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ABSTRACT

Ligand-isotope labelling studies were performedeise’s salt derivatives with pyridin¢-oxide
and quinolineN-oxide, their perdeuterated and O-18 isotopomei®, &nd**CO, and the results
of the vibrational analyses are reported. The satwers are modelled utilizing DFT calculations
at the B3LYP level with the 6-31 G** basis set, angseudopotential level for the Pt atom. The
calculated and observed structure and vibratiopettsa correlate well. The crystal structures of
[Pt(C:H4)(pyO)CE] and [Pt(CO)(quinO)B4 are reported.

The frequency for thePt-O vibration, ambiguously assigned in the literat is here assigned
unequivocally at 400 ct Previously observed, but inadequately describlednpmena are
addressed: theN-O vibration in substituted quinoling-oxides has been assigned previously at
significantly different frequencies, depending bie hature of the substituent. This suggests that
there is no specific mid-ir band associated withigh N-O character. A suitable explanation is
presented for this phenomenon, showing that in $ggmwmmetry systemse(. quinO) the N-O
stretch is dispersed among several modes, wheneligh symmetry systemed. pyO) only a
few limited modes have a high N-O character.

A theoretical study of Cu(l) carbonyl compoundshwibacrocyclic ligands is presented. Local
and global HSAB parameters applied to the donor@métoms are used to explain the observed
reactivities and the available spectroscopic ditdended to [Cu(CO){EN(CH,) NH(CHy)m
NH.}] BPh, (wheren = 2,m= 2, 3 anch =3,m= 3, 4) and theirdsand™*CO isotopomers, subtle
differences obtained experimentally for the COtshiag frequency in this series have been
reproduced in the DFT calculations at the B3LYReleusing the 6-31 G* and 6-31 G** basis
sets. Several properties (ligand jpkalues, LCO frequenciesetc) correlate with some HSAB

descriptors.

Vibrational analyses are presented of Cu(l) carb&uhiff-base derivatives dfl-Benzylidene-
N’-[2-(benzyilidene-amino)-ethyl]-ethane-1,2-diamif2,2N3(CH4R).}, and their ds and™*CO
isotopomers. The crystal structure of [Cu(CO){2,2Ck815),}|BPh, is reported. From geometry
optimizations and the HSAB descriptors, spectrogctends ¢Cu-N andCQO) are related to
calculated global hardness and the Hammett subestifparameters, and are discussed in terms of

o-donation andzbackbonding of Cu- CO.
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B3LYP =

CSD =

DFT =
HSAB =

6-31 G** =

6-31+G* =

6-31 + G**

stretch

in-plane bend (of heterocyclic ring).

out-of-plane bend (of heterocyclic ring).

inplane bend (of aliphatic ligand or metal cdemp.

out-of-plane bend (of aliphatic ligand or metamplex).

twist or torsion.

wag.

rock.

Becke's method in DFT using Lee-Yang-RBaradient-corrected
exchange-correlation density functionals.

Cambridge Structural Database, maintainethé{Cambridge
Crystallographic Data Centre.

Density Functional Theory.

Hard and Soft Acid and Base Theory.

infrared.

a fully flexible split valence basis sgith polarisation d function applied
to heavy atoms and polarisation p function appgied
hydrogen atoms.

a fully flexible split valence basig séth polarisation d function applied
to heavy atoms, and diffuse p function applieddavy atoms.

a fully flexible split valence basistswith polarisation d function applied
to heavy atoms, polarisation p function applietiydrogen
atoms and diffuse p function applied to heavy atoms
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1. Introduction

The use of density functional theory (DFT) calciolas has become increasingly important in
recent years. The correct prediction of many of theservables for chemical systems has
encouraged ongoing research in different areasstertain the reliability of the calculation
methods with surprisingly good results. The presemtk is focused mainly on the vibrational
analyses for Pt(ll) and Cu(l) compounds, where uke of DFT calculations has proven an
invaluable tool in the study of Zeise’s salt defiwas and Cu(l) triamine carbonyl systems.

A brief introduction with an overview of DFT and AB descriptors obtained from DFT opens

the present work. The remaining text is divided ihiree parts.

The first deals with the vibrational analyses daf foxide ligands employed in the syntheses of
Zeise’s salt derivativesjiz. pyridine N-oxide and quinolinéN-oxide and their isotopomers, and
concludes with the vibrational analyses of Zeisell derivatives of the aforementioniebxide
ligands. In both sections mentioned, DFT calcufegtiaand vibrational analyses have been
employed in order to perform the assignments f@ tlarious isotopomers modelled and
prepared. The major aim in this part of the projeas to establish the frequency for thet-O
vibration, which has been ambiguously assignedhénliterature. However, in the process of the
elaboration of this point, several interesting feas arose that have shed some light on
phenomena that had been previously observed, lmymtescribed. Such is the case for the N-O
stretching frequency in the low symmetry quinolid@xide ligand, for which there appears to be
no specific band in the mid-ir spectra that carabsociated to a high character N-O stretching
vibration. More so, N-O stretching vibrations wemeviously assigned at significantly different
frequency values depending on the presence of refteatithdrawing or electron-releasing
substituents in substituted quinolind-oxide systems. A suitable explanation for this
phenomenon has been explored in this work. It béllshown that with low symmetry systems, a
vibration like the N-O stretch is shared among smveodes, whereas a high symmetry system
like pyO will have a high characteiN-O vibration which can only occur in a few limitedbdes

of a particular symmetry. A final comment to thestfipart of this work that deals with Zeise’s salt
derivatives regards the employment of calculatimina pseudopotential level for the Pt(ll) atom.
Excellent results have been obtained in the cormparof the calculated and observed structure
and vibrational spectra of these compounds andidwbpomers.



The second part deals with Cu(l) carbonyl compoumtis first section is a theoretical study for
Cu(l) carbonyl compounds with macrocyclic ligand¢hva particular interest in associating local
and global HSAB parameters to the donor and thd)@ifoms in an effort to explain the
reactivities observed and the spectroscopic datdadle. The second section deals with triamine
systems where subtle differences obtained expetatigrior the CO stretching frequency in a
series of Cu(l) carbonyl triamine complexes havenbeeproduced in the calculations. Several
properties such as ligand pialues and/CO frequencies have been found to correlate witheso
HSAB descriptors.

Cu(l) carbonyl Schiff base derivatives, prepared amodelled, are also discussed in the second
section. Unfortunately, although all compounds pred were modelled by DFT calculations,
geometric optimization failed to converge for thegstems, hence the vibrational analyse could
not be performed. The computational difficulties@sated with systems with a large number of
electrons still need to be overcome in order tdgoer a more thorough study. Nonetheless, the
results arrived at from geometry optimizations &f8RB descriptors are satisfactory.

The third and final part of the work describesrbievant synthesis and instrumental procedures.

The present work will hopefully make a contributitvowever small, to vibrational spectroscopy
in inorganic chemistry, where the use of molecatexdelling by means of DFT based methods
has proven of excellent accuracy in its predictmihmany of the properties of inorganic
compounds.

1.1. Molecular modelling: DFT calculations [1]

DFT methods are based on the density-functionalrthef Hohenberg, Kohn and Sham, and
allow for the theoretical study of material projest[2]. They are called parameter-free methods
as they, in principle, require as input only thpey and positions of the nuclei in a system. DFT
theory proves an advantageous method for predictingmical systems, and in order to
understand its similarities and differences to otbemputational methods employed, a brief
introduction dealing with how the solution to maléctronic systems has been approached

follows.



The Schrodinger equation in the static, time-indele@it case, for a system constitutedvof
nuclei andN electrons is

HW(R,,o Xy s Xy Xy ) = EW (Ko Xy Xy Xy ) (1)

where

is the Hamiltonian operator for the system.

The equation is given in Hartree atomic units, (= |e| =4, =h=1),andX and )Zk are the

combined position and spin coordinates for itheelectron andth nucleus,r; and Iik are the

positions of theth electron andkth nucleus respectively, amdk andZ, are the mass and charge
of thekth nucleus. In the above equation, the terms irHgumiltonian are, from left to right, the
kinetic energy for the nuclei, kinetic energy fbetelectrons, Coulombic interaction between the
nuclei, Coulombic interaction between electrons dindlly Coulombic interaction between
electrons and nuclei.

By means of the Born-Oppenheimer approximationtfig,wavefunction can be factorized into a
nuclear and an electronic part. The electronic pkpends parametrically on the nuclear
coordinates, but functionally on the electronic rdimates. The electronic Schrédinger equation
hence becomes

H W (R, Ry R en Xy ) = Eg T (Ko K5 Xpreen Xy ) s (3)

where the electronic Hamiltonian operator is

=‘Z D ZJF F‘ iZN:‘ %k ‘

|¢J k=1 i=1

Neglecting the kinetic energy of the nuclei, theak@nergy for the system can be expressed in
terms of the electronic energy and the Coulomkiraction energy between the nuclei:
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1.2. The Hartree-Fock approximation [1-3]

The solution of the multielectronic wave functiomnc only be achieved by means of
approximations. One of the most employed approdonatis the Hartree-Fock ‘self-consistent
field” approximation, in which this is achieved @pproximating the multielectronic wave

function toN-one electron wave functions by means of a sinigleeSdeterminan®,,

1 ﬂ(iz) (02()?2) ¢N()_(2)

w,(R,...R, ;>*<1,...,>*<N):qno(xl,...,xN):W 6)

ﬂ.(RN) ¢2(RN) ¢N()_(N)

The one electron functiong (X, ) are called spin orbitals and they are each compokadpatial

orbital function and one of the two possible spindtions.

