6.40 30 6.43 10 6.38 5  6.44 30
5,72 10 5.78 20 5.76 20 5.78 30
5.42 40 . '5.50 20 5.54 20 5.5 10  5.54 10
5.23 10 ' ' 5.42 10
4.8 5 ' 5.00 10
4,60 10 4,80 5
4.26 20  4.72 15 4.68 10 4.69 5 472 5
4.18 10 4.34 20 | 4.36 10
3.98 10 4.15 10 4.24 20 4.27 20
3.83 20 . | 4.21 20
3.62 30 3.88 5 3.90 20 3.02 10
‘3;45 10 3.67 20 3.69 40 3.69 20 3.72 40
©3.3¢ 15 3.49 10 3.51 40 3.51 20 3.53 30
2,90 15 3.38 10 3.41 15 3.44 10
?.81 15 3.17 15 3.31 10 3.43 10
2.84 20 3.27 10 333 20
3.20. 10. 329 20
3.00 10 3.22 20
2.96 10
2.87 10 2.87 30
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TABLE 5.4

X-RAY POWDER DIFFRACTION DATA FOR TETRAMETHYLAMMONIUM MIXED HALIDE COMPLEXES

Cu,0C1gBrs™ Cuy0ClgBry*™  Cuy0CLlgBr*
&3 I aﬁ SR dﬁi I
11.41 10 11.41 20 9.22 100
9,93 30 9.93 20 8.50 60
8.85 100 8.87 100 6.33 50
8.06 90 8.04 90 5.97 5
5.70 10 6.00 10 5,49 5
5.44 10  5.45 20 - 4.71 10
4.62 10 4.41 10 4.14 20
4,29 10 4.28 20 3.17 20
3.88 40 3.80 20 2.78 10
3.65 30 3.63 30 2.71 10
3.48 20 3.4 20

3.31 . 10 3.35 20

2,93 20 2.93 20

2.84. 20 2.82 - 20
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in various solvents is shown in figure 5.1. Thé "CuqoclnBrs_ﬁ“
solutions in ethanol, discussed in chapter four, each ewhibited a

single band between 270 nm ("Cuy0Clg" solution)and 307 nm

("CuyOBrg" solution): these baﬁds are shown in figure 5.2. A Beer's
plot of absorbance versus® concentration for [(CH3)4N]¢ CquCllﬁ-in
ethanol is shown in figure 5.3. Molar extinction coefficients
calcﬁlated from these data are abou; 27,000, An extinction coefficient
calculated for the decabromide sbecies on a single‘conceﬁtatioh.value
was 30,000. Table 5.5 contains Ay, data for complexés with different .
axial ligandé in the samé'solveﬁt. To chtain data on the halide |
exchange process itself, a method based on that of Yoe and Jones (128)
was employed. lA series of decabromide‘solutidns were made up incthanol,
each containing a different amount of teframethylammonium chloride, but
keeping the total analytical concentration of copper constant. One

hour after preparation,the position of Mypyx was determined. The results
are shown graphically in figure 5.4, as a.plot of AMAX versué moles of
hélide added per mele of decabromide complex. A qﬁalitative stﬁdy of the
éffect of adding hydroxide ions, in the form of a 20% agqueous solution
of tefraethylammonium hydroxide,;to an ethanolic solution of the
decabromide was made. The changes in the wavelength of Apax on the
Vaddition of successive amounts éf.hydroxide, are shownrin figure 5.5..
After each determination of RﬂAx,excess tetramethylammonium bromiae

was added to ascertain whether a tetranuclear species was still -
present. If it was, Appy reverfed to its original wavelength of'307 nm.
The presence of pyridine in the hexahalide - pyridineapomplexes gave
rise to large intensity ligand bands, which obscured the bands due to

the tetranuclear species, and prevented similar measurements being
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TABLE 5.5

iMDY FOR TETRANUCLEAR COPPER COMPLEXES IN ALCOHOL SOLUTIONS

COMPLEX SOLVENT Ayay (nm)
Cu, 0C1lg4MeOH _' , ethanol _ 270
[(CH3) N1} CuyOCLygh ethanol 270
"Cu, 0Clg" solution . ethanol 270
"Cuy,0Brg" solution ethanol 307
[(CH3)yN]§ CuyOBriph” ~ ethanol 307
' Cuy, 0C1ls 4MeOH _ ‘methanol 250
[(cH3) NI cuyOcliy methanol | 250
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made on these.compounds. Spectral studies were made in
nitromethane also, but no bynds in the region of 200 - 450 nm were
observed for tetranuclear complexes in this solvent.

The lability of the bridging halide anions in tetranuclear complexes
led to the speculation that thesé compounds might be dissociated to
some extent in solution;a This theory was investigated by determining
the conductivity of the hexachloride and hexabromldenpyrldlne complexes
in nltromethane. These complexes were chésen as they would appear to
be non-electrolytes in solution were they undlssoc1ated, whereas
complexes such as [(CH3)4N]4 Cq+OC110 - cpuld, according to
solution sgpectral data, undergo dissociation of the axial‘ligand and
so complicate conductivity data. initial measurements indicated that
charged species were present . in nitromethane solutions of
Cu4q0154py and Cuy,0Brgdpy, and so the method'of Feltham and Haytér (47)
was used to determine electrolyte type, by conductivity measurements
made over a range of concentrations. This method yses the Onsager
equation in the fogm:—

Ao- Ag = B/C
A, is determined from a plot of Ae versus Vb, by extrapolating to zero
concentration,.and then Aai— Ae is plotted égaihst YC. The slope of
this latter graph varies ﬁith electrolyte type, and can be compared
with staﬁdard vaiues {47) to determine the nature of.fhe charged
species present. Nitromethane was chosen for these studies aé it is
regarded as one of the best solvents for cgnductivity measurements in_
nonaqueoﬁs media (48). BApart from which, the tetranuclear pyridine
complexes were not sufficiently scluble 1n other solvents to permit
such an investigation., Although the conductlv1ty of solutions of the
hexabromide complex remained stable over periods of up to 24 hours, the

hexachloride solutions increased in conductance over a period of 16 hours,
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whereupon they remained stable. The results of the conductivity
measurements are shown graphically in figures 5.6 to 5.9. The data
for the hexachloride complex (figures 5.6 énd 5.7) were'takeh.after

16 hours. Measurements of A, and Aﬂ7é—£3 after one hour, gave values
of 151.6 ohm ! and 4,714 respectively for Cu, 0Clgdpy. |

Tetranuclear complexes and "CuyOClpBrg_," solutions . were
prrepared as described in the preceding chapﬁers. Tetramethylammonium
halides were B.D.,H. reagents and were reprécipitated from ethanol
(chloride) or methanol (bromide) by the addition of diethyl ether. The
products were stored under vacuum. The tetraethylammonium hydroxide solution
(ZQ%w/w in water) was a prkin and Williams product. Alcohols ﬁere
purified and dried by standafd.techniques (45). The nitromethane used
for conductivity studies, a Fisons product, was refluxed with anhydrous
magnesium sulphate for twelve hours and disﬁilled. The solvent was:
then refluxed with 4A molecular sieve for 2 days, and distilled under
an atmosphere of dry nitrogen, the fraction bdiling between 101 and
101.5°C being collected. The purified, dry solvent was stored under
nitrogen away from the light.

Copper;mixed halide analyses, infrared speétra and X—ray
diffraction data, were obtained as previously described. Solution.spectra wer
recorded at ambient temperature using an S.P.éOOOspectrbphomeﬁer and
1 cm matched silica cells, Solutions of the tetranuclea: methanol
compléxes were made up in a dry;béx.' Conductivi£y méasurements"
were made using standard cells and electrodes, aﬁd a Wayne Kerr
conductivity bridge. During the measurements a slow stream of dry
nitrogen . was directed over the top of the cell, to prevent the
ingression of oxygen or water wvapour. Measurements were ﬁade at
25°C by means of a thermostatically controlledlwater bath. The cell

constant was determined before and after each series of measurements
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using a M/1000 potassium chloride solution., It was found to be
0.076. The specific conductivity of the nitromethane was 0.8 x 10 © ohm lem 2.
5.2 Discussion,

-5.2,1 DAnalytical, infrared and x-ray data

Analytical data (table 5.2} indicate that seven new ¢ tetranuclear
copper (II) complexes, containing axial halide atoms, have been
prepared. These complexes were difficult to obtain in a pure stéte,
due to the halide exchange that occured when the samples were washed.
with solvents such as ethancl or diethyl ether. 1In addition, for
preparations involving tetramethylammonium bromide, the low solﬁﬁility
of thislcompound in alcohels resulted in small amounts precipitatiﬁg .
with the tetranuclear product. The infrared spectra of tﬁese complexes
all contained the C-N band at 954 cm"lcharacteristic of the
tetraméthylammonium cation. The bands assigqed to the Cﬁ—O assymmétfié
stretching vibfation (table 5.2), show a decrease in freguency
corresponding to an increase in the bromine to chlorine ratio, similar.
to the mixed haliéé—pyridine complexes of chapter four. However, the
position of this band is affeéted by axial és weli as equatorial halides,
in these latest complexes. If potassium halide discs were used to
obtain infrared séectra, the Cu-0 Eind aﬁpeared considerably broadened"
and in some_céses split into two; presumably due to halide exchange.
&-ray powder diffraction data indicate that the decathoride énd
decabromide complexes are isomorphous, thei“d" spacing increasing as
expected from a chioride compiex to the isomorphoﬁs bromide cqmplex '
{table 5.3), in a similar manner to that observed for the pyridineu
complexes. These two decahalide complexes also appear to be isomorphous
with the three complexes which were shgwn to have the central structural
unit Cuy0Cl3Brs, by the reaction with pyridine vapour.. The two
complexes with the Cu,0ClyBrp central units, [(Cﬁg)uN]: Cuu0él5Br%hand

{0
LA~

4
i

ou NC1aBr-% T armear to ba isomorphons from X-ray data {table 5.4},



+ -
The complex [(CH3)},Nly CugOClgBrh + however, has a diffraction pattern
dissimilar to those of the other complexes (table 5.4}.

5.2.2 Solution spectra

.S5olution studies reveal that a band in the ultraviolet region
of the spectrum can be used to study the various tet;anuclear'
mixed halide complexes, with reséect to halide exchange phenomena.,
The Beer's law plot for the decachloride complex (figure 5.3) shows a
linear relationship betwéen absorbance and concentration, and implies
that only one species is present in ethanol s&lution. The position
and extinction coefficient of this band for the decachloride (270 rm:
~27,000) apq_bromide {307 nm:30,000) complex, indicates that it is
change transfer in origin. Studies on the complex Cu,0ClgdMeOH in
various solvents (figure 5.1) reveal that the value of Aypyx for this
band is apparently vefy sensitive to the nature of the solvent.
However the band appears to be constant for complexes with different
axial ligands, but similar central structural units (table 5.5) in one
solvent. These data indicate that in alcohol solutioﬁ the axial ligands
of the tetranuclear complex are replaced by'solvent molecules, so that
the épecies Cuy 0Xg4EtOH is present in ethanol. from figure 5.2 it is
clear that each "Cuy0ClpBrg-n" species in_solution exhibiﬁs an absorption
band in a position characteristic of the number of chkiide and bromide
atoms in the central structural unit of the cluster. Data such as
theselcan be used to follow the halide exchange réaction when
‘tetramethylammonium chloride is added to a solution of the decabromide
complex in ethanol (figure 5.4). The results < this experiment indicate
that over 100 moles of chloride, per mole of Cuhd- ﬁnit, mast be addéd
to CuqOBrigh- before exchaﬁge is complete (indicated by a shift in
 Amayx from 307 £0_270 nm) . Although one hour wés allowed for these

solutions to reach eqﬁilibrium before Ayay was determined, it is not
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i c¢lear at present how fast equilibrium conditions are seﬁ'up, or whether
this varies with concentration of added halide. Preliminary
investigations of the analogous system (tetramethylammonium bromide

,Iadded to a decachloride solution) indicated that exchange of chloride
for bromide was very much slower. |

The results of a similar exchange reaction involving'tetraefhylammoniﬁm
hydroxide and the decabromide complex in ethanol (shown in figure 5.5},

- suggest that exchange of hydroxyl for bromide ion may-bé taking place,
(a shift in Ay from 307 to 280 nm - (a) to (d)}. Up to the position
of AMax corresponding to (d) in figure 5.5, the exchange feactionlcould

_ be revergeq_by adding excess bromide ions, which caﬁsed Apayx to revert

to 307 nm. Howéver,after (d} the addition the bromide ions had‘no

effect, indicatingthat the tetranuclear structure of the species in
solution may have been destroyed, perhaps by a hydroiysis reaction, as
the hydroxide was added’as a 20% solution in water. These solutioﬁ
studies were of a preliﬁinafy nature only, and it is clear that further
work is needed to fully investigate the nature of halide éxchange..
reactions in tetranuclear compiexes.