The solution of the Slater determinant throughapplication of the variational principle yields
the N Hartree-Fock single-particle equations wheredhealues have the physical interpretation

of orbital energies,
ﬁkﬂ( =&@, (1)

with F , the Fock operator, defined by

The first two terms in the Fock operator are thheelc and potential energy of the electron in the
presence of the nuclei and tkig= term is the Hartree-Fock potential composed ofGbealomb

operator and the exchange operator,

Vie :ZN:(ji _Ki)' 9)

i=1



The Coulomb operator describes the classical Cdulioteraction of electrons and represents the

potential that an electron at positio experiences due to the average charge distribation

another electron in spin orbitgl. The Coulomb operator is expressed as

_ f ||q:2)i2r1| (%) =Ve(R)a(%). (10)

[%Z

1
KN

The exchange operator has no classical interpoatalis effect can be described in terms of
operating on a spin orbital, which leads to an arge of the variables in the two spin orbitals by

means of the permutation operaﬁg, which interchanges the arguments of the two syumsst

functions,

ZN:KIQ(&): N jﬂu(iz)lslz[ﬂ(f(z)@(il)]dzz (11)

i=1 i=1 |F2 - r1|
It is the exchange term that causes the major pmublin the solution of the Hartree-Fock
equations and several approximations to overcoreecttmputational difficulties have been

sought.

The electron density within the HF approximatiocdraes

:ZMGY.QQ

The chosery orbitals are those for which the lowest orbitargy valuess are obtained.

The solution of the Hartree-Fock equations (7) Ugyéelds more tharN orbitals and improved
approximate wavefunctions called CI (configuratioteraction) wavefunctions can be
constructed as

W =c,d +ZZCCD"+Z ZC”BCD"'B+ . (13)

i=1l a=N+1 i,j=1o,B=N+1

1C



Cfofjj’ is the Slater determinant obtained frofh, but the occupied orbitalg, ¢, ... are

substituted with the unoccupied orbiteds ¢ ..., and P is the total number of both occupied and

unoccupied orbitals. The coeﬁicienﬂ:ﬁf}j" are then optimized

Using this approximation, the electron densitylef $ystem hence becomes

P

olr)= S0 aF)o(r)= Al . as

ij=1

él andn, are the natural orbitals and their occupanciescfwiie in the interval [0, 1]). The

improvements obtained when equation (6) is replégeelquation (13) are the correlation effects.

The solution of the Hartree-Fock equations is ugyedrformed by expanding the solutions into a
finite set of basis functions as shown below, aatkwining the coefficient, while the basis

functionsx, remain fixed,
P
a(r)=2 x,()e, - (25)
p=1

The functions usually employed are Slater typetalbiand Gaussian type orbitals, which will be
discussed later.

The Hartree-Fock equations are solved iterativglghoosing the initial orbitals and defining the
Fock operator. The solution of these equationsigesva new set of orbitals and the procedure is
repeated until self-consistency is attained.

The main drawback of the HF approximation is thet that the equations employed are highly
complicated and the computational efforts scalb’aand up tdN’ for those methods that include

correlation effects. Approximations have been itrwed due to the fact that the many-particle
wavefunction actually includes much more informatiban is necessary for the calculation of
any observable. It is in this aspect that DFT dalions prove to be considerably better in
principle, as they are not approximations to thkeutation of the exact quantum mechanical
problem, but rather are based on an exact theomjlidse discussed in the following section.

11



1.3. Density functional theory [1-3]

Density functional theory contains two fundamentedorems. The first of the Hohenberg and

Kohn theorems states that any ground state projseayunctional of the electronic density. This

is to say that through the knowledge of the eleitralensity of a ground state system one can

construct the Hamiltonian operator for that system.

The second Hohenberg and Kohn theorem statesijzn(F )] = E.[ 0, (F)] . This is to say that

if o(T) is an approximation to the exact ground statetedaic densityoy(1") of a system, then
the energy obtained through this approximation tdlgreater than the energy associated to the
exact ground state electronic density of the systigmthe equality holding fop() = oo(T).

The aforementioned electronic densities have tg ¢ following relation
[ ol )er =[ pofer, (15)
which is a constraint on the system of interest mmast follow that
[p(F)dr =N, @7)

whereN is the total number of electrons in the system.

Combining both equations (16) and (17) and usingadational principle for the density
functionals, the following relation can be estdimid

sl ede-udf oy -n]}=0. ae

This relation, which uses the Lagrange multipjiefor the constraint established by equation

(16), is of extreme importance in DFT and will loetfher discussed below.

The theorems themselves state the existence afirceelations, but they do not give the forms of
these relations. Hence, Hohenberg and Kohn obsdheatdE. for a given system could be
expressed in terms of the electronic density. Thieleh employed is that of non-interacting

particles which move in some external effectiveeptal V (F) that would have the same

density and energy as the real system. Under $sisnaption, the energy is expressed as
_N 1
Ee - z wi --U
= 2

In the above equatiogh are the orbitals of the model system that hasz density

v, > +[Veg (F)o(F)ar.  (29)

12



o)=Y, o

which equals that of the electrons. The expressimained for the density is similar to the one
arrived at by means of the HF approximation, buinaportant difference is that equation (20)
includes correlation effects, whereas equation @@s not, and would thus be identical to

equation (14) in the limiP - oo.

The electronic energy for a real system would hérecexpressed as
RN 1 o(F)p
Ee - Z<‘/jl‘_§ > jj F F dr dr +I e><t hr + Exc[lo] (21)

i=1
In the above equation, the first term correspordshé kinetic energy of the non-interacting

particles, followed by the Coulomb energy for tHectons, then the interaction energy with
external fields and finally a term that includek waiknown parts of the electronic energy as a
functional of the density

In the ground state, both the real and the modsaksy have the same density. Hence, equations
(19) and (21) can be equated, and lead to an esipnefor the effective potential

Veff (F) V ( )+Ve><t( )+V ( )! (22)
with the Coulomb potential and exchange-correlapiotential defined by
A=[20ar g
F=r

0
(1)
The particles in the DFT model are non-interactarg] hence the Hartree-Fock approximation is

V,(F) = E.lol. (4

exact and the Hartree-Fock equations that are dofvéhe so-called density-based methods are
simply

{—%DZ +Vq (F)}z//i (F)=ew (). (@5

ﬁeff wi (F)

The construction of the model described, allows tfoe study of non-interacting particles as
opposed to the real system of interacting electréithough the theory is exact, the lack of
knowledge dealing with the true form BfJ o] means that one is left with an exact framework

where approximate methods can be developed.

13



1.4. Descriptors obtained by DFT [1]
An important aspect of DFT is derived from the iptetation of the Lagrange multipligsr that
appears in equation (18). This equation is assatiaith the constraint(o) = N(o) [4]. The

multiplier is hence the derivative with respecthe value of the constraint,, of the minimum of

_[9E.
ﬂ—(aN j (26)

and it is called the electronic chemical poterdiad fixed external potential

the functionaEd ], i.e.,

This relation is equivalent to the negative of ¢hectronegativityy [4], as defined by Iczkowski

and Margrave so the following relation can be made,

oE
=—u=—-—1. (27
X="H ( N j (27)
It is interesting to note that the electronic cheahpotential has an important consequence when
studying the chemical reactivity of two systemsirderest, as it is this difference in chemical

potentials that will drive a given reaction betwéen species.

A finite difference approximation for equation (3i¢lds the Mulliken electronegativity,
_I+A
2

wherel andA are the ionization potential and the electromitffiof the system of interest.

Xw =XY=-H, (28)

Due to the fact that equalization of the chemicaleptial between two reacting species is a
driving force in the reaction if it is to take p&gcthen the chemical potential of the reacting
species will change both in the number of electrand in the external potentigksy If only

infinitesimal changes i are considered, the following relation is estdiais

_[9O°E U P\
we(ZE) el 2] o

The first term in this relation has been defineth@schemical hardness according to

1/0 1( 0°E I -A
i), A2
Verr (7) N Ve (F)

14



the final relation, obtained as a function of thaization potential and the electron affinity, is
arrived at by a finite difference approximationtloé differential.

The chemical hardness of a given system is, adeaeen by equation (30), a resistance of the
chemical potential to change in its number of etew [5-11] and is an important factor

governing the reactivity of two chemical speciesvikbe discussed below.

The global chemical softnes3,is simply defined as the inverse of the chentieatiness;,

2,7 J'U Verr (7)

The second term in the differential of the chemjuatiential, equation (29), is related to the Fukui

function f (), which is defined as
f(r*)s[ H_ j :(ap(F)j . (32)
d\/eff (r ) N oN Vet (F)

The Fukui function, unlike the hardness, is a lagantity which has different values at different

points [12] and it is indicative of how the electimdensity varies at a constant external potential
when there is a change in the number of electimtise system.

However, the density as a function dfhas slope discontinuities as electrons are aduedet
LUMO but removed from the HOMO, hence three différeeaction indices can be defined,

f*(F), f°(F) and f°(F), which are the Fukui functions for nucleophilictaak, for

electrophilic attack and for radical attack, resipwety. The following relations define these,

o=\ _ [ 0P\ - -
r0=(20)  <au)-al). @




The quantitiegoNﬂ(F) ' Py (F)and,oN_l(F ) are the electronic densities for the systems Witk

1, NandN — 1electrons, respectively.

Equation (29) can be expressed in terms of thenpeteas defined above as
du=27dN + [ f(F)d, (Pl . (36)

It may be hypothetically assumed that a reagenillRemct with a species S. If RpproachesS,
then the direction preferred will be that for whitte initial [y value for S is a maximum [12].
However, the change in chemical potentialstated above, is constituted in the first termaby
global quantity, which is less direction sensitthan the second term. Hence, it may be stated
that the Fukui function is a good measure of redgtin a chemical species. Furthermore, the
fact that it is a local property allows for its calation at different sites within a molecule.

If us> (g (alternatively statedys < xr), then the species S, an electrophile, will backiéd by
the nucleophile R and the electron flow will benfrdR to S. Reactive sites at S would hence be

obtained by means 6f.

If 1s< tr (¥s> Xr), then the species S is a nucleophile that wéttavith the electrophile R and

the electron flow will be from S to R. Reactiveesiat S would be measured by mearfs of

Finally, if 45 ~ = (¥s~ Xr), then the species R and S will react with eableroas radicals and the

reactive sites would be obtained by meari® of

An alternative and considerably more simple prooedao obtain information about the reactivity

sites in a chemical system, is to calculate thalensed Fukui function for the atoms in a given
system A withN, electrons. The electronic density is condensdlléacharge of each atom in the

molecule and is differentiated with respect totthtal number of electrons in the system [13]. For
a system A consisting & atoms, the finite differences approximations te tondensed Fukui

functions for nucleophilic, electrophilic and ragliattack,f ,,, f. and f . respectively, yield

the following relations,

fax = qu(NA +1)_ qu(NA)’ (37)
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fA_k :qu(NA)_qu(NA_l)’ (38)

1 1r,. _
fAOk :E[qu(NA +1)_qu(NA _1)] :E[fAk + fAk . (39)

In these relationgyak is the gross electronic population of #ilb atom in the system A argp
(Na + 1),9ak(Np) andgak(Na — 1) are the corresponding values of ktteatom in system A with
Na+ 1,Na andNx — 1 electrons respectively. There exist severgbvta obtain theja, value, the
most common of these is to make use of a Mullikepytation analysis.

Although the global properties that characterizehamical system can explain some of the
properties observed for these systems, much méramation is obtained through the analysis of
local properties. In this respect, the global hassns, and softnessS, have been defined.

However, a considerable amount of information canoadbtained by the study of the local
descriptors in a chemical system. The condensediFHukction allows for the study of these
properties, and through it one may construct thedensed local softness which will be

discussed, together with the local hardness, below.

It can be assumed that for two reacting speciesintieraction that is to take place will consist of
electron-donating and electron-accepting for thectieg species. From the global softness, a

local softness(F) can be defined in terms of the electronic deresty

ofF) = (5/)_(”

. (40)
J'U jVeff (r)

A local hardness can be equivalently defined as

n(r)= ﬁj%ﬂ(?')@lf SRNCEN

The local hardness and local softness are related b

[s(F)r=1. (a2
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It is the local softness that is of particular et as it can easily be expressed in terms of the
global softness and the Fukui function, equat8#),(through the following relation

ou W
Condensed and uncondensed local softness valuesasidy be calculated in terms of the global

softness and the condensed and uncondensed Fuktibfis respectively. The condensed local
softness for nucleophilic, electrophilic and ratliagtack, s,,, S, and s, respectively, are
shown below.

Spc =Safas  (44)

Sa = Safac,  (45)

Sac = Safa  (46)
whereS, is the global softness of species A and the Flukagtion value is calculated for theéh
atom in species A depending on whether it will teaith a nucleophile, an electrophile or a

radical. Large values of local softness of the emséd Fukui function are associated with an
increased reactivity at those sites.

As a first approximation, interaction energies &mel number of electrons transferred from one
species to anotheiN, may be calculated by use of some of the descsiftotained by DFT. An

expansion of the energy in terms of the numbelextons in a system yields [7]

2
E:E°+[0—Ej AN +1(a Ej (AN +--- . (@7)
oN ), 2{aN? ),

The derivative of the energy with respect to thenber of electrons, gives, to the first order, the
following relation

u=p+27°AN,  (48)
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in which the zeroeth-order quantities correspondhto neutral atom andN is the number of

electrons transferred during bond formation.

As a first approximation, and using the electrotiggg equalization principle, it can be assumed
that two species A and B with chemical potential&ind s will react with each order in order to
yield a species AB with a chemical poteniiak. Electron transfer will occur from the species
with a larger value of chemical potential to thdtl@wver chemical potential. Alternatively
formulated, it can be said that electrons will fliram the species with lowegrto that of highey
[5-8]. If it assumed thati > w,, then electrons will flow from B to A and)s < 0 and £AN), >

0. Hence, equation (48) for each system becomes

pu'= 15+ 205N, (49)

and

fy'= 43~ 2738N, (50)

whereus' = ' = tixs, the chemical potential of the AB species upormtiea completion.

The number of electrons transferred, as a first@pmation, will obey the following relation

Ha'= Ha+2730N = fly'= fig = 20N = 1,5 (51)

and it follows that

o_,,0
AN =_HeTHa (5o

2a + e

This is to say, that a difference in chemical pt&ds (or electronegativities) drives the electron
transfer and the sum of the hardness values aetgesstance to this transfer. Hard species will
have a large value for thg, + 775 term and soft species will have a small value @aged to this
sum. This is in agreement with HSAB theory [8-1hjit states that soft species are highly
polarizable whereas hard ones are not. Howevewidt be noted that the sum of hardness values

must be taken into account together with the diffiees in chemical potentials for the species

involved.
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It is important to mention that equation (52) idyomn approximation, as it is based on equation
(48) which ignores all other terms higher thantfosder. The chemical potential of a species is
also a function of external fields, and hence thkies foru, and/or s will be affected as a

function of the distance.

Equation (47) can be written in terms of the hasdnand the chemical potential of each of the
two reacting species A and B. If the previous agstion dealing with electron transfer from B to

A (i.e, us > ) is kept, the following equations result,

E, = ES + 4°AN +§02(AN)2 +oe, (53)

Eg = Eg — 4N +%08(AN)2 = (54)

The energy change at a constant external potehi@lto the interaction of species A and B, is

related to the charge transfer between the reasfingies and can be expressed as

AE, =(E,+E,)-(E3+EY)=(E,-E3)+(Eo -EY).  (55)

AE, =[pSaN +n2(AN) |+ |- u3aN +n(aNY ], (s6)

where only the expansion to the second order tbamseen considered.

Substitution of the value obtained fdN (equation 52) yields

(ﬂg _ﬂ%)z. (57)

AE, = -~ ¥
s 18

1
T4

This reiterates that it is a difference in chemiwaiential (or electronegativity) of the interactin
species that drives the electron transfer while ghm of the hardness values of the species

involved acts as a resistance to it.
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A more detailed analysis [8] of the interactionvilm#n two species A and B can be made
assuming that the interaction occurs in two sedalesteps, the first at a constant external
potential and for which the driving force for thdatcge transfer is the chemical potential
equalization. The second step occurs at a conetemhical potential and involves a reshuffling

of charge distribution. The interaction enedfy,, becomes,

AE, =AE, +AE,. (58)

Employing global softness values instead of globatdness, by substituting = 1/(2)

accordingly, equation (57) can be written as shbealow,

~ ( A B)2
= W) _ 9
AE ( ) B) S, S (59)

Superindices indicating the parameters in the wteelaA and B species have been omitted for
simplicity in equation (59) and the following eqioais.

The term at a constant chemical potential is bgieamanifestation of the maximum hardness
principle [9, 13-16] and it is expressed as
1 A
AE, =-—7—, (60)
2(S,+S;)
whereA is a constant related to the effective numberadénce electrons that participate in the

interaction between both species [13, 16].

The interaction energy hence becomes

A

Gors) Y

_1
2
Méndez and Gazquez [13] assumed that in a givemichesystem, certain atoms will be more
reactive than others in a particular type of chaiieaction. They used a global viewpoint for
species B and a local one for any of thatoms that compose species A, as the interaction

between the reacting species will occur throughktheatom of species A when B approaches it.
Hence, it will principally be this atom that willpticipate in the charge transfer and reshuffling
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of charge distribution expressed in thE;; equation. In this approximation, the global sadthe

for species A is substituted by the condensed Isaththess for th&th atom in species A.e., by

Su» Sa OF Sa » depending on the reaction that will take place.

From a local point of view, the interaction enefgy the kth atom of species A reacting with
species B can be expressed as

A

Gifurs) &

1 (fa— ) 1
AE, =-= S, fuSy —=
( mt)Ak 2(SAfAk +SB) A ' Ak™~B 2

wherefak is the condensed Fukui function.

Equation (61) can only be used qualitatively asviddae and nature of the constanare still not
well known. But in spite of this drawback, it caill e usefully employed to study the behaviour
of a reactive site within a molecule when reactétth \& group of reagents as characterized by
their S; values.