5.2.3 Conductivity studies

Prior to thisinvestigation, theonly qonductiQity study of_tetranucleaf _
copper (XII) complexeé had been made by Dieck and Brehm (68) on the
ﬁexahalide comélexes with di»isopropylearbodiimidé7;igahds,rwhich were.
reported to be non-electrolytes in nitrobenzene. However fhe results |
of the preeent investigation indicate that the two hexahalide-pyridine
complexes are dissociated to some extent in nitromethane (figure 5.6
to 5.9). According to Feltham and Hayter f47), the average value of
the ££7é—£3 slopes for 1:1, 2:1 and 3:} electrolyFes in nitrqmethané '

is 200, 450 and 1000. These slopes for the tetranuclear pyridine

complexes are around 11,000 (figures 5.7 and 5,9). This implies a considerabl:
degree of dissociation. The 5175—53 slopes'reported by Feltham and Hayter

can be nﬁmerically extrapolated &o giﬁe a value of around 10, 000 for 6:1

electrolytes (lack of information concerning ionic conductancesin
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nitromethane preclude a theoretical approach

to the value of these slopes and the corresponding electrolyte.’
types). However the value: of Ae for a M/1000 solution (Ajggg)

of the tetranuclear complexes is very much lower than might have

been expected for the degree of dissociation implied by the'£375—£3
slopes. Geary (48) has reported typical Ajggq values for 4:1
electrolytes in nitromethane to be in the region ef 360 ohm 1; 5:1

. and 6:1 electrolytes might be expected to have even higher values,
whereas AIOUO for Cu40C164py and Cuy,OBrgdpy is. 35 and 100 ohm -

‘respectlvely. Nldholson and Sutton (129). reported similr anomalously :
low Aj000 values for some nickel (IT) sulphate complexes. They-found,

.however, that a graph 6f Ae ﬁersus VC was not linear, in a maener.
that SuggeStea that these complexes were heheving es weak electrolytes.
This does not seem fo be the case of the present system, as Ae

versus vC graphs do not appear to deviate significanﬁly from linearity
(figures'S.G and 5.8). Ton pairing, which might be expecfed with
highly charged anions, would cause similar non 1inea; élots (47) anQ
so can probably be'ruled out .in this system. It has been obsexved |
that complexes containing large ions such as iCGHs)hB" and (;—C5H11)qB_
exhibit very sﬁall Mogo values, due to the low ionic mobilities.of“
these species. (130).‘.An analogous'situation may well e#ist with

the tetranucleer pyridine complexes. The variation in the conduct1v1ty

' ' Ae
of the hexachloride complex with tlme, and the variation of the ££7—w—-

C
slope from 4,700 to 11 000, 1ndlcates that some dlSSOClatlve process
is taking place, but whether further digsociation occurs on
dilution after 16 hours is a matter of speculation at present.
Assuming the tetranuclear Cuuo'unit is sti;l.present in_nitromethane
solutions (there was no evidence for the formation of insoluble

copper (II) oxide during these experiments, that would have

indicated a reaction such as Cuj0Clg — 3CuC12 + Cu0 taking place},
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the bridging halideratoms must have been replaced by solvent

molecules, bridging the copper atoms by means of one of the oxygens

of the nitro-group. The replacement of an anionic species by a neutral
solvent molecule is fairly usuwal in solvents with strong donor properties
like DMF. (131); but has mly been observéd.in a few cases with
nitromethane (132, 133). The presence of a chargé.traﬁsfer and in
the‘ultraviolet solution spectra of tetranuclear coppér (11) complexes;
~was discussed in 5.2.2 above., This baﬁd does not appear in the spectra
of these complexes in nitromethane solutions,-which may- strengthen

the speculation that dissociation of the bridging haliae atomsg has
taken place in this solvent. lFurther cﬁnductivity studies.will be

needed to elucidate the naturé of the specles present in nitromethane

solution.
. 5.3 Conclusions

The number of tetranuclear copper (II) complexesrcontaining
mixed briaging halide atoﬁs has been extended with the preparation
of sevéral tetramethylammonium complexes. The bridging
halide anions have beén shown to be labile, and exchange,of chloride
for bromide and vice versa demonstrated. This exchange may occur
through dissociation of the halide octahedron, with the‘férmétion
"+ of charged tetranuclear anions. Evidence for this dissociation comes
.from the discovery that the tetranuclear pyridine éomplexes Lehave
as electrolytes in nitrometﬁane. There is,‘in:addition, some evidence
to show that exchangé of brpmide for hydroxide occurs in these
complexes, and that a certain proportibn of OHf jons can be tolerated

-in the structure before its collapse.
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CHAPTER SIX

_THE FAR INFRARED SPECTRA OF TETRANUCLEAR COPPER (II) COMPLEXES




6.1 Introduction

Little work has been reported on the measurement cof the far
infrared spectra of tetranuclear copper (IX) complexes (the +term
"far infrared” is used in this chapter to describe the region of
‘the spectrum between 650 and 40 ém—l), and only oﬁe vibfaﬁional'band
has been assigned. For fhe_complex anion CuMOCllof“ which has T4
symmetry, thirty nine vibrationé may be expécted.l Dieck and
Brehm (68). calculated that these were of the form 3A3,3E, 3T;and
7T, and of these, seven only were expected to be infrared active
(all the T, vibrations). By analogy with the CHy ﬁolecule (134),
there will be four stretching and six bending vibrations in the
Cuy0 unit, and each typé of vib;ation will cqntain one Tp speéies.

A similar argument will apply for the stretching and bending vibrations
of the four axial Cu;Cl bonds. For the sik.Cu—Cl stretching vibfatiénS‘
éséociated with the bridging chloride octahedron,'by analogy with
molectles éuch as SFg (134), one Ty Mode will be present in this

case as well. The 5ending vibrations of this bridgiﬁg system

however, are complex and no easy comparisons can be made, but a;

least one T, mode might be .-expected.

On conéidération of the mass of the atoms involved and the
strength of metal~oxygen bonds, Dieck and Brehm (68) assigned tﬁe
strong band that appeared in the infrared spectrumof {CH3)4N]I Cuqdclig"_
a£ 540 cm"}'to tﬁeassymmetricCu-O stretching vibration, and similarly
aSsigﬁed the strong bands which appeared-between 500 and 600 cmf'1 in
other tetranuclear‘cépper.c0mp1exes, to the same vibratioﬁ. Bock et_a;.
arrived at arsimilar'conclusion for the tetranuclear éopper—pyridine_.
complexes (67)., This band is now widély used to characterise
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éomplexes of this type. Dieck and Brehm (68) suggested thét the far
-infrared.spectra of these complexe; maf be complicated by the
presence of unsymmetrical ligands in the axial position, which would
lowe; the symmetry of the molecule,‘and éause many more bands to
appear., . In additiﬁn to fhe work mentioned abhove, Carr énd Harrod
{74) reported the far infrared spectra of six tetranuclear copper
(;I) complexes, but made no attempt td assién any of the bands.

In the present investigation, an attempt has been made to
assign individual bands to copper-halogen or coﬁper-nitrqgén
vibrations, by refefence to reported data concerning these vibratiﬁns
in other copper (II) complexes, and by comparing similar tetranuclear
complexes, It is assumed tha£ coupling befweén the copperhnitrogen,
copper-halogen andlcopper-oxygen vibrations isét a minimum and hence
trends and correlations that have been reported‘by other workers
with regard to these vibrations, can also be applied to this.system.
Lattice vibrations, which a;so tend to complicaté'the far'infraréd_spectra
of solid compléxes, are usually of low energy aﬁa ﬁfe'assumed to
lie below 100 om 1(135).

6.2 Experimental and Results

Spectra in the region 650 to 4007cm."1

were recorded as
previously described uging a paraffin 0il mull., In additiéh,
méasuiements betweenl400 and 40 c'm.-1 were.made byrthe P.C.M.U; at
Harwell, using a wax disc with polythene optics. The spéctra of man§
of the complexes containing pyridine énd related amines, shoﬁed:

very broad bands between'4do and 40_cm_1; lowering the tempefatﬁre

of the sample to that of liquid nitrogen failed to sharpen these bands
to any extent. It was hoped that thé Raman spectra of these

complexes might be measured, but the excitation radiation was absorbed

(the complexes being yellow, brown and red) with subgequent
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decomposition, and so these data are not available at present

The infrared spectra, 400 to 40 em 1 for the tetranuciear
complexes {(CHs)qN]I Cuy0¥3 " X = €1, Br, are shown in figure 6.1;
.similar spectra for the complexes with pyridine.and related amines
gre contained in figures 6.2 to 6.6. This last figqure also shows
the background spectrum for all the complexes. Tﬁese figures
represent thé.spectra cbserved in the 40-400 cm ! region of the
spectrum, the only Pands that were observed between 400 and 650 cm_1
were due  to amine ligand vibrations, cétionfvibrations and the vCu—O.
assym., which are not listed. Table 6.1 éontains the band ﬁaxima
for the mixed halide complexes.
6.3 Discussion’

6.3.1 Copper-oxygen vibrations

The metal-oxygen stretching wvibration is usually intense and
Hbrbad in natﬁre and found between 200 and 1100 cm"1 for all‘types of
coﬁplexes (135). "For copper (II) compounds, the assymmetric
stretching vibration {Cu-0 assym.) occurs between 300 and 600 cm !
(28, 29, 84, 136, 137). For tetranuclear coppef‘complexés-of the .
type Cuy0Xg4L, this band is well characterised, lying between 500 and
600 cm~l. It is Isensitive both -to the nature of the bridging halide
ratoms, as well as.thé axial ligand. This‘band for the strucﬁurally
similar complexes Beqo(CH3C00)6and,Ber(NOg)g;occufs at 803 and
850 cmflrespecfively (138) . The sfmmetrical Cu-0 streﬁching
vibration is inf?ared inactive in Téisymmetry.

The assymmetric Cu~-0 stretching ;ibration in tetranuclear copper
cdmplexes belongs to the éymmetry.species Tr, and it would be expeéted
to split ﬁhen’the ;ymmétry of the complexe; is 1oweréd by the presence
of unsymmetrical ligands. This splitting has been repdrted in the

2-methylpyridine complexes (59, 68), where two bands have been
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TABLE 6.1

FAR INFRARED SPECTRA OF 'SOCME TETRANUCLEAR MIXED HALIDE COPPER{II)COMPLEXES

COMPLEX

. BAND MAXIMA cp?