Chandrakumar and Pal [16] have proposed a waylaifleding the value ofl as the difference of

electron densities in either of the A or B spediedore and after the interaction,

wherep ® andp ° are the electron densities for the atoms in ARpin the AB compound and
the A (or B) compound respectively and the sum rover all of the M atoms in the species
mentioned. For most practical caséss approximately the difference in electron deesifor the

kth atomin A or B that is the reacting centre.
1.5. Basis sets [2, 17]

Basis sets,q,}, are employed for Hartree-Fock and DFT calculadi@nd are almost universally

constituted by Gaussian-type-orbitals (GTO) whick elosely related to the solutions for the
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hydrogen atom. They are expressed as a polynomiatién in the Cartesian coordinates and an
exponential in7;

GTO

n®™ = NXy"Z"exp[ar]. (65)

N is a normalization constant, such that #,> = 1,a is an orbital component that determines
how compact or diffuse the resulting function isgahe relation L = 1 + m + n is used to classify
the GTO ass (L=0),p (L =1),d (L = 2) functiyretc. They, functions are not orthogonak.,
<NuInv>#0 forp £ v.

GTO basis sets are usually preferred due to theuatational advantages they offer.

Slater-type-orbitals (STO) are also used as bais & they mimic the exact functions of the

hydrogen atom. They are simple exponentials thatyzically be expressed as

n°C=Nr""exp[Hr]Ym (©9).  (66)

In the above equation n is the principal quantummimer,l is the orbital term exponent ang,Y

are the spherical harmonics used to express thdarqart of the function.

In order to achieve a given level of accuracy,dhtimes as many GTO functions have to be used
as STO functions. However, the difficulties encenetl at the computational level, when using

STO functions account for the almost universal chaif GTO functions.

Basis sets may be classified as minimal basisasetsplit-valence basis sets. The STO-3G basis
set is an example of the former, while the 3-21316 and 6-311G basis sets are examples of

the latter.

Minimal basis sets make use of only those functioesded to accommodate all of the electrons
of the atom maintaining a spherical geometry. THesetions are the 1s function (for H and He)
and a set of five functions: 1s, 2s,x28p, and 2p for Li to Ne. As a consequence, those
molecules that have atoms with spherical enviroriseiil be better represented than those that

have non-spherical environments.
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The split valence basis sets incorporate sets ghga basis functions whereby the resulting
orbitals can better represent anisotropic eleatlistribution in molecules in terms of bothand
srbonds. This is achieved by including two sets aitkce basis functions that will account for
orbitals involved ing and /rbonding in terms of linear combinations of thedshinctions. In
these basis sets, atoms are represented by owné fetctions that account for the inner-shell
electrons, and two sets of functions that accoanbbnding electrons. Split valence basis sets
may be a minimal split-valence basis set (like 3h&Lg*), or a fully flexible split valence basis
set (like the 6-31G*).

Displacement of electron distribution away from theelei can be achieved by providing p-type
functions on H, and d-type functions for heavi@mad. These sets are termed polarization basis
sets and the d-type functions, are known as paltioiz functions.

Polarization basis sets such as 6-31G*, 6-31G** #RBlL1G* are constituted by a set of
functions that represents the core electrons, twomare sets of functions that represent valence
electrons and a set of d-type polarization fundidhat account for electronic distribution
between nuclei. The polarisation functions adjust arbital shape by adding an orbital angular
momentum one quantum level higher than the valemiials. An * adds d function to heavy
atoms, while ** adds p function to H, in additiamadding d function to heavy atoms.

Other possible basis sets, like 6-31 + G* and 6-813**, incorporate diffuse functions which
are employed for electrons with large radial extamid hence are useful in describing anions,
molecules with lone pairs, excited states and iiansstates, and in absolute acidity calculations.
The Gaussian primitives have the same angular miumeas valence orbitals but have much
small exponents, so allowing for some electron itheras large distances from the nuclei. In these
basis sets, normally only the heavy atoms (andsimgally hydrogen) are provided with diffuse
functions. A + adds larger p function to heavynagowhile ++ adds p and s type function to the
heavy atom and to H, respectively.

1.6. Calculation procedure
One of the most successful density functionals iagplo small molecules, B3LYP employs
Becke's method of using Lee-Yang-Parr's gradiermected exchange-correlation density
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functionals, which include a hybrid of the Hartfeeek exchange and the DFT exchange. Thus
the B3LYP is semi-empirical to an extent [18].

In the present work, DFT calculations were perfatrireall cases using the Spartan02 program
package at the B3LYP level with the basis sets &34 6-31 + G* and/or 6-31 + G**. The
basis set 6-31 G** was employed most widely, adeitded satisfactory results and includes basis
sets for the Cu atom (6-31 + G** does not). Forcghtions involving Pt(ll), the lighter atoms
were modelled by means of the 6-31 G** basis setewd pseudopotential (LACVP*) was
employed for Pt(ll).

For a given molecule A, geometry optimization fbe tground state was carried out until the
convergence criterion was met. From this calcufatite values of the energy for the system with
N electrons,EA(N), and the Mulliken charges on th¢h atoms of system AgadN), were
obtained. Once the calculation had completed, fitenized geometry obtained for the system
was frozen and single point calculations were peréa on species A withl — 1andN + 1
electrons. From these calculations, the valEgdl —1), gadN-1) and EA(N + 1), ga(N+1) are
accordingly obtained.

lonization potentials and electron affinities fgsem A I, andA,, are calculated as
la=EA(N-D)—-EaAN), (67)
An=Ea(N +1) —EaA(N). (68)

From these values obtained for the system of istefe absolute electronegativity, absolute

hardness and absolute softness valugsj, and S, respectively, can be calculated as

Xa :%(lA +AA)’ (69)

_10
,7A - 2(|A AA)’ (70)

S, -



Mulliken charges for each of thh atoms in species A with, N — 1, andN + 1 electrons, allow
for the calculation of the condensed Fukui functimtording to equations (37), (38) and (39)
mentioned above.

fax = qu(NA +1)_qu(NA)’ (37)
fax = qu(NA)_qu(NA —1), (38)

1 1r,. _
fAOk :E[qu(NA +1)_qu(NA _1)] :E[fAk + fAk]' (39)
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2. Zeise’s salt derivatives with aromatidN-oxide ligands

2.1. Vibrational spectra of pyridine N-oxide and its isotopomers

The vibrational spectra for the pyriding-oxide ligand (pyO), substituted derivatives and
coordination compounds have been extensively duldjeseveral groups in previous years [1-
13]. However, very little work has been publisheglthg with assignments for the perdeuterated
analogue. Most of these involve coordination commuisuwith pyesO, in which the assignments
seem in most cases to have been carried out by thsins/ v, ratios obtained for pyridine and
pyridineds [14-18] and employ the assignments of Shindo [Svitich, although erroneous [11],
have been shown to be widely accepted.

A re-examination of this system was carried outthie present work in order to review the
assignment of Zeise’'s salt derivatives with pyCt thave been reported in the past [14, 15].
Ambiguities regarding the assignment of ti&t-O stretching frequency have been pointed out
for severalN-oxide Zeise’s salt derivatives [19-21]. The potisjbexists of incorrectly assigning

a low energy fundamental vibration of the pyO ligars theuPt-O stretching frequency, and thus
a thorough investigation of the ligand employeckiguired. A good understanding of the pyO/py-
dsO system is considered necessary, in order to &ateoretical foundation for assignments of
the pydsO fundamentals and to clear up ambiguities in #narfregion, especially regarding the
WPt-O vibration. As part of this study, the O-18 diiédd pyridine N-oxide ligand was also
prepared to be used in the preparation of Zeisalts derivatives (chapter 4). Although the
compound obtained is a mixture of the O-16/\8xides, several conclusions can be drawn
from the appearance of two bands for the O-18 seasibrations.

DFT calculations were carried out on benzdpesenzenas, pyO, pydsO, py-?0 and pyes°O

at the B3LYP level using the 6-31 G** basis setpasviously described. In examining the
sensitivity of the vibrations to the N-O bond lemgthe calculated frequencies are reported as
obtained ie., unscaled). In employing the calculated frequentiethe assignment problem, the
calculated frequencies are rescaled using thosanglsk experimentally. In all cases, a linear
relationship was obtained between experimentakalwlilated frequencies.

2.1.1. Benzenealh and benzeneds

Assignments for the fundamentals of the benzenemsybave been well established in the past
[22-24]. The systems were modelled in this studyniwans of DFT calculations in order to
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ascertain the reliability of the calculated frequemalues. The results obtained are in very good
agreement with the observed values and are shotabl@ 2.1.1. Only one of the fundamentals in
both the benzendy; and benzends systems is slightly underestimated. In benzdyneaA/ilson
mode 12 (the Star of David ring breathing modehiserved at a higher wavenumber than mode
1 (the ring breathing mode), with the assigneddesgies of 1010 and 992 ¢mespectively[29],
while the trend is inverted in the calculated fregcies with mode 1 occurring higher than mode
12. In benzenek, both modes are calculated following the experialgnobserved trend,e,
mode 12 occurring before mode 1. However, the tatled frequency values for these vibrations
are at 953 and 948 chmespectively whereas the experimental values laserved at 970 and 945
cm’ respectively. Regardless of the underestimategevidr mode 12 in both isotopomers, the

experimental and calculated/ vy ratios yield the same value of 0.960.