Cu, 0ClsBr 4py
.Cu40C1g3r24py
Cuy 0Cl3Brydpy
Cuy O0ClyBry 4py
Cuy 0C1Brgdpy
+ 4y

[(CH3) 4Ny Cuy0ClgBrap

. + y -
[ (CH3} 4 N]yCuy0ClyBry
| + .
- [(CH3) 4yN]1y CuyOClgBrg™

" [(CH3)yN]% CuyOCLlyBrg™”

. [(CH3) 4N1% Cuy0C1zBry*”

254, (s,br), 240(s,sh),200(é,br), 124 (w)

254, (s,br), 240(s,sh) ,192(s,sh), 142 (w,br)

250, (s,br), 236(m,sh),204(s,sh),156{m,sh),144(m)
244, (s,br), 222(s,br),200(S,br)

244, (s,sh), 224(s,br),200(S,br),160(S,br)

286 (s), 233, (s,Br); 183(m, sh) , 140 (m,sh) , 110 (m, br

310(m), 282, (s), 252(s,br), 196(m,sh),140(m,sh),
| . ' ‘ 114 (m,br)

284, (s}, 230, (s,br), 120(m,br), 176, (m,w),
' ' 104(s,br}

300 (m,br}, 274({w), 225(S,br), 192 (m,br)172(m,sh),
: 104 {m)

290(w,br), 274(w,sh}, 224(s,br), 182(s,br)100(s)

s. = strong br = broad
m = medium sh = shoulder
weak

-
I
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assigned to vCu-0 aéym. between 500 and 600 ém-l. However, assignments in =
this-region are difficult for 2-methylpyridine complexes, due to the 6a.1i§a1
vibration. This vibration is present at 559 cm*l in CuC122(2—mepy) (50}, an
‘may be causing some confusion over band assignments in the tetranuclear
copper compounds. Table 6.2 contains the frequencies of bands assigned to
vCu=-0 asym. for the 2-methyl pyridine complex and several other tetranuclear
compounds. Band splitting is not observed in other tetranuclear compleﬁes
containing unsymmetrical ligands such as 3-methylpyrldlne, although the Cu-0
band appears considerably broadened and unsymmetrlcal in these complexes.
vCu-0 asym. in the complex K4+Cu“OClloh'appears as a deoublet and as three
bands in [(CH3)qu:CuQOBrIO“‘(table 6.2). This apparent splitting of a Tz'
vibration in a molecule with Td symmetry may be due to site symmetry.
The mixed haiide'complexes, described in Chapters Four and Fivé, might.also
be expected to exhibit multiple Cu~-0 bands due to thelr lower symmetry..
~ However, the vCu-0 asym. vibration, which appears between 500 and |
6OQ t:mml in these‘complexes; is preSent as a single symmetrical band,
‘_althqﬁgh somewhat bro#dened with respect to the héxachloride,.deCacﬁloride;‘
ﬁekabrbmide and decébromide species, Typical Cu=0 bandwidths.for
complexes such as Cu40X64py.X = Cl, Br, are in tﬁe #egion of SQ to 50 cm“l;
whilst fér the mixed halide-pyridine compleges they are 75 - 125 cm_l;

It may‘be expected that the presence of mixed halide atoms in thé
-cent;ai_sturctural unit of these complexes, results in sﬁallex deviations
from T_ symmetry than the replacement of a symmetrical for an unsymmetrical

d

axial ligand. However, as no appreciable splitting of the other T2 vibration
~present in the spectré seems to occur between compounds with apparently
different symmetry (i.e. the total number of bands does not appear to

. Ll— Iy ] -
increase from a_CuhOXID species to a Cuq0X64(am1ne) or CuHOCInBrB—n4pY

species ), it can be argued that all these complexes may be considered to

have Td symmetry to a first approximation.
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"TABLE 6.2

vCu~0 asym. for some tetranuclear complexes

COMPIEX

vCu-0 Asym.(CMf}

Cu,0Clgdpy (67, 68)

Cuy, OBrg4py (6@, 63)
Cu,0Clg4(2-mepy) (59, 68)
Ky, Touy0C1y 0% (68)

. + [ s
[{CH3)yN]4Cu,0Clyg" (68)

: + -
[(CHg)qN]qCHQOBrloh
Cuy0Clg4(3-mepy)

CuqOBr54(3—mepy)

‘576
536
585, 571 (591, 564)
562, 546
540
528(sh), 512(sh) 495
574 (br)

537 (br)

It

sh shoulder

br broad

I

1%
-~




One of the other copper—éxygen vibrations which is expected
to be infrared active, is the Cu-0 bénding vibration (8Cu-0). There
is little information available concerning‘the expected frequency of
thiF”.‘vibrational band, although Ferraro has suggested that it may lie
below 200 ;m"l (135). However, on consideration of the poéition of
vCu—O asym. in fetranuclear complexes (500 - 600 cmgl), it might be
_expected that_the bending vib;ation will Ee somewhat higher than
200 cm'} by analogy to the vibrations of copper-nitrogén bonds
“(vCu-N"asym., Ca: 260 cm™l: &Cu-N, Ca.190 cm™}; 6.3.3 below). The
frequency of copper-oxygen stretching vibrations is usuaily unaffected
by.the nature of the halide atom in the complex (28, 29, 136),. and
the bending vibration might be expected to behave in a similar manner.
Under these circumstances it would be possible to éssign dCu-0
vibrations by observing b2ads which did not alter in fréquencﬁ-between
‘chloride and bromide complexes. Unfortunately, in the tetranuclear
complexes under discussion, V:Cu-0 asym. appears to shift about 40 el
between chloride and bromide complexes containing identical axial
ligands (table 6.2 and chapter three). This may be dué to coupling.
between Cu-0 and bridging Cu-X vibrations, éndlmeans that - the Cu—O"
bending-vibration may well be similarly affected. No aftempt wili‘
be made to assign individual bands to the §Cu-0 vihratibn, because-of‘
the uncértainty of thg group frequéncy of this band and the possible
movement between chloride and bromide complexes. However, it ﬁay well
lie between 200 and 250 cm~l in tetranuclear complexes, as absorptions
in this :egion are very brbad {figures 6.17- 6.6) and may contain .
several unresolved bands.

6.3.2 Copper-halogen vibrations

The assignments of copper-halogen stretching vibrations have been

well established, The frequencies of wibration of the Cu—X bonds will
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decrease as the mass of the halogen increases  and hence, by observing
the disappearance of the copper-chlorine band and the appearance of a
new band on going from a chleride to a bromide complex, accurate
aésignmentS'can usually be madé for these wyibrations. The ratid%%%f%%
is often used to assist in making these éssignments. This-ratio:haé |
not been calculated for copper complexes in particular, but in general
it ﬁas been reported as Ca.0.77 in tetrahedral anions of the type
MXE:- and Ca.0.74 for détahedral stereochemistfy, iﬁ divalent first

“row transition metals (90) . Table 6.3 lists the copper'(II) halogen

complexes for which unambiguous assignments have been made for the

QCu-Br

QEE:EI 1s shown for both terminal {v'tCu-X) and

vCu-X vibrations.
- bridging (WbCu—X} copper-halidé stretching vibrations. It was hpped
that these two ratios Qould be significantly different to be made

use of in the preseﬁt investigation; the avepége value.ofgt?:—-—-}g%
is 0.78 and the corresponding ratio for vkCu-X, 0.80. However, the
large.variation in values for these ratios makes any differentiatiqn
between terminal and bridging halides on this basis impoésiblé. N
There appears to be little correlation between the steréoéﬁémistry of

wCu~-Br
b

yCu-Cc1 ratio, but an average value for this

 the copper complex and the
ratio of 0.79 can be obtained, which serves as a guide for the assignment
of éopperﬁhalpgen bands, It is unfortunate that data are not available

- for complexes with similar stereochemistry to that of the tetranuclear

\3:Cu-Br

ssgi;zﬁfcould alter under these

'compounds (trigoﬁal biéyramidal), a
conditions.

In:general, a bridging halide vibration will be iocated at
lower frequencies than those found for texminal M;X vibrations as - the
éhariﬁg} of haldgens between two metal atoms causes the bond to be

weaker than for the terminal M-X bond. Hence, assuming the expected

number of M-X bands are seen in a series of complexes of identical
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TABLE 6.3

vwCu-X BANDS FOR SEVERAL COPPER HALIDE COMPLEXES

COMPLEX ' Cu-Cl \Cu-Br TERMINAL(t) OR yCu-Br
(em 1) (em™ 1) BRIDGING(b) v'Cu-Cl
cuX, (139 328 250 b 0.76
275 219 b 0.80
CsCuX,(139) = 293 ' 256 t - 0.87 .
287 251 ot 0.88
263 234 b 0.89
~ KCuXy (139) 301 237 t 0.79
o cowe 278 224 b 0.81
236 168 b 0.71
[PhyMeas] ,CuXy, (90) 283 222 t 0.78
[MeNHz] ,CuX,, (139) 284 227 t - 0.80
[EtNH] ,Cux,  (139) 279 219 t 0.79
| CuX,2NHy(a) . (140) 267 218 b 0.82
CuX, 2py (76) 294 260 b’ 0.88
237 204 b 0.86
_CuX,2(2-pic.) (91) . 308 233 t 0.76
. CuX,2(3-pic.) (141) 291 238 b 0.82
" CuX,2(4-pic.) (141} 297 234 b 0.79
. CuX,2(2,6-1lut.) (50) 314 230 t 0.73
. ‘CuX,2(2,4,6-Coll.) (91) 296 2.8 t- 0.77
| CuX,2(2-Etpy) (50) 320 251 t 0.78 -
. ‘CuX,2(2-Brpy} (142) 1333 244 t 0.73
_icuX,2(guin)  (50) 330 266 t 0.81
. iCuX, {quinox) - (83) 324 -255 .b 0. 79
‘CuX, (2-mequinox) (83) - 320 252 b 0.79
| 'CuX, (2,3-dimequinox) (83) 368 278 T 0.76
'CuX, (2,3-diphenquinox) (83) 337 . 269 t 0.80 .
CuX, (pyN-oxide) (83) 315 237 t  0.75
‘CuX, (thios)  (143) 312 251 b 0.8Q
_ | 234 184 b 0.79
[ (CH3) ,NH,]CuX, (143) 312 224 t 0.72
coll. = collidine quinox.I = gquinoxaline
lut, = lutidine quin. = quinoline _
pic. = picoline thios, = thiosemicarbazide
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stereochemistry, the bridging and terminal metal-halogen stretching

vibrations can usually be identified. BAdams and Lock t139) have

reported the overall range for VCu-Cl as 368 cnleo 222, cm-land\ﬁCu-Br

278 to 168 cm-l, but stated that the terminal and bridging vibrational

frequencies are so overlapped, as to be of little diagnostic value..

Identification of Cu-X vibrations in the'specfra of tetranuciear'

copper (II) complexes is difficult due to the diffuse nature of the

observed bands. Although several bands are clearly distinguished_ih the .

spectra of- the decachloride and decabromide complexes (figure 6.1}, the

pyridine and substituted pyridine compoundé (figﬁres 6.2 to 6.6) show

two or three very broad bands. The decahalide complexes (figure 6.1, -

~ table 6.1) may be expected to contain vibrational bands dué fo‘terminal

as well as bridging halides; The bands at 312 and 286 cm™lin the

- spectrum of the decachloride compouna, do not appear in the épectra‘of
“the pyridine comblexes (figures 6.2 - 6.6), and are pfoba.bly c.>fAtoo

' high a frequency to be associated with bridging Cufcl vibrationé_

Consequently they.must Be connected with terminal Cu-Cl stretching

1

.vibrations, and can be associated with bands at 224 and 199 cm™* in

the spectrum of the decabromide complex. This results in low ECu-Br :
Wu-Cl

ratios (0.72 and 0.70), but is in agreement with relative band intensities.

VCu-X for many copper complexes are also found at similar frequencies

(139). As only one P{tCu-X band is expected (6.1 above), the shoulders

1

in the chloride and bromide complexes, at 312 and 224 cm” ,.may represent

partial splitting of the main T, band at 286 and 199 cm~}

respectively
or activation of an infrared inactive mode (Ay), due td site symmetfy
or coupling effects. The bands atl224 and 173 cm~ 1 in.the épecfra of
the chloride and bromide complexes, can be assigned to the bridging

VCu-X vibration, in agreement with the lower fregquency expected for

this type of vibration. Two other bands are present in these spectra, .
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a£ 142 and 120 cm” ! in the chloride and at 96 and 82 cm }in the bromide
complex. These bands could be a%égned to lattice vibrations, however,
changing the'nature of the halogen is not expected to give shifts in
lattice modes of the order of 40 cm™!, and so both bands can be
tentatively assigned to bending or deformation modes associated with

.the terminal or bridging halides. Bands at similar frequencies have

béen observed in the spectré of copper (II) hélideryridine coﬁplexes and

similarly assigned (50). The data in thepaper of Goldstein et al. (50)

8Cu-Br

- suggest that these 6Cu-X modes have. low 3Cu—C1

ratios, in the order of
0.66, which is also obéerved in the case of these two bands. rTable 6.4
lmmsummarisgspthe assignments for the decachloride and decabrﬁmide complexeé.
The weak band at 350 cm ! in the chloride, and 290 cmlin the bréﬁide
appear to be due to some vibration inveolving the halogen, but no reasonable
assignment for this can be made: it may be due Jﬁo the activation of an
inactive species by lattice or coupling effects.

The spectra of the tetramethyl 'ammonium mixed hali&e cbmplexes
(table 6.1}, confirms the above assignments, especially thoseléf thé‘
terminal Cu-X.vibrations [(CHa)hN]ICu40C17Br3“-, which coﬁtains four
terminal chlorines, has bands at 310 and 282 cm'l, due to”@tCUrCi and
[(CHB)QN]:CUQOCl3Br74— with . four terminal,brpmines, ﬁas hands atl224 and
‘182 cmfl, assigned to vt Cu-Br. Complexes containiﬁg mixéd haliaes_
iﬁ the axial position show vibrational bands atﬁributable to bdth
vwtCu-C1l and'y;Cu—Br. AThe broad ﬁature of tﬁé other bands present in
these mixed halides complexgs'makes other éssignments difficult. In
all these spectfa, between 40 and 400bm_} absorptions due to‘tﬁe ‘
teframethylamﬁoniuﬁ cation are absent, the lowest vibrational band dﬁe
to this species is at 456 cm 1 (68).

The tetranuclear complexes containing pyridine and substituted

pyridiné'(figures 6.2 to 6.6), may be expected to have vibrational

- 102 -



TABLE 6.4

VIERATIONAL BAND ASSIGNMENTS FOR TETRANUCLEAR TETRAMETHYLAMMONIU M COMPLEXES

Cuqociiol*_'.-- - Cu@OBE}OL’_ o gz:ﬁi . Assignment
em 17 . ) om . ) )
350 200 0.83 . 2
312 . 224 S 0.72 . hptCu-X)
286 199 | 0.70 - VitCu-X
224 173 0.77 .. VbCu-X
142 % 0.68" §cu-x 7 -
120 - 82  0.68 sCuXx 7
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bands due to stretching and bending and/or deformation modes of
the copper-halogen bridges. The spectra of these complexes are very
much alike: the‘chloridercomplexes showing.a broad absorption between
ca. 160 and 280 cm ! which contains at least four bands, and perhaps
five; the bromide complexes showing a similar broad absorption
between 140 and 240 cm™} but'with better resolution of the individval
bands. On the basis of the assignment of vbCu-X to ca. 224 el and
173 cml for the decahalide complexes, this mode has been.assigned to
bands at 224 - 252 cm ! and-160 - 182 em ! for thé chlbride'and_
bromide-amine complexes, although due to.the_broad nature of the
bands ,these assignmehts are very tentative., These complexes also
- have low frequency‘vibrationS, one of which, at ca. 180 em 1 for
the chloride and 145 cm ! for bromide complexes,‘cén be assigned:
to a copper-halogen bendiné or deformation mode. These assignments
are summarised in table 6.5.

The possibility of the copper-oxygen vibrations being affected
by coupling with copper-halogen modes was discussed in 6.3.1 above.
If coupling effecfs are greater in tetranuclear copper (II) complexes

than in other copper (II) species, this may well explain the poor.

Cu-Brxr

Cu—cl ratios which are found for ' several of the bands éssigned'in this

section to copper-halogen vibrations.

6.3.3 <Copper-nitrogen vibrations

A considerable émount of data have been published concerning the
metal-ﬁitrpgen stretching vibration ¥'M-N) in.complexes containing
';pyridine and related ligands. For copper—(II)acoﬁplexés;this vibration
is located between 230 and 280 cm~l (135) and is generallY'of’weak

to mediuh intensity. Iittle work has hkeen reportea_on the assignment
of the bending or deformation vibrafioﬁ‘of the coppef-nitrogen bond

in these complexes, due in part to the low frequency of this type of
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TABLE: 6.5

ASSIGNMENT OF THE VIBRATIONAL BANDS OF TETRANUCLEAR COPPER(IY) COMPLEXES

CONTAINING PYRIPINE TYPE LIGANDS

Cu, 0Xgdpy

Cuy0Xg4 (3-mepy)

piperidine

Cuy,0Clg4(2~mepy) Cu, 0Xg4 (4mepy) Cuy0Xg4 (Pip) .

_ ..~ Cu-Br _ _ Cu-Br _ _ Cu-Br - _ Cu-Br :
X=C1l .X—Br Ca—Cl X=Cl _X Bxr ca—cl ¥=Cl X=Br Cu-ClL X=Cl1  X=Br ey Assignment
256 242 - 268 252 240 - 246 228 - 240 224 - vCu-N
242 169 0.70 252 224 160 0.71 232 176 0.76 232 182 0.79  vbCu-X
204 200 - 194 206 200 - 196 204 - 206 200 - §Cu~N

222 -
188 ? 140 - 0.75 174 1847 146 0.79 ? 146 - 188 150 0.80 &Cu-X »
118 116 - 118 2 - 122 88 0.72  8Cu-X <
100 T 100 . 84 - 80 - 84 ' -
Pip, =




vibration, which complicatés the assignment as lattice and copper-—
halogen vibrations also appear in this region (2200 cm_l). However,
‘from the available data, the copper—nitroéen bending vibration appears to
. lie-between 180 and 200 c¢m ! for pyridine type ligands (50, 144, 145).
Metal—nitfogen vibrations in geﬁeral, are characterised by-the fact that
they are nbt affected to any great éxtent by the natﬁfe of the halide atom in
the complex, and so éan be identified by their constant pésition in
'dhloride and bromide complexes‘@ith identical ligands and stereochemistry.
Table. 6.6 lists copper-nitrogen stretching and bending modes that have
been assigned for copper complexes containing pyridine and methylpyridine
ligands. | | |

The assignment of vCu-N for tetraquclear‘éopper (IT) complexes .is
difficult due to the broad_nature of the bands in the spectra of these
complexes. This band is expected to lie in the region of 250 - 270 cm~}
from the data in table 6.6 In the majority of the bromide complexeé.
(figures 6.2 to 6.6), the onlyband presenf above 200 em™! is a wgak to
medium shoulder on the strong 200 cm;'1 Eand. This shduldér lies between
242 and 224 cn! inrthese complexes and probably correséonds to the
‘highest frequency band (between 240land 268 em™l )} in fhe'spéctra‘of'
Vthe chloride complexes. This aésiqnment is made on the aésumption that -
the.Cu-N-bqnd strengths are of a similar order in tetranuclear and
CuXo2L complexes, and hence\rCu—N vibrations will apéear“at siﬁiiar
frequencies. Certainly the Cu-N bend length in these two fypes éf
complex is approximately the same (1.?9— 2.013), and the pyridine ripg.'
 vibrations -ét 405 énd 605 cm~! in the free émine apﬁear at very similar
frequencies in both Cuy0Xgdpy and CuX,2py (tﬁe magnitﬁde of the
frequency shift of these ligand bands on co-ordination, can be used as
an indication of relative Cu-N bond strengths.(90)). Howevé;, the

overall range of frequencies for this vibration is far greater than in the
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TABLE 6.6

vCu~N AND 6Cu-N VIBRATIONS FOR CuX,2L COMPLEXES

COMPLEX . vCu-N . 8 Cu-_N

Cuc122py | : | {50) 266 | 200
CuBr)2py o (50) 268 196

CuCl,2(2-picy - (50) . 259 e
'__CuBrz2(2:pi¢)“ (50) 259, 268 . 194
CuCly2(3~pic) - (141) 265 -
CuBry2 (3-pic) | (141) = 269 o -
CuCls2 (4-pic) ‘(50) . 260 - -

CuBry2 (4-pic) (50) 256 : -
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corresponding CuX22L species (tableff)Here again the coupling of
vibrations in these‘tetrapuclear complexes may be responsible for such
effects, an analogous situation exists with the unusually large
frequency range for vCu-Oasym. discussed above. The strong band

that appears at ca. 200 cm !

'in these tetranuclear complexes, is
tentatively assigned to a 6Cu-N mode, in agreement with the fregquency
of tﬂis band in CuX,2L compounds.(table 6.6), and its constant‘position.
in chloride and bromide,complexes, although this latter factor may not
be 55 relevant in tetranuclear complexes. These assignments are.
summarised in -table 6.5 with the copper-halogen vibrations. The spectra
of the tetranuclear mixed halide complexes with pyridine offér no“
. assistance to the identification of these vibkrational modes, due to the
very broad absorptions present, which extend over the relevant frequency
range. |
6.4 thclusions

Assignments have been madefofWJ;u—Cl, vCu-N 6Cu-Cl and SCu-N
vibratioﬁs; but begause of the presence of hroaa bands in the spectra
of some of the complexes, these assignments are of é tehtativg nature
only. There appears to be little splitting of the.Tz vibyations in
these complexes, even where species with apparently different,symﬁetry
are concerned. rThe usual method of assignment of metal-oxygen and

metal-nitrogen bards may not be relevant to this system, where coupling

effects may result in large frequency ranges for these vibrations.
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CHAPTER SEVEN

THE REACTION BETWEEN TETRANUCLEAR COPPER (II) COMPLEXES AND WATER




'7.1 Introduction

"A study of the reaction between tetranuclear copper (II) complexes
and water was considered important, not only to provide additional
. data concerning the properties of these complexes, but as information
- which -'might be relevant to the study of the oxidative copper catalyst
and its reactions. The majority of the tetranuclear cluster‘compiexes
appear to be unreactive in the piesence of water; complexés such as
Cuy0Clgdpy are stable to large amounts of water vapour, and only
appear to.undergo some reaction in solution. The only cqmplexes to be
affected by small amounts of water are the tetranuclear methanol
compounds, Cuy0XgdMeOH , X=Cl, Br (described in'chapter three) and
_ CuqOC13Br§4MeOH (desc;ibed in chapter fouf). Consequently, a étudy
was made on the reactions of these three complexes with water, in order
to ascertain the nature of the hydrolysis product and determine the way
the Cuy0 structure breaks down under these conditipns.

7.2 Experimental and Results

During the preparation of Cw 0Clg4MeQOH (chapter three), it was
obser%ed that if the product was exposed to trédes of moisture it
underwenf a raéid colourx chénge from golden-yelléw to bright green, with
a correspondingly drastic change in the infrared spectrum; A similar ,
{but much faster)‘reaction was observeé for the other'two tetrénuclear '
methanol complexes, Cu#OClBBr34MeOH and CuHOBr64MeOH,'but with a
less noticgble associated colour change (brown to dark brown;.and dark
red to black respectively).l In the examination of the effect of watér
on these éomplexes, it was decided té concentrafe more on the reaction
of the hexachloridé compound than on the other two_complexes.for two
reasons. Fifstly, the large colour change of the hexachloride species
coulé be used to determine the point at which the cluster strucﬁure

broke down; and secondly, there are many basic copper (II) chloride
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TABLE 7.1

ANALYTICAL DATA FOR HYDROLYSIS PRODUCTS OF TETRANUCLEAR METHANCL COMPLEXES

COMPLEX

% BROMIDE

% COPPER % CHLORIDE _%HYDROXIDE‘ % WATER
(BY DIFFERENCE) -
FOUND CALC. FOUND = CALC. FOUND =~ CALC. =~ FOUND = CALC. .FOUND CALC.
Cuy, (OH) 5Clg4H,0 44,62 44.36 37.40  37.12 - - 5.60  5.94 12,33 12.58 :
' {green) ' o '
Cuy, (OH) 5Clg 50.55 50.74 42.33  42.47 - - - .79 - -
(Yellow) .
Cu, (OH) Cl3Brg2H,0 38,10 37.92 15.71 15,87 36.20 35.77  5.07  5.08  4.92  5.38
(dark brown) ' '
Cuy (OH) 5CL3Br3; 39,91 40.07 16.43 16.77 37.25 37.80 - 5.36 - -
{dark brown) ' ' ' ' '
Cuy, (OH) oBrg 33.30  33.11 - - 61.99 62.46  4.32  4.43 - - -

(black)




compounds évailable (such as Cu{0H)C1l aﬁd Cup (OH) 3C1) which could be
used to characterise the product of the hydrolysis reaction, whereas
only a few basic copper (II) bromide compounds exist, and fewer still
. have been characterised by x-ray and infrared aafa. o
The proaucts from the reaction of all these tetranucléar complexes
- with water were obtained as follows.