Table 2.1.1. Experimental [22, 23] and calculatstaled frequencies (in brackets) for benzyead
benzenads. All frequency values in cth

Wilson mode Den CgHe CsDg Vol Uy

2 Agg 3062 [3073] 2294 [2296] 0.749 [0.747]

1 992 [995] 945 [948] 0.953 [0.953]
3 Agg 1346 [1342] 1055 [1046] 0.784 [0.779]
5 Bzg 991 [987] 830 [817] 0.838 [0.828]
4 707 [705] 599 [606] 0.847 [0.860]
10 Eiq 849 [845] 663 [660] 0.781 [0.781]
7 Ezg 3047 [3048] 2267 [2266] 0.744 [0.743]
8 1595 [1604] 1553 [1558] 0.974 [0.971]
9 1177 [1172] 868 [859] 0.737 [0.733]
6 607 [613] 579 [585] 0.954 [0.954]
11 Ay 675 [680] 497 [504] 0.736 [0.741]
13 B 3048 [3039] 2275 [2254] 0.746 [0.742]
12 1010 [993] 970 [953] 0.960 [0.960]
14 Bou 1309 [1319] 1282 [1306] 0.979 [0.990]
15 1146 [1150] 824 [823] 0.719 [0.716]
20 Ew 3057 [3063] 2276 [2285] 0.744 [0.746]
19 1479 [1481] 1330 [1332] 0.899 [0.899]
18 1035 [1041] 812 [813] 0.784 [0.781]
17 Eo 969 [950] 789 [774] 0.814 [0.815]
16 404 [413] 351 [363] 0.869 [0.879]

2.1.2. PyridineN-oxide, pyridine-ds N-oxide and O-18 labelled pyridineN-oxide

Pyridine N-oxide is a commonly used ligand in coordinatioreroiistry. The issue of the wide
acceptance of Shindo’s erroneous ‘characterigiiedxide frequencies has been dealt with
previously [11]. This is the consequence of streilgrational coupling within the system, the
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nature of which has been elucidated by normal doatd analyses, the most comprehensive of
which is that of Gambi and Ghersetti [1].

Figure 2.1.1 shows the labelling scheme for borsdadces and angles for the pyO ligand and
experimental and calculated values are shown itetdtl.2. The analysis of the calculated
frequencies for the pyO ligand shows that theO frequency is over-estimated bg. 70 cni*
when the optimized geometry obtained by means efQRT calculations is employed in the
vibrational analysis. All other calculated frequies¢ including the one related to tlmN-O
vibration are in good agreement with the experimlevalues. However, in pyO there can be no
ambiguity regarding the assignment of the frequeatoyhich thevN-O frequency occurs in the
free ligand. It has been assigned at 1252 amd a normal coordinate analysis of the ligand
performed by Gambi and Ghersetti provides a caledlsalue of 1254 cih[1]. This band is also
characterized by a strong intensity, sensitivity dolvents, and linearity with Hammett's

parameters in 2- and 4- substituted derivative8].1,

Figure 2.1.1. Labelling scheme for bond distances
and bond angles as shown in table 2.1.2.

Table 2.1.2. Experimental and calculated bond miists (A) and angles (degrees) for pyO. Experimental
values for pyO taken from reference 25.

experimental Calculated
Molecule|  Molecule Il [Pt(GH,)(pyO)Ch]" | rN-O = IN-O = RN-O = N-O =
127 A 1.30A 1.33A 136 A

ry 1.33 1.37 1.3672 1.2741 1.3000 1.3300 1.3600
r 1.34 1.34 1.3236, 1.3430 1.3746 1.3709 1.3671 35.36
rs 1.37 1.38 1.3761, 1.3947 1.3826 1.3830 1.3834 38.38
ra 1.35 1.39 1.3971, 1.3621 1.3959 1.3960 1.3962 64.39
oy 120 124 12252 118.4068 118.8775 119.3980 119.8875
(00} 120 119 119.02, 120.64 121.3711 121.1711  120.958®0.7%86
O3 121 120 118.29, 119.36 120.5726 120.5043 120.39420.2869
Oy 118 118 120.14 117.7058 117.7717 117.8971 118.0216

t Relative error in distances 0.0002 A
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The optimized geometry of the pyO ligand exhibitsNaO bond distance of 1.2741 A,
considerably shorter than the bond distances aditdity means of X-ray diffraction studies, in
which two crystallographically independent pyO noolles are found [25]. The observed N-O
bond lengths are of 1.33 and 1.37 A. The shorteditistance obtained by means of the DFT
calculations increases the bond order and henceth® stretching frequency (modeAfH
increases as well. In order to overcome this prabkhe N-O bond distance was constrained to
the values of 1.30, 1.33 and 1.36 A and geomettimigations and vibrational analyses were
performed subject to the constraint. The resultsinbd show a linear relationship between the
N-O bond distance and the calculated-O frequency over the range 1.27 and 1.33 A. Minor
changes are observed for most of the remaininguledéd frequencies, as is shown in figures
2.1.2 and 2.1.3, for pyO and piy© respectively, although several crossovers ocdictware
worth discussing further.

The most significant changes on varying the N-Odblemgth in pyO are observed for th&;6
6B,, 7A;, 10A; and @; vibrations. These agree with earlier reports dDMnd metal sensitivity
of each of these vibrations [5, 6, 11]. In fact,des 6 and &; are the most sensitive to a variation
in the N-O bond length and, upon varying the N-@ddistance, theN-O stretching frequency
occurs predominantly in one mode over the othee fidtrmal modes obtained for the different
bond lengths are shown in figure 2.1.4, togetheh whe magnitude of the N-O displacement
vector along the axis of the molecule and the calculated shiftseetgd upon O-18 labelling. As
can be seen in figure 2.1.4, for rN-O between 112#%1.3600 A, mode A& is initially the
highest IN-O character vibration as reflected in O-18 sdvisit (AV), whereas theuN-O
character increases for modé,7as the bond length is increased. Consequently, th©
stretching frequency is best described by modief@ short N-O bond lengths, is shared between
both modes A; and A, for a distance of 1.33 A, and is best describedhbge A, for long N-O
bond distances.

It is also interesting to note that the position floode &\ with respect to modeB; is rN-O
dependent. To a lesser extent, this is also obddoremodes A; and B,, and for modes 14
and 2.

Calculations for the p@sO system subject to the same bond length congtraisb show an

interesting dependence of the frequencies as aidinaf the N-O bond length. The most affected
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out-of-plane modes in pyO as a function of the Mdnd length.
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N-O = 1.2741 A N-O = 1.3000 A -M=1.3300 A rN-O = 1.3600 A
['N-OJ| = 0.215 A I'N-OJ| = 0.229 A|rN-O]| = 0.153 A [IrN-O|| = 0.057 A
v=1372.85 cni v=128756 cm  v=1214.96 cil v=1201.36 cni
Av=22.46 cnt Av=18.17 crit Av=4387cnt Av=0.56 cnt

rN-O = 1.2741 A rN-O = 1.3000 A M= 1.3300 A rN-O = 1.3600 A
['N-OJ| = 0.025 A [IrN-O|| = 0.051 A ||rN-O|| = 0.175 A IrN-OJ| = 0.208 A
v=1196.58 cni vy=1193.33cnt  v=1172.90 cm v=1116.16 cii
Av=0.28 cnt Av=1.00 cnt Av=7.78 cnt Av=5.93 cnt

Figure 2.1.4. AffectedUN-O modes for pyO as the N-O bond length is modifie
Calculated frequencies are unscaled Ane v pyo — Vpy-180

modes are Ay, 6B1, 6A1, 7B1, 8A;, 1A, 107, 5B, and @,, as is shown in figure 2.1.3. Th-O
stretching frequency is again shared by two mode8 symmetry, B, and &;. The normal
modes obtained for the different bond lengths drews in figure 2.1.5 together with the
magnitude of the N-O displacement vector alongzlais of the molecule and the calculated
shifts expected upon O-18 labelling. For short Md&Dd lengths, theN-O stretch occurs mainly
as mode B; at the higher frequency, although moda; Geflects a coupled vibration with
considerablevN-O character. As the bond length increases UkeO stretching frequency is
shared between both modes, and finally for a bdstdnte of 1.36 A it appears principally as the
6A; mode. As mode & gains more N-O character, it has an extremelyceable decrease in
energy, while modeB increases only slightly on loss of N-O character.

Eight fundamentals are calculated to occur in #zgon 900-700 cihfor py-dsO and, due to the
proximity at which these occur, several crossoaes observed with increasing bond length.
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IN-O = 1.2741 A rN-O=1.3000 A  -M=1.3300 A rN-O = 1.3600 A
[[rN-OJ| =0.222 A [IrN-O]| = 0.170 A [|[rN-O|| = 0.118 A [[rN-OJ| = 0.096 A
v=1432.86 cni y=137895ch  v=1357.70 c’ v=1351.36 cni
Av=14.31crit Av=4.15 cnt Av=0.58 cnT Av=0.56 cnT
rN-O = 1.2741 A rN-O = 1.3000 A M= 1.3300 A rN-O = 1.3600 A
[[rN-OJ| =0.120 A [IrN-O]| = 0.187 A [|[rN-O|| = 0.216 A [[rN-OJ| = 0.209 A
v=1291.69 cni v=124728cit  v=1171.52 c v=1104.71 cri
Av=11.74 crit Av=16.39 crit Av=13.08 crit Av=5.93cnt

Figure 2.1.5. AffectedvN-O modes for pydsO as the N-O bond length is modified.
Calculated frequencies are unscaled And V py.qs0 — Vpy-dsiso-

Such is the case for modeB;7and &\ and for the three modes occurring close to 750, cm
modes B, 3B; and 10\;. For a N-O bond length of 1.30 A the three lattedes are accidentally
degenerate, occurring at almost the same frequeaiag. However, as the bond length increases,

this accidental degeneracy is lifted by a slightvap shift of mode A, and a noticeable

downward shift of mode 14, with mode B, remaining impervious to the N-O bond length.

The frequency of the low energy out of plane moBgi§raised with increasing N-O bond length

for both isotopomers.