The tetranuclear methanol complex (ca. 59) was placed on a
watchglass in the open laboratory for one hour. The‘product was
“then placed in an oven at 105°C fof 5 hoﬁrs, énd theg fransferred
to a dry-box for analysis. In this way the anhydrous products were
obtained. The hexachloride and mixed halide complexes wére found
" to exist in a hydrated, as well as anhydrous form. These products
were allowed to absorb water by standing overqight.in ﬁhe laboratory.
Analytical and infrared data are contained in- tables 7.1 and_7;2
respectively. This 1étter table also_contains the séeétra of
copper (II) chloride and copper hydroxychloride, which are used for
comparative purposés below. Both the hexachloride and mixed halide
complexes were found to absoxb different amounts of wétér depending on
the partial pressure of water surrounding them, to the extent that
they would eventually pass into solution. The tetra- and bishyd;#tes_'
in table 7.1, refer to complexes formed on expésure to the 1abo;atory
atﬁosphere. The cbmplex Cuq(OH)2C164H26 lost éﬁo mélecules of watef“
on évacuation to 2 torr'fotr2‘hoﬁrs and could be completely dehydratéd
by heéting at 105°C for 5 hours. Rehydration of the anhydrous compound
6ccurea under normal laboratory conditions with about 15% weight increase
(equivalent to the gain of four moleculgs of water.per.Cuq(OH)zcls).
Dehydration and rehydration experiments could be carried.out many times

with the formation of the same two products., Exposure of the

tetranuclear complex Cuy0Clg4MeOH to moisture without déhydration of
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TABLE 7.2

INFRARED DATA, 4000 - 40 cmfl, FOR HYDROLYSIS PRODUCTS ‘AND REFERENCE COMPOUNDS

CuCly (139)

Cuy, (OH) 5Clg : Cuy, (OH) 5Cl3Bry | Cuy, (OH) pBrg Cu(0H) C1
4H,0 ANHYDROUS ; 2H,0% ANHYDROUS 2H,0 ANHYDROUS
3400 (S,br) 3420 (S) 3400 (S,W) 3420 (m) 3398 (m) 3400 (S, br) 3620 (m)
1588 (s) 3395 (S) 1585 (S) 3380 (s, Br) 3365 (m) 1580 (s) 3400 (S)
965 (m) | 960 (m) 940 (m) 935 (m) 905 (m)
935 (m) 938 (m) 935 (m) 890 (m) 892 (m) 852 1S}
892 (m) 892 (m) 880 .w) 835 (m) 832 (m) 808 (S)
838 (m) | . 838 (m) 840 {m) 790 (S) 780 (S) 440 (8)
795 (8) _
515 (w) . 518 (m} 788 (w) . 515 (m) 505 (m) 405 (m)
450 (m) 452 (8) 510 (m) 450 () . 450 (m, sh) 350 (8)
310 (m, sh) 430 (8) 450 (m) . 428 (S) 435 (m) 299 (8) 244 (m)
302 (s) 328 (s) 298 (3) 320 (m) 415 (m, sh) ’ 328 (8) 206 (w)
265 (w) 292 (s, sh) 280 (S, sh) 298 (m) - 170 (S)
248 (w) 285 (s) 280 (m, sh) 275 (m 150 (m)
228 (w) ' 236(M) 133 (m)
186 (m) ' 82 (w)
164 (w)
116 (w)
110 (m)

s = strong, m = medium, w = weak, br, = brxoad, sh = shoulder,

due to hygroscopic samples

Jd
*data only available 4000-250 cm




the reéultant product, led to a species containing traces of meﬁhanol
(identified by the presence of the CHzsymmetrical deformation band
at 1480 cm™! in the infrared spectrum) .

Table 7.3 lists X-ray powder diffraction lines for the two
hydrated complexes and Cuy (OH)pBrg, whilst table 7.4 éontains éimilar
data for some copper halide reference compounds . Taﬁle 7.5 lists the
near infrared ' spectra of the tetranuclear methanol cdmplexes. The
reflectance spectra of the:b hexachloride complexes are shqwn in
fig.7.1. |

. The reaction of the tetfanuclear complex CUQQC164MEOH with water
was studied in more detail using the apparatus shown in.figure 7.2.
A sample of the compléx (about 20 mg)was placed in a platinum pan which
was suspended by ﬁeans of a glass whisker to the arm.of a Cahn
electrobaiance, connected to an A.E.I. chart recorder. Dry nitrogen
was. used to aveoid exposure of the sample to any moisture prior to the
start of the experiment. Tﬁe sample pan was enclosed in a container
through which wet or dry nitrogen could be passed. Wet nitrogen
?as obtained by passipg the gas fhrqugh a Qessel‘confaiﬁing a sgturated.
sodium chloride solution, maintained at 25° by means of a thermostated‘
water bath, This gave a partial pressure.of_ﬁate: of 18 mm.Hg. - The
sample itself was held at 25°C by means of a water bath. Changes in
sample weight were cobserved on the chart recorder.

A stream of dry nitrogen was firét direcfed over ﬁhe saﬁplé,
until no further weight change was observed. Then wét nitrogen.was
passed over the sample until, after é period pf about cone day, it
diésolved. The changes in wéight bn reaction are shown as a graph
of molecular weights versus time in figure 7.3. At point (c) on the
graph, .the saﬁple began to change colour, and was completely‘gfeen

between (C) and (D). At this point during a subsegquent experimenf, an
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TABLE 7.3

X-RAY POWDER DIFFRACTION LINES FOR HYDROLYSIS PRODUCTS

Cuy, (OH) »Clg4H,0 ‘Ciay; (OH) pCL3Br32H,0 Cuy, (OH) 9 Brg.
da | I an I | aa I
7.04 40 7.13 40 832 20
6.7 60 6.84 50 é.;s ~ 1loo*
5.64 80 6.14 80* 5.54 20
5.49 100 . 5.2 70 . 4.06 10
4.05 60 5.51 - 20 3.60 - 50+
3.51 25 ~ 3.88 20 ©3.42 10
3.35 10" 3.59 - 30% 3.28 20
3.10 25 3.55 20 3.13 40+
2.90 25 3.35 10 .08 100
2.82. 20 3.07 100* 3.02 . 4o
2,73 20 3.02 20% 2.78 20
2.71 20 2.96 20 2.71 20
2.64 50 2.85 20 ©2.50  BO*
2.61 20 2.75 60
2.58 20  2.63 50
2.55 10 2.57 20
2.40 15 2.49 70*
2.22 . 10 . 2.46 | 20
2,13 5
2.02 5

. * 1lines attributable to CuBr, (tabie 7.4)
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TABLE 7.4

X~-RAY POWDER DIFFRACTION DATA FOR REFERENCE COMPOUNDS

- Cup (0H} 3C1

" Cup (0RH) 3Cl

Cu(0H)Cl CuCly2H,0 ~Cul{CH) o - Ciis (0H) 3C1 CuBzrs
' {Botallackite) (Atacamite) (Paratacamite) =
o2 I an 1 aa I an I an I aa I d A T
6.13 1 5.44 100 - 5.66 100 5.30 % 5.0 100 5.45 100  6.11 1ob:
5.54 100  4.02 14 414 5  3.73 100 5.00 100 4.70 60  3.59 351
2.77 3 13.07 4 3.26 5  2.63 70 2.82 100 4.55 20 3.13 15
2.77 3 2.64 10 2.84 4  2.50 16 2,75 100  3.41 50 3.07 100
2.76 6  2.54 6  2.68 30 2.35 16 2.62 20 3.01 10 . 3.02 35
2.52 2 2.37 4 2.57 70 2.26 35 2.52. 40  2.90 60  2.49 85
2.24 .2 2.21 4 - 2.46 10 1.72 35 2.26 100 2.77 80  2.42 2
2.40 80 2.19 40 2.34 50
2.06 20 2.13 60 2.27 80
1.98 .20 2.25 60
L ' 2.22 20
1.93 30 2205 20
2.03 40

N.B. Data collected from reference (78}, except Cu(OH)Cl




TABLE 7.5

INFRARED SPECTRA 4000 - 250 cm 1FOR TETRANUCLEAR METHANOL

COMPLEXES

]

Cu, 0C1 5 4Me0l Cuy0C13Br34MeOH .Cuu05r54Mé0H'—
3350 (s) 3350 (s) 3355(s)
1142 (m) 1138 (m) 1130 (w)
1118 (m) 1110(5) 1105 (w)
1090 {(w, sh) 1080 (w, sh) © , 1080 (w, sh)
1018 (s) 1015 (s) 1010 (.
1001 (s) 998 (s) 995 (m)
980 (s) 1978 (s) 975 (M)
840 (w) |
598 (s) 570 (s) 558 (s)
570 (m, sh)
455 (w, sh) 450 (s, wh) 440 (w, sh)
418 (w) 410 (w, br) 395 (w) .
325 (w) 320 (w)
= strong .w._ = weak
= medium sh = shoulder
br = broad

- 116 -




TABLE 7.6

DATA RELATING TO THE HYDROLYSIS PRODUCTS IN ETHANOL SOLUTION

' COLOUR OF '
COMPLEX ETHANOL | A.;;QX PRODchYz:E['DI;ﬁI;CTION WITH
SOLUTION .
Cuy, (OH) 2C1g4H50 Yellow 274  Cu,0Clgdpy; Cu-0,576 cm C1
’ - (% Cl: Found 31l.61, Calc. 31 80)
Cuy (0H)2C13Er32H20 Brown 280 Cuy0Cl3Brgdpy, Cu-0,553 cm |
_ ($C1l: FPound 11.59 Calec. 11.40) :
{%Br: FPound 25.96 (calc. 25.71}
310  Cuy0Brgdpy, Cu-0,536 cn ! '

Cuy (OH) 2Bryg Brown

(sBx: b‘ound 44.80, Calc. 44+97)
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infrared specﬁrum of the product showed the absenée of_tﬁe Cu-0 band
at 598 cm~lin Cuy,0Clg4MeOH.  The infrared spectrum of the prﬁduct from
this hydrolysis reaction, taken bhefore the.sample passed into solutioh,.
was identical to that of Cuy (0H)5Clg4H,0 (table 7.2) except that tracgé
of methanol (a band at 1450 ctq—l) were present.
| The rezction of the complexes Cuy (OH)5Clg4H20, Cuq(OH)2C13Br32H20 aru

Cuy (OH) »Brgwith pyridine in ethanol was studied. The complexes (ca. 5g)
were slurried in.absolutenethaﬁol'(loo ml) and a pfridine— ethanol
solution (4g in 20 ml) added. The mixtu?é was stirred for.ten.
minuteé and then filfered;. the solid produc£ waé washed with absolute
ethanol, followéd'by diethyi ether and dried in vacuo (2 torr) af 20°C.-
The producfs from these reactions, tetranuclear pyridine . complexes,
were characterised by halide analysis aﬁd infrared dafa. The
results of these reactiops are contained in table 7.6.

In order to deterxrmine whether the'comélex Cuq(DH)zclgész
was a mixturé of copper (IT)} chloride dehydratg and a basiccﬁpper (I1)
salt, it was dissolved in ethanol.“The complex waé not ve?y soluble
in this solvént; but gave a clear yellow soluticn. The colour of
a copper (IT) chloride-~ethanol solutionris.green; Tﬁe ultraﬁioleﬁ
spectrum of the solution showed an absorptiOn band at 274 nm, the-
mixed halideland hexabromide compiexes exhibited similar absorptions
in ethanol sblution at 280 and 310 nm respectively (table 7;6);

The reaction between the complex CuQTOH)2C154H207and water
vapouf at'elevéked temperatures was studied, as this.was relevant
to work described in the folléwing chapter. éuq(OH)2C154H20 (19) was heét
to 60°C under a partial_pressgre of water.vapqur of 18 mm.Hg for
24 hours. The product, a blue solid, was dried in a ﬁaéuuﬁ
desiccator. X-ray powder diffraction data and an infraféd spectrum was
obtained, which showed the blue complex to be a mixture of CuqlzzHZO and

Cup (OH) 3C1. »
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The tetranuclear methanol complexes were prepared as described
in Chapters Three and Four. Copper hydroxychloride was prepared by the
method of Iitaka (86}. Copper, halide and mixed halide analyses, nea¥
infrared spectra, x-ray powder diffractioﬁ data, and reflectance and
solution spectra were obtained as previously describéd. ﬁydroxide
analyses were determined by diésolving the complex in a known volume
of N/io hydrochloric acid and back—titrating with N/10 sodium hydroxide:
solution, using screened -methyl orange indicator. (pink -‘ to green)
_Infrared‘spectré betweeﬁ 40 and 406 cm"l were ﬁeésurea By.fhe P.C.M.U. .
7.3 Discussion '
~The reaction of the three tetranuclear methénol complexes with
. water, and subsequent removal of hydrated water and metﬁanol, results
in the formation of basic coPpér {(II) complexes of stoichiomeﬁry _
Cuy (CH) 5C);, Cuy (OH) ,Cl3Bry and Cuu(QszBrg (table 7.1}. 1In additioﬁ,
the first two of these complexes appear to exist as tetra- and bishydrates
respectiﬁely under normal laboratory: conditions. The presence of
hydroxide groups in these complexes is confirmed by the appegrénée_
of sharp bands between 3360 and 3420 cm-l‘in the infrared spectra of
the anhydrous salts (table-?.z); Metal hfdrOXides are known td exhibit
-simiiar bands due to the b—H sfretching vibfafions.in this region of .
the spectrum (146). 'The infrared specﬁra of the hydfated'complexes
Cuq(Oﬁ)zéls 4H,0 and Cuu(OH)zcl3Br32H29 (table 7,2), containf‘a broad
band between 3300 and 3500 em™l, charadteristic of aquo—c0mplexes; and
- in addition, a band at 1585 - 1588 em=1 which can be assigned to t;{e
H-0-H bending m&de in coordinated or lattice water (146). This latter
‘bénd appears with equal intensity at 1580'cmf1 in the spectrum of
copper.(II) chloride dihydrate. -
A study of the hydrelysis reaction of_the tetranucleér hexachloridg

‘complex under controlled conditions {figure 7.3), reveals that the
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compound loses one molecule of axial ligand [(A) » (B) in figure 7.3]
under a stream of dry nitrogen. If wet nitrogen is then passed over

the complex, it gains approximately one molecule of watef [(B) 5> (C)].

At this point, the complek remains yellow indicating that the

- tetranuclear structufe, Cu, 0, is stiii presenf. The sample then

begins to.lose weight and turns frém yellow to green. The absence‘of

the Cufq assymmetric stretching viﬁration in the infraréd.spectrum of

the complex at this stage, iﬁdicétes thét this colour éhénge corrésponds
to a breakdown of the Cu,0 structure. .The waiéht loss aﬁ this stage is
presumably due to 1oss.of methanol, probably accompanied by gain of water.
~ The loss.of_methanol ceases at about point tD) in.ﬁiéure 7.3, and water
continues to be absorbed until the sample passes into soiutién [(D} ; ()1
The infrared specﬁrum of the complex .at a point between (D) and (E)

. showed the presence of'methandl, as'did.a similar spectrum of the product
of the hydrolysis reaction carried out in the open laboratory prior to
heat treatment. .The reaction scheﬁe for the hydrolysis of C940C164Me0H

is shown in equations 7.1 to 7.4. below.

Cu,, 0C1,4Me0H A N Cu, 0C1, 3MeOH (7.
Cu, 0C1, 3MeOH met Ny Cu, 0C14 3MeOH:H,0 | _: (7.2)
Cu, 0C1, 3MeOH: )0 ————— Cu, (OH),Clg3MeOH ~  (7.3)
Cu, (OH) ,C1g3Me0R"oE N2

Cuq(OH)ZClsteOH;YHZO‘ {7.4)

In the absence 6f dry nitrogen, the product of_équation 7.2l may

occur through straightforward substitution of water‘for methancl. = The
' hyd;olysis reactions of the other methanol complexes'probably occur

by a éimilar'reactiqn scheme. The anhydrous.salts are siﬁply preparéa
by the removal of the methanql and water inléquation 7.4 on heating.
The fact that'thejhexabromide complex 'Cu,_,(OH_)zBr6 does not férm.a hydrate,.
is consistent with basic copper (II) bromides and copper (II) bromide

itself which exist only asanhydrous cbmpounds.
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The problem that remains is whether these complexes are new basic
copper salts {(as complexes of this stoichiometry have not been observed
before) or mixtures of known copper (II) compounds. Unfortunately, the
problem canno£ be cpméletely'resolved frbm a study of the X~ray powder .
diffraction patterns of these complexes. A comparison of these powder
- patterns (table 7.3) with those of standard copper (II).compouhds
| (table 7.4j, reveals that the hexabromide and mixed halide complexes
.contain‘the main powdér lines 6f.copper‘(II) bromide (marked wifh an
asterisk in table 7.3). In‘additioh, the hexachloride complex.appears-
to contain all the poWder‘lines cérresponding to'copper.(II) chloride
dihydrate, although the ;ine intensities are different from those in
. fhis latter complex. These facts indicate that the three complexes
could be mixtures of coppér (IT) halides and basic éopper (II)_salts.‘
However, all three complexes contain powder lines at low angles (high
."d" spacing) , whibh.do not appear in the reported‘powder.patterns df
any basic copper salt. Comparative studies inveolwving the mixed halide
or hexabromide coﬁplexes are not possible, owing to tﬂe liﬁitéd
number of bagié coppér (I1) bromide salts avallable. HbWever, there
are many basic copper (Ii) chloride complexes with reported X-ray
powder patterns (78) and infrared data (77), which can bg used té evaluate
V-the natuferof the compiéx Cuy (0OH) 2C1lg4H,0. |

"Many of the basic copper (II) thoride'salts are stnucturaily
similar, and‘show.related #—ray powder patterns. Nearly all have the
strongest powdér line corresponding to a ngn spaciﬁg of 5.5 £ (table 7.4)
which c0mp1iéates any compafative étudy. However, these basic salts do
not contain powder lines at.a greater."d" sPaéing than 63; ‘The presencé'
of strong lines at 7.04 and 6.78 ; in the powder pattern of Cuu(OH)2C154H20
'precludes the-possibilif& of this compbund being a simple mechanical

mixture of copper (IIL) chloride dihydrate and a basic copper salt -
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(3Cuq(0H)2C154H2Q = 8CuClzt2H20) + 2Cuy (0H) 5C1, for. example} .

Although the presence of copper (II} hydroxide Atacamite and Paratacamite
"in the complex Cuu(OH)20154HZO can be ruled out from the x-ray data,

it could still contain copper (II) chlorlde dihydrate and copper
hydroxychlorlde and, in addition, the powder pattern is very similar

to that of the mineral Botallackite, Cuy (0OH} 5C1.

The infrared spectrum of Cuu(QH)2C154H20 indicates thdt it ddes

not contain copper hydroxychioride (table 7.2), the majority of the
vibrationgl bands of this latter qomplex being absent in the sééctrum

_of the former compouhd. However;-there is a strong band at 302'cm71

in Cuu(OH }2Clg4Ho0 which could be related to the band at 299 cm 1
, a551gned to the QCu—Cl vibration in CuClp2H,0(139). The Cu-Cl band
appears at 328 and 275 e ¥ in the spectrum of anhydrous copper (II)
chldride {(139), and similarly bands appear at 328 and 285 em 1 in the
spectrum of the dnhydrous complex'Cug(OH)2Cls, which indicates that
Cuy(OH) 2C1g4H20 either contains copper (I.I) chloride 'dihydraté or
coﬁtains strugtural units similar to those inlCQCl22H20- The
infrared spectrum-df Cuu(OH)zClsngO and the‘anhydrous complex, can‘be
used to obtain further information as to the structural units present.
'The‘spedtra.of Copﬁer hydroxide complexes have been studied.bf many '
workers and attempts have been made'to correlate the frequency and
nﬁﬁber of obsérved 0-H stretchin§ vibtations, with the presence or
-absence of bridginé hydroxyl groups,'ﬁithout muchtsuccess.McWhinnie
(27 28) reported copper (II) complexes containing bridging hydrox1de
groups, with vO-H bands at about 3600 cm 1, some 31nglet some doublet-
whilst the same vibration appears on a doublet at 3400 and 3340 em~ 1
in the bridging hydroxide COmpléx [ (phen.)Cu(OH)C1Qyl, (29), and aé.
a:singlet at 3410 cmfi in [CuZ{(CH3)ZNCHQCHZN(CH§)232(03)295r£(225;

Thé "free" v 0-H band occurs between 3590 and 3650 cm~l (14?1, but can be
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lowered by the presence of hydrogen bonding. The exteﬁt of this
shift depends on thé strength of the hydrogen bond formed. From the
‘data available on the complex Cuy (0H) 5Clg it appears; from the value
of VO-H, that strong hydrogen bonding is taking place. A éimilar
conclusion can be reached from the infrafed spectra of Cum(Oﬁ)QﬂlgBrg
cand CuylOH)»Brg (table 7.2). Information about the nature of the
hydroxide_groups can be_obtained more easily from a study of the Cu-0
bands in the infraréd spéctrﬁm. Empirically“it was‘found‘(29;'l35;
148) that the spectra of hydroxy complexes of copper, chromium ana_

iron, with bridging units of the type.

- 0H
Mo M
\_/
contained strong bands in the region 400 - 600 cm 1 (450 ~ 550 om! for
copper complexes), and these were assigned to M—0 vibrations (29).
Many other complexes with similar bridging hYdroxide groups also exhibit
_absorptions-in this region of the spectrum (77, 149-152). Conéequently,

the two bands at ca. 450 and 510 em 1

in the spectra of Cuy (0H) »Clg,
Cu,(0H)2Cl3Br3 and Cuﬁ(OH)zBrg may be assigned to Cu-0 vibrations of

this type, iﬁdicating that these compléxes contain the structural uniti—

CH
Cu/ \ Cu
AN
OH :

Any further assignments of infrargd bands is diffiéult until thel
'complete.structure of the complexes is kndwn.

The reflectance spectrum of the fetranuélear methanol complex . 
(figure 7.1} is typical qf this type of compound containing five
co—ordinate copper, with a broad band containing two absofptions ét

'820 and 925 nm. The reflectance spectra of the hydrolysis products,
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Cu, (OH),Clg and Cuq(OH)2CIé4H20, are almost idéntical, and similar to
the spectra of basiq copper (II) salts containing six coordinate copper
(153) .

The physiochemical properties are unable to resolve the problem
unequivocably as to whether these hydrolysis products are true
comppunds or mixtures. However, the complexes could not be separated
into any constituent compounds by solution in ethanol (which in
theory would have'%eparated the soluble copper (II) halide from a
basic copper salt). The dehydration-rehydration reaction of the complex
Cu#(OH)20154H20, although similar to the analogous CuCIZZsz - CuCly
reaction, occurred more readily in the former complex. 1In addition,
the reaction of these complexes Qith pyridine in ethanol to &ield the
apprbpriéte tetranuclear pyridine complex {table 7.6), is an indication
that; (a) all three complexes are structurally simiiaf; and
(b) they are true complexes which may contain Cu, structural units.
The presence of absorption bands at 270 - 310 nm in the ethanolic
solution spectra of these complexes (table 7.6),suggests that they form
.tgtranuclear structures when dissolved in thisS solvent (seelChapter Fi&e).
No other basic coppér (IT) compounds or mixtures of copper (II)lhalides and’
basic salts appear to unde;go this type of feaction at room'teﬁperature;"'
It was mentioned in Chapter Three, tﬁat mixtures of CuCl,y2H,0 and
éu(OH)Cl when refluxed in ethaﬁol, produced a “CuHOCiG" éolution.
Ho&ever, the yield was very small and long reactioﬁ times at elevated
temperatures were reqﬁired with tﬁese particular.reactants.
7.4 Conclusions

Tetréﬁuclear copper (II) complexes containing.axial methanol
groups undergo a reaction in the-presence of Wafer vapour, in which the
central oxygen atom reacts with one molecule of water to.form two

hydroxide groups. The hydrolysis products, although structurally
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similar to basic copper (II) salté, appear to be true complexes and not
mixtures pf copper (IT) halides and basic copper compounds, and thus
represent three new basic copper (II) salts. They probably contain
éimilar structufal units to those in copper (I} halideé and, in

addition, the bridging hydroxide unit shown below.
OH
‘ e \\\
Cu Cu
N7
OH
These complexes appear to form Cuy0 species in ethanol solutions, from
" which tetranuclear complexes can be prepared. This supports the theory

proposed by Belford et al. (61) that such complexes are formed by the

'_dehydroxylation of copper (II} hydroxide speéies.
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" CHAPTER EIGHT

'THE OXIDATION OF COPPER ' (I) HALIDES

!



8.1 Introduction

0f the copper (I) halides, only the oxidation of copper (I) chloride
has been reported in anf detail. This oxidation has been studied by
many workers, using various oxidisiné agents and under yarying reactién
conditions (154 - 164). Berthelot (154) and Grdger (155) suggested
that the aerial oxidation of an aqueocus solution of éopper (I) chloride
resulted in the products shown in equétion 8.ll

6CUCL + 3/20, + 3Hy0——d CuC].z.: '3Cu(-0H)'2 + 2CuCl, (8.1)

The oxidation of copper (I) chloride in neutral solution is of =
considerable interest; as the preoduct from this reaction is used as a
pesticidé and fungacide in the fruit growing industrf'(165). This

-oxidation has been reported to yield "copper oxychlofide", according to
egquation 8.2 (161, 162, 164).
_ . Ho0 : ‘ '

6CuCl + 3/20,— (3Cu0: CuCly: 3H,0) + 2CuCl, (8.2)

However, the product is more correctly formulated as 2Cuy (0H) 3CIL,

a basic salt structurally related tb the minerals'Atécamite, Paratacamite
and Botéléckite (32} with the same formula, which were mentioned in

earlier chapters. Tﬁsl basic salt is produced commerciélly by seve;al
methods involving the aerial oxidation of copper (Ij chloride in the.
preéence of sodium (166) and ammonium (167) chlofide. The khetics of.

this reaction have been studied by Jhaveri and Sharma_(164), who |

found the rate of reaction second order with respect to.copper (1) chldride.
and firét order with respect to oxygen. A similar conclusion was reached
by Rutﬁven and Kenney (365 for the oxidation of copper'(I).chloride iﬁ
melts (see Chapter.dne).