The present DFT study confirms the earlier idegdtfion of the N-O sensitive modes and normal

coordinate analyses for théy-isotopomer and extends a subtle understandinigeopyridineN-

oxide system in two areas. The first, missed ineiddier studies employing the/ v, ratio, is the

isotope sensitivity of the vibrational coupling kit the moleculeyiz. -ds induced coupling of
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modes 3\, 7B;, 8A; and 1A; and the ds induced decoupling of modeédy. The second is a better
measure on a change in the electronic distributidhe N-O bond.

Due to the fact that a change in the electronitrilistion in the N-O bond is expected upon
coordination to a metal ion, the frequencies theatehbeen observed to be sensitive to the N-O
distance may be expected to shift more than tHwseare impervious to a change in bond length.
The previous consideration may prove useful in #ssignment of the frequencies for
coordination compounds involvingl-oxide derivatives, where the experimental N-O bond
distances are slightly longer than in the freerjaand where significant changes in the N-O

bond order are expected due to coordination totalroentre.

The effect produced by a variation in the mass sfilastituent X has been previously described
by Varsanyi and Széke [19] in substituted benzermivatives. Although the above
considerations deal with a variation of bond oraled hence of the force constants involved for
the N-O bond, a similar behaviour can be expectgnding the modes that should be most
affected. For monosubstituted benzenegls&, the principal C-X vibrations were shown to
affect three Wilson modes basically, depending tether the X substituent was light (less than
25 a.m.u.) or heavy. Having classified the normatles of benzene as radial, tangential and out-
of-plane, according to the atomic displacemengbt Isubstituents show the C-X modes occurring
in Wilson modes 13 YC-X), 9b (@C-X) and 17b ¢C-X), while the affected modes for heavy
substituents are 7a/-X), 9b (@C-X) and 10b fC-X). In the discussion above, the affected
modes that share théN-O stretch are modesA6(13) and A; (9a) for the pyO molecule, which
has been considered to behave in a similar wayhéo nhonosubstituted benzenoid system,
fluorobenzene. It is indeed the mode assigned dsowWwimode 13 that shows the highesitO
character. However, as the bond length increalseN-O stretching frequency appears in mode
7A; (9a), which is considered a tangential mode aricamadial mode as is the case with mode
13. As can be seen from figure 2.1.4, mod® experiences noticeable changes in the
displacement of the H atoms as the bond lengtlre@sas, to the extent that for long N-O bond
lengths, the mode obtained ceases to resemble tserWnode 9a but can be interpreted as a
mode of highuN-O character that can then be associated to onleeofadial modes from the

higher energy region.
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The aN-O vibration occurs as mode BP(9b) and it is interesting to note that it is lcally
impervious to a change in bond length, in good elgent with the fact that it is this same mode

that is observed to produce th€-X vibration for both light and heavy substituents

Only minor changes are observed for f(NeO vibration, mode B, (17b) when the bond length is
varied. The significant out-of-plane displacemeats kept, and the magnitude of the N-O
displacement out of thez plane is of 0.145, 0.141, 0.138 and 0.136 A, rethsy for rN-O
distances of 1.2741, 1.3000, 1.3300 and 1.3600Vlade 2B, (10b), associated with thgc-X

vibration for heavy X substituents, remains impeng to a change in the N-O bond length.

The changes observed for the pyO ligand as the leogth is varied can be extended to the py-
dsO system. The main difference is that O vibrations appear in mode#&5(19a) and B,
(13) for short and long N-O bond lengths respettive

The best fit to experimental values was obtaineti thie 1.30 A constraint, and hence this value
was consistently used for the calculations invavpyO, pydsO, py-°O and pyds~O in this
work. Although the value employed is shorter tHamabserved bond lengths for this molecule, it
is quite close to that of 1.29 A employed by Gambd Ghersetti in their normal coordinate
treatment for pyO [1]. It must also be borne in anthat the calculations provide a molecule in
the gaseous state, and the bond lengths and anglespected to vary in the solid state.

The calculations yield a molecule wit, symmetry and 30 modes of vibration, 21 in plane
modes and 9 out of plane modes. Table 2.1.3 shimsvagsignment carried out in this work for
the pyO and pysO fundamentals and their relation to the Wilson edor benzene. The
assignment of the modes follows the order obtafioedhe molecules with a constrained N-O
bond length of 1.30 A and with the pyO moleculadyibn thexz plane with the N-O bond along
the z axis. Displacement diagrams showing in-plane anttobplane vibrations for both
isotopomers are shown in figures 2.1.6 and 2.1nd the spectra for both compounds are shown
in figure 2.1.8.

Due to the fact that the @O system has previously not been as extensivetiiestias the pyO
system, assignments were performed by means afalbelated values obtained, thg/ vy ratio
obtained for the calculated frequencies, and byitii@mation provided by the coordination

spectra of the Zeise's salt derivatives with thedpeterated analogue. These prove particularly
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Figure 2.1.6. In-plane and out-of-plane vibratiforspyO.
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Figure 2.1.8. Infrared spectra for pyO anddg® in the 1700-100 cthregion.
In-plane modes shown by corresponding numBgrgnd italics Bs).
Out-of-plane modes in bold\§) and bold italicsB,)

useful in the assignment of certain weak intensitygdamentals, as the combination bands
observed in the spectra for the coordination comgsiare less intense than those observed in the
spectrum for the free ligand.

2.1.2.1. In-plane vibrations

Eleven modes of; symmetry and ten dB; symmetry are expected for pyridiheoxide and
pyridineds N-oxide. The observed frequencies for C-H/D stretghiibrations for the pyO and
py-dsO systems (modes 1, 2 and;3and 1 and B;) are in good agreement with the calculated
values and with previous work performed on the pyStem. Their assignment in terms of the
Wilson modes has been the subject of numerous wWd&s and hence will not be discussed
further.

All of the in-plane fundamentals o&; symmetry agree with Gambi and Ghersetti's work.

However, several re-assignments have been perfofonesbme of théB; fundamentals, namely
modes 5 andB,. All other modes oB; symmetry coincide with the aforementioned work.

40



Table 2.1.3. Experimental and calculated rescaksglncies (in brackets) for pyO andgy@. All

frequency values in cfh Experimental values, vibrations for the pyO from reference 4.

Wilson Cy pyoO pydsO Vol Wy

mode

20a A 1 3098 [3108] 2361 [2357] 0.762 [0.758]
2 2 3066 [3073] 2342 [2330] 0.764 [0.758]
7a 3 3045 [3052] 2294 [2302] 0.753 [0.754]
8a 4 1604 [1630] 1561 [1590] 0.973[0.975]
19a 5 1461 [1462] 1342 [1347] 0.918 [0.921]
13 6 1250 [1258] 1205 [1219] 0.964 [0.969]
9a 7 1171 [1166] 874 [877] 0.746 [0.752]
18a 8 1043 [1041] 857 [851] 0.822 [0.817]
12 9 1015 [1009] 973 [968] 0.959 [0.959]
1 10 838 [835] 763 [761] 0.910 [0.911]
6a 11 547 [543] 531 [527] 0.971[0.970]
20b B, 1 3098 [3107] 2361 [2353] 0.762 [0.757]
7b 2 3045 [3057] 2294 [2311] 0.753 [0.756]
8b 3 1559 [1557] 1523 [1526] 0.977 [0.980]
19b 4 1482 [1481] 1396 [1381] 0.942 [0.932]
3 5 1328[1322] 1040 [1036] 0.783[0.784]
14 6 1250 [1255] 1261 [1237] 1.009 [0.986]
15 7 1148[1148] 837 [838] 0.729 [0.730]
18b 8 1068 [1071] 815 [812] 0.763 [0.758]
6b 9 637 [642] 610 [615] 0.958 [0.958]
9b 10 467 [483] 447 [462] 0.957 [0.956]
17a A 1 950 [939] 763 [760] 0.803 [0.809]
10a 2 820 [816] 672 [639] 0.780 [0.783]
16a 3 415 [424] 365 [371] 0.879 [0.875]
5 B, 1 964 [958] 803 [786] 0.833 [0.820]
10b 2 907 [876] 640 [633] 0.706 [0.722]
11 3 767 [760] 763 [760] 0.995 [1.000]
4 4 677 [679] 540 [545] 0.798 [0.803]
16b 5 513 [522] 447 [449] 0.871 [0.860]
17b 6 226 [238] 221 [224] 0.978 [0.941]

Modes B, and @, were assigned [1] by Gambi and Ghersetti as doguat 1364 and 1329 ¢m
respectively. Mielke [13] gives 1294 &nfor the B, vibration. The calculated value in this work
for mode B, is 1322 crit and is in fact, the band that was assigned by Gamth Ghersetti as
mode ®;. No band was observed at 1364 7cin the spectra of pyO obtained for this work,
although there is a band at 1388 cwhich is likely to be the combination band &6 11A,).
Mode 3B, has been assigned in this work as occurring a8 t8# as this band appears without
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major shifts in the spectra of the pyO Zeise’s dalivatives. Mode B, is one of the N-O bond
length dependent modes and is masked by the veaysae &, absorption with a highN-O
character. However, it is seen in the spectra y&@ poordination compounds as a weak intensity
absorption ata. 1250 crit as will be discussed in the corresponding secfiencan be seen in
table 2.1.3, the calculated/w; ratio for this vibration is slightly lower thanehexperimental
one, although both ratios are typical of a ringraiton. The modes correspond to Wilson mode
14 for the benzene system, which also yields/ay close to unity. The strong dependence of this
mode with the N-O bond length can account for #Heat that it may very easily be miscalculated
as either occurring before or after mod&;,.6The very strong intensity for modeé\6further
encumbers the assignment of mod&, Gvhich is expected to be considerably weaker than
6A; fundamental.

The A, fundamentals are the strongest in-plane absogtibserved in the ir spectra of pyO and
py-dsO. The strongest Raman bands observed for theligg®d occur at 1602 and 1020 tm
[12], and correspond to the ring stretch mode &nd the star of David modeA@ It is this latter
mode that shows the strongest Raman band in thelination compounds with Pt(ll) for both
isotopomers, as will be discussed in section 2.3.2.

A weak intensity band occurring at 1097 thms been ascribed to either the overtoxe 214
or the difference bandd — 5B,.

Accidental degeneracy dependent on N-O bond leffigilre 2.1.3) is observed for mode&,l
3B; and 1@\ in the free pydsO system. Interestingly, this degeneracy is logtnupoordination
of the ligand to Pt(ll), in agreement with a vaidatof bond order as previously explained.

Eight vibrations are expected to occur for thedg®-ligand in the range 900-750 ¢nOnly four
well-defined bands are observed in this regionhwito shoulders appearing on the bands at 857
and 815 cnl. Calculated frequency values for th&, &and &\, vibrations are 877 and 851 ¢m
respectively. The ir spectrum shows a medium iritgsind centred at 857 ¢hwith a shoulder
atca.874 cni. These have been assigned as theadd A, fundamentals respectively.

Mode 7B, has been assigned to the weak intensity band epgest 837 ciii while the band at

815 cm' shows a shoulder @a. 805 cni. These have been assigned as modiesa@d B

respectively.
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Three vibrations are calculated to occur at 760" @nd only one very intense absorption is
observed at 763 cin Modes 1@, 3B, and 1, are thus accidentally degenerate and have been
assigned at 763 ¢ Both modes 18, and 3B, are observed as intense absorptions in the ir
spectrum for pyO, the first mode corresponds tosyrametric ring breathing mode while the
second is the intense out-of-plane umbrella modteréstingly, the very intense absorption at
766 cm' in the pydsO Zeise's salt derivatives, shows a weak intenbiynd occurring at
approximately 783 cih which has been assigned as mode B [Pt(CH.)(py-dsO)Cl], in
agreement with the calculated values obtainediierdcompound.

Modes 1®; and B, in py-dsO have been assigned at 447"ctode 1®; is expected to occur
at a higher frequency but it appears to be acddigrndegenerate with the out-of-plane mode. The
fact that mode 1B, is theaN-O vibration accounts for its intensity in thespectra for pyO and
py-dsO while the out-of-plane modeB5 is a less intense band in the spectrum for pyGe Th
position of both modes is dependent on the N-O Bength (figure 2.1.3), and their assignment
would need to be confirmed through single crystdhpzation studies.

2.1.2.2. Out-of-plane vibrations

Six modes 0B, and three ofA\; symmetry are obtained for the pyO andda®- systems. Th&,
symmetry modes provide medium to strong intensityds in the ir spectra for these compounds.
The A, vibrations are ir forbidden and are either absengxtremely weak absorptions in the ir
spectra for pyO and pgsO. Raman spectra for the pyO system have beenousyireported [4,

7, 9, 12] but no Raman data was available for thectsum of the pylO compound.
Assignments for thé, fundamentals are based on the Raman bands reyrtcakiutiet al. [4]

for pyO and are in good agreement with the caledlatalues obtained in this work. Tlhe
modes, although extremely weak absorptions, aigaaet in the ir spectra for the Zeise's salt
derivatives, and these were used as an aid insigrament problem. TheAl vibration for py-
dsO is calculated to occur at 760 ¢nit is accidentally degenerate with mode#\iand 3B, and
has been assigned at 763 tmhere only one medium intensity band is observedhe ir
spectrum. This vibration is observed at 788"cas a weak intensity band in the spectra for
[PtA(py-dsO)]X, compounds as will be discussed in section 2.32déd 2, and 3, occur as
weak intensity bands in the mid and far ir spefairgy-dsO.

Gambi and Ghersetti assigned modg &s occurring at 977 ¢ Of all the modes 0B,
symmetry, it is this vibration that occurs as tteakest absorption. The calculated value for this
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vibration is of 958 cri and the 966 cthband (also reported at 965 ¢y Kakiutiet al.[4]) is
preferred as theBL fundamental in this work. All otheB, modes are in agreement with Gambi
and Ghersetti's work [1].

2.1.2.3. N-O vibrations

Calculations performed on the p¥@ and pyds'®0 systems were carried out to determine the O-
18 sensitive vibrations for both the pyO and dg®- isotopomers. Table 2.1.4 shows the
frequency values obtained for the pyO ligand anel plyO/py*®0 mixture obtained in the
labelling studies. The calculated shifts obtained the O-18 sensitive modes are also shown.

Table 2.1.4. Principal N-O vibrations in pyO anddga® and calculated shifts upon O-18 labellig;,c =
Voyo — Voy-180 @Nd Vpy-as0 — Voy-as0-18 Fespectively . All values in ¢

Mode pyo pyO/pB}'BO AVeaie py'dSO AVeaie ASSignment

5A; 1561 4 aC-D + W-O coupled

6A; 1250 1225 18 1205 16 N-O coupled

A 1170 1176 1 874 3 aC-H/D + WN-O coupled

8A, 857 2 aC-H/D

104, 838 835/819 12 763 1 Ring breathing #N-O coupled
1A 763 1 yC-HID

3B; 767 772 1 763 6  )C-H/D (umbrella) +N-O coupled
9B, 610 1 wing

11A 547 550/542 10 531 9  wing + N-O coupled

5B, 513 510 2 447 1 ping

10B; 467 470/456 14 447 14 aN-O

6B, 229 - 5 221 5  N-O coupled

The spectra for the 880-420 ¢megion of the pyO ligand and the pyO/® mixture obtained

in this work is shown in figure 2.1.9, where spligt of some of the O-18 sensitive bands is
observed for the pyO/p{O mixture. The appearance of two well defined baisdsnore
noticeable in the spectrum of the Zeise's saltvagiie [Pt(GH.)(py-'°0)Br,] and provides
further evidence that supports the O-18 sensitigitycertain modes. This will be discussed
further in section 2.3.2.

It must be pointed out that due to the low enrichimef the labelled ligand obtained

(approximately 35 %) and its extremely hygroscaryature, the ir spectrum shows a considerable
amount of water (very strong broad absorptic®480 cn). Although the frequencies obtained
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Figure 2.1.9. Spectra for pyO (top) and pyOffy- Two bands are observed
for the O-18 sensitive modesAgand 14, in the spectrum for the pyO/g§0
mixture. A shoulder is observed for modeB1QaN-O).

for the spectrum of the pyO/p§© mixture have been included in table 2.1.4, iimportant to
note that the shifts observed may be reflectivieyolrogen bonding more than O-18 labelling, as
many bands are solvent sensitive, particularlyntioele assigned to thé-O stretch [5, 6]. Only
the appearance of two bands or shoulders is irdécat the pyO/py*O mixture, and hence it is
only modes 184, 11A; and 1®, that can be accounted for as O-18 sensitive mindesthe
spectrum recorded, as is shown in figure 2.1.9.

Previous work on the pyO system [11 and referettog®in] has shown that the modes observed
at 1250, 840, 470 and 280 ¢rare N-O vibrations. They have been assigned\a® (coupled),
uring(coupled),aN-O (pure) andyN-O (coupled) vibrations respectively. The resolgained in
this work support the previous assignments of mleat 1250 crit having the highesiN-O
character. Mode ) atca. 840 cm' is indeed an O-18 sensitive mode, as can be seenthe
splitting of this band into two bands that accofantthe pyO/py:*0 mixture. The same can be
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said for the pureaN-O mode atca. 470 cni. However, modes 1) and 1¥; that show
equivalent O-18 sensitivity both show radial disglments in the same direction of the N and O
atoms. Their O-18 sensitivity is hence not indigatdf a purevN-O stretch mode but rather
indicates equivalent strong coupling to the N-Gtstr, mode B;. It is perhaps modeA{ that
reveals a new point of interest. It can be considlex coupled ring vibration andN-O mode.
However, this mode has a strong dependence to4Bebbind length and may become the highest

charactewN-O vibration for long N-O bond distances.

It is interesting to note that the calculated values for the out-of-plane vibrationB3and @,
are evidential of the former mode having considieratl-O character in pgsO, a situation
which is not observed for the pyO system, indi@f increased deuteration coupling between

the N-O and the umbrella modes such that their assigtsyae reversed.

Finally, it is worth mentioning that most of theruks that are sensitive to a variation in the bond
length are also sensitive to O-18 substitutionwaslld be expected despite the fact that the
former consideration involves a change in the Ne@éd constant, while the latter is strictly a

mass effect.

2.2. Vibrational spectra of quinolineN-oxide and its isotopomers

The assignment of the vibrational spectra of Zeislt derivatives with quinolindl-oxide
(quinO) requires a complete understanding of tmeldnental vibrations of this ligand. For that
reason, the labelling studies of quinO were sumgotty DFT calculations of the ligands
performed at the B3LYP level with the 6-31 G** baset.