Very recently,the aerial oxidation of copper {I) chloride at

"various temperatures and partial pressures of wateér vapour has been
studied in these laboratories (168). Preliﬁinary resultgs indicated

that the reaction product at 20°C is a mixture of Cuu(OH)zclstZO x = ca.4,
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the basic salt described in Chapter Seven, and ?arataoamite Cﬁz{OH)3Cl.
" At temperatures of ca. 56-60°C, the oxidation'product was found to be '
a mixture of CuClé2H20 and Cuz(OH)3Cl. It was mentioned in Chaptet
Seven that the basic salt Cuy {(OH) 5Clg4H,0 reacted in the presence of
-water at 60°C to give CuClp2Hp0 and Cusp (0H) 3Cl and, bearing in mind
that this complex itself is also the hydrolysis product of a
_tetranuclear copper‘compound, it is not unreasonable to ehvisage a
reaction scheﬁe for the oxidation of-copper (I) chloride similar to
that shown by equatiohs 8.3 to 8.5 below, in which a tetranuclear -

copper (II) complex is postulated as) the initial ox1dat10n product.

4CuCl + 0 + Hy0 __&C__, Cu,0(0H) oLy O (8.3)
o ' '
2Cu, 0(0H) »C1,, + 2+ x)Hzoz—quCuq(OH) 2ClgxHp0 + ZCuz(OH) 3Cl (8.4)
60°C

3Cuy (OH) 3ClgXHY0 ———Ze o BCUCLp2H0 + 2Cu2(0H)3C1 (8.5

The.results that hsve been-obtained for this oxidation howevsr,
are of a preliminary nature and further work Wwill. be needed to
ascertain_the validity of this reaction scheme.

‘The oxidation of coppet (I) chloride is very fast in neutral
solution, but much slower under acidic conditions (159, 164), wheré
. the reaction product is copper (II) chloride (equation 8.6).

| 4CUCL + 0p + 4HOL —————> 4CUClp 00 F 220  (8.6)
Henty (159) studied the oxidation in acetic acid solution, and found
it to be thlrd order with re5pect to c0pper (1) chlorldq, with
regard to the mechanisms proposed for these ox1datlon reactlons, both
Jhaveri and Sharma (164) and Ruthven and Kenney (36) favour the
formation of a peroxidé.iﬁtérmediate of the type:-
| (C1,Cu-0-0-CuCly) 2"
. However, theexisteﬂce.of this sPecies.is based purely on a

comparison with the oxidation of other transition metal ions such as
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Fe2* and pudt

in aqﬁeous solution, for which peroxide type intermediates
have been proposed (169 - 171; [but oniy substantiated ip thé case of
pudt (171)]. No supporting evidence has been #eportéd for the formation
of this type of intermediate during the oxidation of copper (I} chloride,
The oxidation of copper (I) chloride in non-agueous solvents has

not been studied very ektens;velf. Finkbeiner et al. (7) noted that

in o-dichlorobenzene dr benzene, copper (I) chloride is inert towards
oXygen and that only in the.preseﬁce of a co-o;dinating-ligand, such as
pyridine, is aﬁ oxidaﬁion obser§ed. The results reported by Finkbeiner
et al. for the oxidation of copper (I) chloride in various solvents,:'
- were discuséed in Chapter One. Oxidation in the presence of.pyridine in
',.an "inexrt solvent" leads to an ill—defined céppef (IT) complex, WhiiSt
oxidations in methanol and iso-propyl‘alcohol, result in the‘formation
of Cu(0Me)Clpy and the tetranuclear comﬁlex Cu400154py.respectively, A
-tetraﬁuclear complex, KICuqOCllouf has also been prepared bf the
oxidation of copper (I) chloride in melts containing KpCuCly as was
mentioned in Chapter Three (62).

The possibility that tetranuclear copper (I1) compouhds_were

involved in the oxidation of the'coméleﬁ CuClpy‘(mentioned iﬁ
‘Chﬁpter One and discuﬁsed in detail'in this chaptér), and the occuifance
of these polynucleér complexes'in the products of oxidation reactions .
involving 6opper (I) chloride, lead to the work desﬁfibed in this
chabter. The oxidation of coppér (I) halide-pyfidine complexes iﬁ the -
solid state, and copper (I)‘chloride in hon-aqueous solvents.is described,
with a view to determining the naturé of the amorphous widation product
mentioned by Finkbeiner et al. and also the acfive'catalyst complex
which is produced by'the oxidation of copper (I) chloride in an "inert
 solvent". In addition, the methoxide catalyst complex,fCu(OMe)Clpy,
prepared by Finkbeine# et al. has been studied by several techniques

and is discussed in detail. The oxidation of copper (I).chloride in
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non-aqueous solutions containing halide ions has been studied, to
ascertain the conditions under which tetranuclear copper (II) complexes
.are formed from copper (I} species and the results of these and some

unsuccessful experiments are also reported.

8.2 Experimental and Results

8.2.1 The oxidation of copper (I} halide-pyridine complexes

"The copper (I) halide&pYridine complex wasanalysed and a portioﬁ
{ca. 1.5 g) accurately weighea and placed on .a watch.gléss in a vessel
containing, in addition to a normal oxygen-nitrogen atmosphere, a small
quantity of water. The complex was allowed to react for up to 16 hours.
.During'éeveral experiments the éomélex was removed, at times ranging
from 5 minuteé to 16 hourslafte; the beginning of the oxidation, placed‘
in a vacuum desiccator for one hour and analysed. Spectral data were |
.also obtained. It was found that for the complexes CuClpy, CuCl3py and
CuBr3py the oxidation reaction was complete WithinlBO minutes, after
which time the‘éompdsition of the products.remained unchanged for up to
about 16 hours, under the particular conditions employed. In a
further set of experimenﬁs, the cépper (I} complexes were allowad:to
react for ué to 100 hours, after whigh time the products ﬁere}gain
placéd in a vacuum desiccator for an hoﬁr anﬁ then ahalyséd. |
The éxidafion of these copper (I) complexes with‘drf bxygen

was studied in a éimilar manner, except tﬁat ?hé copéep {1) halide—pyridiné
complex was placed in a vacﬁum'desiccator containing phosphorus
pentoxide and_immediaﬁely evacuated, after which dry oxggen was'admitted |
to the wvessel and the oxidation allowed to proceed for 16 hours.
After this time the product was transferred to a dry-box for

analysis. It was found that the products from the oxidation of CuClpy -

“and CuCl3py with dry oxygen, would undergo a reaction with water vapour,
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TABLE 8.1

ANALYTICAL DATA FOR THE OXIDATION PRODUCTS OF COPPER (1) HALIDE-PYRIDINE

COMPLEXES
' compppx  REACTION  WEIGHT PRODUCT |
' CONDITIONS CHANGE % COLOUR % COPPER % HALOGEN % PYRIDINE
CuClpy wet air + 9.8 green 32.06 18.17 . 39.3
16 hours
CuCl3py* wet air -38.6 green = 31.74 17.79 41.7
16 hours . '
CcuClpy  wet air - 4.3  blue 37.14 20.83 32.0.
- 64 hours
' CuCl3py*  wet air -40.3  blue 37.01 20.72 31.0
: - B4 hours
CuClpy dry oxygen - 1.9 dark’ - - -
' 16 hours green
Cubl3py* dry oxygen -36.3 dark 30.92 17.31 -
16 hours green
CuBr3py ~ wet air -37.2 bright  26.63 33.71 -
16 hours green
'CuBr3py wet air - pale 28.924 36.07 -
85 hours _green

'* Analysed as CuCl (2.94 py)
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TABLE 8.2

X-RAY POWDER DIFFRACTION DATA FOR OXIDATION'PRODﬁCTS

CuCl3py oxidation Products CuClpy Oxidation products CuBr3py Oxidation Products CuCly2py  CuBrp2py  Cusp{OR)3Cl

- TET -

64 hours 16 hours 64 hours 16 hours 20 hours 85 hours (78)
(blue) (green) . (blue)  {green) _ . _ o
o [+ . -] -] [+] o -] [+] -} )
an I a. I an I da I aa I da I da I aa I aa 1

8.43 60 8.45 70 8.42 40 8.43 50 8.82 100 8.81 100 8.45 80 8.80 100 5.45 100
7.60 100 7.61 100 7.58 100 7.60 100 7.54 50 7.55 60 7.60 100 7.54 80 4.70 60
5.99 30 6.01- 5 6.00 20 5.98 40 © 5.83 20 6.07 10 6.05 2 4.55 20
5,22 5 5.21 10 - 4.79 20 4,80 10 4.74 30 4.80 10 3.41 50
5.43 50 5.43 © 20 o . , 4,42 10 4.14 10 4.44 2 3.01 10
4.69 70 4.71 20 4.69 60 4.70 10 o 3.82 15 4,17 22,90 60
4.54 5 : 4.54 10 : 4.05 10 4,05 10 3.80 15 4,06 5 2,77 80
4.15 10 - : 3.90 10 - 3.89 20 3.46 .5 3.90 15 2,74 60
4,13 10 - 3.81 10 4.10 5 o . : 3.41 10 3.74 2 2.34 50
3.78 40 ©2.79 .10 3.78 20 3.78 10 3.40 20 3.41 10 3.24 2 3.40 10 2.27 80
3.45 30 3.46 5 3.46 20 3.21 10 3.20 5 3.08 2 3.20 2 2.25 60
3.40 30 - 3.42 5 3.39 15 3,41 10 o - 3.04 5 3.01 5 3,05 2 2,22 20
3.00 10, L | 2,94 2 3.03 2
2.85 - 20 - 2.85 10 | 2,98 - 52.87 2 2,97 2
2.74 60 - 2.76 50 - - 2.83 2 2,93 5
2,65 10 - o \ - ' _ 2,85 20 2.75 5 2.75 2
2.25 50 ' 2.24 50 2.70 10 2.73 52,66 2 2.69 5

: | 2.57 5 2.58 2 2.65 2

2.36 io - 2,59 2




TABLE 8.3

INFRARED SPECTRA (4000—250cm"1) OF OXIDATION PRODUCTS {(EXCLUDING PYRIDINE

VIBRATIONS)
OXIDATICN PRODUCT OXIDATION PRODUCT Cuz(OH%3Cl Cuz(OH)g
FROM CuClxpy x=L,3 : FROM CuBr3py IN ! '
IN WET AIR . ‘ WET AIR o (77) 77
lshrs (green) 64dhrs (blue) | 20 hrs 85 hrs
3600 ~ 3200(s,br) 3340(s) 3600 - 3200(s,br) 3510(s) 3448 . 3516
3350 (s, sh) 3418(s, sh) 3360 3424 -
© 3310(s,sh) 3400(s) 3317 3410
985 (m} ‘ : 870 (w) 990 3320
920 (m) ' 842 (m) 925 880
800 (w, br) 830 (m) 800 (w,bx) = 810(w)} 910 - . 860
570 (w,br) '_ 778 (m) 895 - 848
510 (m) _ 528 (m) 866 814
475 (m, sh) ' 502 (m) 832 787
'450(m,br)  452(s) 450(s,bx) 420(s) 579 684
410 (m) S 318 (m) | -
s = strong br = broad
m = medium sh = shoulder

w = weak
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TABLE 8,4

REFLECTANCE SPECTRA FOR OXIDATION PRODUCTS

OMPLEX . m
- COMPLEX -AMAX nr

CuCi3py in wet air

16 hrs (greewn) 700 (V.br)
64 hrs (blue) _ 700, 775 (sh)
CuCl3py in dry oxygen 780 (V.bx.}.

CuClpy in wet air

16 hrs (green) ” _ " 700 V.br) -
64 hrs (blue) 700, 780(sh)
' CuClpy in dry oxygén - - 790 (V.br.)

CuBr3py in wet air _
16 hrs. ‘ 710 (V.by)

84 hrs 720, 810 (sh}

CuCl, 2py 695

CuBrj 2py - ' 700
V.br, = very broad

sh = shoulder
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under conditions similar to those described abové, to produce identical
prdducts to those obtained from the oxidations in wet air.
| Analytical data for the products of these experiﬁents are

detailed in table 8.1. X—ray powder diffraction lineslfor several of
the oxidation products are listed in table 8.2, along with:CuC122py,
CuBrz2py and Cup(0H)3Cl which are included for.compérative purposes.
Infrared spe&tra for the products of the wet air oxidation are
contained in table 8.3. BAll these complexes were found to contain
vibrational bands due to co-ordinated pyridinerfdiscusséd in Chapter
Two). These bands were ip an identical posifion to those in bispyridine-
dihalo copper (II) complexes (tabie 2.2) and so are not listed.
. Reflectance spectra for all the oxidation products are contained in
table 8.4.7 The products from thé oxidation of CuBr3py in dry oxygen
and CuBrpf in dry oxygenand wet air are not inclﬁded in these tébles
for, even after several.dafs reaction, traces 6f copper (I) complexes
could stiil be seen (yellow or white) and the infrared spectra of the .
products showed the presence of copper (I} bromide-pyridine complexes
with bands at 1596, 702 and 693 cn”!(CuBrpy) and 1595, 699 and
693 cm ! (CuBr3py). .

| In addition to these experiments, fhé oxidation of the monopyridihe
addﬁct of copper (I) chloride in wet éir wés studied using‘a gravimetric
.techniqﬁe; A sample of the copper (I) coméiex was aﬁalysed and abdut‘
70 mg placed on a platinum pan which was suspended from a Cahn
electrobalance (fiéure 8.1). Care was taken td §rgtec€ the sample from
. atmospheric oxygen duripg_this operatiqn.“The-platinum pan wasr
enclosed in é container which was continuously flushed out with dry.
nitrogen. The sample wasrheld at 25°C by means of a thermostated water
bath surrbunding the apparatué. .Whén the sample had reached thermal

egquilibrium and the balance and associated electronics adjusted to zero
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the pen recorder, a wet air and nitrogen mixture was substituted for the
dry nitrogen by means'of the two taps in figure_s.l. The wet gas was
obtained by passing compressed air and nitrogen thréugh a‘gas mixer

and intd a satufafed sodium chlo?idé solution held at 25°C by means of

a water bath. This gave a partial pressure of water vapour equal to .

18 mm Hg. _The gas flow rates could be adjusted apd were monitored by
means of "Meterafe“ type A flow meters. .The weight.cﬁanges on oxidation
were followed on a chért'recorder, using a chart speed of‘40"‘per hour
and a full scale deflection equivalent to 10 mg. It was_fdund that a
~gas mixture containing 5% by volume of oxygen, ét a.flow rate of 20 NIQ
per minute gave a reaction time.of aﬁout 25 minutes for thé oxidation.
 After this ﬁime, the complex had turnéd green and gained weight.

The:e then followéd.é loss in weight resﬁlting, after 1 - 2 hours, ih_

a blue complex. lThe resulfs of this experiment are detailed in table 8.5..
The molecular‘weight changés ére in ﬁerms of 4CuClpy, as ﬁhey could only
.be rationalised iﬁ terms of whole numbers of atoms or molecules, by
conéidering them on the basis of four copper atoms. The corresponding
experiment with the trispyridine adduct was not attemptéd, és this
oxidation is.associated with.the loss of é large émOupt of pyridiné
(table 8.1}, which woﬁld make weight changes due to the additidn of

_ oxjgen and/or water difficult to observe.

8.2.2 The oxidation of copper (I} chloride in solution

(a) oxygen absorption experiments

The épparatus shown in iigure 8.2.was used to study thé
quantity of oxygen absorbed duringlthe oxidation of-copper (1)
chloride-pyridiﬁe solutiﬁns in the preseﬁce of watef and under
‘anhydrous éonditibns, The oxidation uﬁaer these latter

conditions has not been studied previously.
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TABLE 8.5

DATA OBTAINED DURING A GRAVIMETRIC STUDY OF THE OXIDATION OF CuClpy

STAGE WEIGHT(ng) SAMPLE COLOUR

WEIGHT CHANGE

% MOLECULAR WT.UNITS
PER 4 GOPPER . ATOMS

0 77.0

v.pale yellow
1 82.9  green
2 73.3 . blue

+ 7.7 '  54.9

= 12.5 - 89.1
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A quantity of anhydrous copper (I} chloride was weighed into
the reaction vessel, which contained.a magnetic stirrer bar. The.
_Vessel wés attached to the vacuum frame and evacudted to < 0.1 torr.
Anhydrous, degassed pyridine ( about 50 ml, containing ca. 20 épm
water) was cold distilled onto the copper (;) halide from another
part of.the vacuum frame, The copper (I) chloride—pyridine
mixture was allowed to.reach'room temperature, and magnetically
stirred until all the solid had dissolved. Dry nitrogen was
' admitted to the apparatus until it was at atmospheric pressure
(as indicéted'by the mercury manometer}. Tap A was then closed
and the frame evacuated. Then, with tap C closed, dry oxygén was
let into the apparatus at aﬁmospheric pressure by ﬁeans of tap B
wﬁich was then closed., Tap A.was opened, and the manpmeter openéd
to the frame by means of the three-way tap. The height of fhe_
mercury in.the calibrated manometer.tube was recorded. and the
oxidation allowed to téke place over 15.hours. After this time,
the solution had turned from deep yellow to dark brown. The
pressure of gas in the apparatus was adjusted ﬁto 6ne atmosphere
by moving the flexible maﬁometer and the height of méfcurf.notgd-
Thé difference in the height of mercury before ané after fhe
oxidation Was_equal to the amount of oxygen abso;bed during'the
reaction, as the tube was calibfated directly.iﬁ m}éf The
experiment was repeated severél_times unaer anhydrous conditions
and twice using a pyridine water mixturé (49 mls py: 1 ml water).

: Thé results, preseﬁted és a_graph of weight of CuCl versué.mls.of
absorbed oxygen at $.T.P., are shown in figure 8.3. The_theofetical
line corresponding to the reaction of 1/4 mole oxygen pér mole of
cépper (1) chlpride is also included. Du?ipg'these experiﬁents

it was observed that no oxidation reaction takes place between
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(b)

_were identical to the green complex obtained by the xeaction of

copper {I) chloride-pyridine solutions and water, the
rresence of oxygen is required for the reaction to occur,

isclation of a copper (II) complex from soltion

Copper (I) chloride (0.015 mole} was‘stirred with pyridine
(250 ml) containing water (1 ml). Air was passed through the
solution for several hoﬁrs. After this time thé solution, which
had.turned déep green, was poured ipto diethyl ether (500 ml) and
a green complex precipitated.“Thg complex was filtered, washed
with absolute‘ethanol, followed by diethyl ether and dried in
vacue (2 torr) gt 26°C.- This experiment was repeated using a
solvent systeﬁ consiting of ethanol'(250 ﬁl) byridine {5 ml)
ana water (1 ml), with the precipitation of a similar proddct.
A further aerial oxidation was‘performed in o-dichlorobenzene
(250'&1) antaining pYriQine (5 ml) and water (1 ml). After
15 hours a green complex had formed, which was filtered, washed
and dried as above. These éxidation reactions are summarised in
table 8.6, which c§ntains analtical data for the three complexes.

The infrared épectra, reflectance spectra and x-ray powder |

" - diffraction lines for all three complexes, indicated that. they

Erd
L

coppei (1) chloride—pyridina complexes with wet air for up to

16 hours, data for which'hés been.tabulafed above. The'infrated_
spectrﬁm betwéeh 700 and 250‘¢m~1. of the oxidised cbpper (1)
chloride;pyriAine solgtion described above showed the presence of
vibrational bands due to ﬁnﬁo-ordinated pyridine only (605 and

405 cm ).
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TABLE 8.6

RESULTS OF THE OXIDATION OF COPPER {(I) CHLORIDE IN NON-AQUEOUS'SOLVENTS

PRODUCT
REACTION
COLOUR % COPPER %CHLORIDE

CuCl + 0 + HaO . green 33.50 " 18.66
in pyridine '

CuCl + 0g + Hp0 + pvy green 33.22 18.46
in o~dichlorobenzene ‘ :

CuCl + 03 + Hp0 + py green 33.76 18.98
in ethanol i '
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8.2.3 The preparation of the catalyst complex Cu(OMe)Clpy and relded
species
The complexes Cu(OMe)Clpy, Cu(OMe)Brpy and [Cu(OMe)Cl2-mepyl,

were prepared by the method described by Finkbeiner et al. (7) for
lthe preparation of Cu(OMe)Clpy, involving the oxidation of copper (I)
halide in é methanol solution containing the appropriate émin.e.

The complex [Cu(OMe)Cl2-mepyl, was also prepared by the method
of Gill and Sterns (59}, which involves the reaction between
Cu40C164(2—mepy) and 2Z2-methylpyridine in ﬁethanol.

Analytical data for these complexes is preseﬁted in table 8.7.
X*réy powdér diffraction iines are listed in table 8.8, whilst table 8.9
contains the infrared spectra (4000 - 600 cm™l) for the pyridine
complexes. Table 8.10'cqntains the infraréd spectra (600 - 40 Em_l)
for_the pyridine :complexes with band‘assignments, and similar data _
for the 2-methylpyridine complex can be found in tabie 8.i1. Eigure.
8.4 shows the reflectance spectra for the three complexes in the
region 500 - 900 nm. The magnetic moment of thé pyridine complexes
was determined and found to be 0.66 B.M. for Cu{0Me)Clpy and 0.64 B.M.
for Ccu(0Me)Brpy at 20°C. All‘three complexes described above undefwent
‘a slow reaction with atmospheric water vapour; with the appearance éf'
hydrokyl bands in the infrared spectrum. Hence the compounds were
stored. oversilica gel. .,

:._Cu(OMe)Cl

This complex was prepared by. the method of Erﬁbaker and‘Wicholas
(23), involving the addition of a methanolic lithium mgthoxide'solution
" to excess énhydtdus éopper Fiﬁchloride in methanol-: The prodﬁct, a
yellow-green solid, was found to be unstable in the presence of water
vapouf.

Found % Cu, 49.32: % Ci, 17,39;‘ Calc. for Cu(OMe)Cl,_%.CuQ 48.87:

% Cl, 27.26.
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ANALYTICAL DATA FOR THE METHOXIDE COMPLEXES

TARBLE 8.7

Cu(0Me) Clpy Cu({OMe)Brpy

Found' Calc.

[Cu(OMe)Cl2-mepy]2.

Found Calc.

[Cu(OMe)Cl2-mepy]3

X-RAY POWDER DIFFRACTION DATA FOR THE

METHOXIDE COMPLES

Found Calc. Found © Calc.
Copper %  30.51 30.38 24.91 25.06  28.36  28.47 28,21  28.47
Halogen % 16.99 16.95 31.16 31.51  16.12  15.89 15.78  15.89
Carbon % 33.5 34.5 28.0 28.4 - 37.7 - 37.7
* Hydrogen s 3.3 3.9 3.0 3.2 - 4.5 - 4.5
3 Nitxogen.% 6.6 6.5 5.4 5.5 - 6.3 ~ 6.3
TABLE 8.8

. *
" Cu(OMe)Clpy  Cu(OMe)Brpy [Cu(OMe)Clz—mepy]2

T, ©

o

=]

o

[Cu(OMe)Clz—mepy]2

.. da I da I .da I da I
~7.81 30 - 8.04 100  8.42 100 8.43 100

©7.43 100 7.61 70 ‘ _
. 6.37. 40  6.68 30  6.88 10 6.89 . 10
. 5.28 5. 5.32 20  5.32 30 5.33 30
. 5.18° 10  4.96 20  4.86 10 4.87 20
' 4.80 15 4.82 30  4.48 5 4.52 5
. 2:37 10 4.50 10  4.21 10 4.23 10
3,95 10 4.02 30  4.09 5 4.10 5
3.81 20 . 3.94 - 10  3.99 5 3.99 5
. 3,67 20  3.8L 40  3.51. 5 3.53 5
3.45 10  3.68 5  3.45 10 3.45 10
3.20 5 3.47 20  3.26. .10 3.27 15
3.07 10 3.34 15  3.00 10 3.00 15
2.91 10  3.16 20 2.94 10 2.95 10

: 3.03 25 :

o prepared from CuqOClﬁé(Z—mepy)
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TABLE 8.9

INFRARED DATA FOR THE METHOXIDE COMPLEXES (4000 ~ 600 om T)

FREE AMINE ASSIGNMENT(50) Cu(OMe)Clpy Cu(OMe)Brpy

3080 20b 3105 3110

8a + 19a 3088 3090

3054 2: 20a - - 3060 3064
3040 3044

3036 13: 7b 3022 13030
3000 3005

CH3str. (OCH3) 2800 2805

1583 8a 1608 1608
1572 8b 1572 1571

1482 19a 1490 1490
1439 19 1450 ° 1449