Assignments for quinolindl-oxide were extensively performed by Thornton aisddo-workers
[19, 21, 26, 27] based on the/u, ratios observed for quinolingdy; quinolined;, (quinO and
quin-d-0), as well as on vibrational assignments perforoedaphthalene and monosubstituted
naphthalenes. As a result of these studies, Thoraa Watkins cautioned the use of extended
normal modes of aromatic homocyclic systems ta tiheferocyclic analogues [28]. The question
is then raised on whether or not a similar set Wés may be developed for substituted
naphthalenes and thei-oxide analogues as Varsanyi and Szoke establiidredubstituted
benzenes [29], and which was extended to varioine &lzoxides [30-32].

46



In light of the caution in the use of the vibrabmssignment of aromatic homocycles to their
heterocyclic analogues [28] and following the ideaed in these assignments of quinolie
oxide and its deuterated analogue, DFT calculatiovere performed on naphthalene,
naphthalenal, 1-fluoronaphthalene, quinoline, quinolidg-quinolineN-oxide, quinolined; N-
oxide and quinolin&-oxideO-18 (€o and d;, O-18 labelled) in order to establish whetheratr n
the normal modes obtained for molecules relatedatzhthalene can be extended from those of

naphthalene.

A considerable amount of vibrational coupling issetved in the naphthalene molecule and an
idealized representation of the normal modes ofafibn for this molecule encumbers the
assignment of the normal modes obtained for relatelécules. From the cartesian displacement
diagrams obtained in this study, a relationshipthe normal modes of vibration of the
naphthalene fundamentals can readily be performeddme of the normal modes obtained for
the molecules studied. However, this is not the ¢asall the normal modes, as will be explained

later.

The frequencies obtained for the molecules studierk rescaled using the values reported in the
literature and those obtained experimentally is thiork. In all cases a linear relationship was
obtained between experimental and calculated frezjee. For some species, better fits were
obtained by excluding theC-H vibrations in the 3100-3000 ¢nmegion and working only with
the 1700-100 crhregion.

The symmetry of all modes has been determined derisg that the molecules lie in thg

plane.

2.2.1. Naphthalened, and naphthaleneds

The assignment of the fundamental vibrations ohttzgdene and its perdeuterated analogue has
been the object of many studies [33-42] and it waly in 1980 that a less unambiguous
assignment of the 48 fundamental vibrations of thislecule was made with the works of
Behlen,et al.[41] and Sellerset al.[42]. The latter group carried oab initio calculations and
scaled the diagonal force constants obtained fphthalene by extension of the scale factors
obtained for the benzene molecule. This allowed tfog re-assignment of several of the
fundamentals and perhaps remains the most complet& performed on the vibrational
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assignment of the naphthalethg-and naphthalends fundamentals. The naphthalene and
perdeuterated naphthalene cations have been exarfd8¢ and, in more recent work, DFT
calculations have been used in order to assigrvitirational spectrum of naphthaledg-and
naphthalenak in the lowest excited triplet state [44]. DFT editions have also been recently
employed to assign the vibrational spectrum of tlagdane and related annulene molecules [45]
and correlations have been attempted with the narrodes of naphthalene.

The normal modes obtained for naphthaldnend naphthalends very closely resemble those
reported in the literature [35, 37, 39] and argdnd agreement with the re-assignment of several
of these modes performed in later work [42]. Thenmed modes obtained for the in-plane and out
of plane vibrations for both molecules are showrdignres 2.2.1-2.2.3. Table 2.2.1 shows the
experimental and calculated rescaled frequencitsraa for naphthalengy and naphthalenés

by means of DFT calculations.

The assignment performed in this work is in exceliggreement with the re-assignment of the
vibrational spectra of naphthaledgand naphthalends performed by Sellersgt al.[42], except
for the assignment of moddj§ in naphthalenes. The authors reported modB,$as occurring

at 828 crit having obtained the calculated value of 833'camd mode ®,, at 1027 cril with a
calculated value of 1030 ¢m No cartesian displacement diagrams for the normatles
obtained are included in their work, but it seeiksly that the mode assigned by them ag; 4B
naphthalenels is in fact mode By (figures 2.2.1 and 2.2.2). This corrects the Mewy o/ vy
ratio of 0.668 obtained by them for mod8,& to 0.826, which is consistent with a coupled ring
C-H vibration and agrees with the assignment pevéal previously by other authors [37, 39-41].
The w/ vy ratio for mode 8,4 changes from 0.934 to 0.759, a value that is roonsistent with

the assignment of this mode to an in-plane C-H ipgnahode.
The normal modes of naphthalene (figures 2.2.132.Rave been included in an effort to

correlate the normal modes of vibration obtaineddfeinoline and quinoliné&-oxide and their
deuterated analogues, to the normal modes of nalehth
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Figure 2.2.1. In-plane vibrations for naphthalepe-



Figure 2.2.2. In-plane vibrations for naphthalelge-



Figure 2.2.3. Out-of-plane vibrations for naphthale,
(top 15) and naphthalerg-(bottom 15).
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Table 2.2.1 Experimental [19, 26] and calculatestated frequencies (in brackets) for naphthalyand
naphthalenels. All frequency values in cth Values for the spectroscopically inactidg vibrations are
those estimated by Sellert, al [42]. In assigning the symmetry of the modes ioled, the naphthalene
molecule lies on thry plane.

In-plane frequencies of naphthaletygand naphthalendg

naphthaleneh naphthalenels  vp/uy naphthalenel, naphthalenels  vp/1y
Ay 1 3086 [3068] 2291 [2293] 0.742[0.747] | B,y 1 3051 [3054] 2276 [2280] 0.746 [0.747]
2 3030[3044] 2276[2265] 0.751 [0.744] 3006 [3037] 2261 [2256] 0.742[0.743]
3 1576 [1571] 1545[1550] 0.980 [0.987] 3629 [1625] 1605 [1603] 0.985 [0.986]
4 1464 [1452] 1298[1291] 0.887 [0.889] 4458 [1450] 1353 [1361] 0.928 [0.939]
5 1383 [1370] 1386[1378] 1.002 [1.0086] 8243 [1233] 1027 [1010] 0.826 [0.819]
6 1163 [1154] 840 [833] 0.722 [0.722] @158 [1143] 879 [876] 0.759 [0.766]
7 1020[1025] 862 [863] 0.845 [0.842] ‘P36 [924] 828 [826] 0.885 [0.894]
8 765 [762] 697 [692] 0.911 [0.908] &09 [515] 493 [496] 0.969 [0.963]
9 512 [519] 494 [496] 0.965 [0.956]
B,y 1 3056 [3056] 2278[2282] 0.745[0.747]Bs, 1 3060 [3066] 2284 [2292] 0.746 [0.747]
2 3027 [3039] 2258[2258] 0.746[0.743] 2 3029 [3040] 2261 [2262] 0.746 [0.744]
3 1601[1611] 1552 [1556] 0.969 [0.966] 3 150808] 1445 [1448] 0.958 [0.960]
4 1387 [1388] 1257 [1243] 0.906[0.895] 4 1361[1362] 1312 [1323] 0.964 [0.971]
5 1268[1258] 1045[1036] 0.824[0.823] 5 1210 [1204] 1082 [1090] 0.894 [0.905]
6 1128[1125] 884 [878] 0.784 [0.780] 6 1163[1144] 857 [836] 0.737 [0.731]
7 789 [789] 738 [734] 0.935[0.930] 7 1010[1016] 831 [830] 0.823 [0.817]
8 359 [360] 328 [335] 0.914 [0.930] 8 618 [627] 590 [599] 0.955 [0.955]
Out-of-plane frequencies of naphthalefyeand naphthalends
naphthalenel, naphthalenely Vol Uy naphthalenel, naphthalenelg Vol Uy
A, 1 981[965] 815 [790] 0.831[0.819]| Bwy 1 955 [945] 791 [778] 0.828 [0.823]
2 825[834] 647 [656] 0.784 [0.787] 2780 [785] 629 [633] 0.806 [0.806]
3 622[622] 531 [544] 0.854 [0.875] 3474 [482] 404 [415] 0.852 [0.861]
4 188 [192] 169 [181] 0.899 [0.943] 4166 [177] 153 [171] 0.922 [0.966]
Byl 951[929] 761 [744] 0.800[0.801] By 1 983 [973] 838 [832] 0.852 [0.855]
2 717 [720] 545 [547] 0.760 [0.760] 2875 [878] 766 [761] 0.875 [0.867]
3 385([390] 348 [351] 0.904 [0.900] 3772 [766] 646 [644] 0.837 [0.841]
4 470 [474] 413 [426] 0.879 [0.899]
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2.2.2. Quinolinedy and quinoline-d;

Based on the previous works of Chiorboli and Beinh [49] and the normal coordinate analysis
performed by Wait and McNerney [50], assignmentsgianoline and deuterated quinoline have
previously been performed by Thornton and co-waK&®, 21, 26, 46-48] for both the ligands

and coordination compounds. Substituted quinolilies 8-hydroxyquinoline have also been

assigned on the basis of the quinoline fundameifddls In more recent work, Ferri and Burgi

have employed DFT calculations to obtain some ef dqinoline vibrations as well as the

frequencies obtained for the ligands adsorbed a2t This very recent study still employs the

assignments for quinoline reported by Wait and Meidg [50] and Srivastavef al [51].

DFT calculations performed on quinolidgand quinolined; yield a molecule with Csymmetry.

A total number of 45 modes of vibration Af and A’ symmetry (in-plane and out-of plane,
respectively) are obtained for the isotopomers edie31 in-plane modes and 14 out-of-plane
modes. Although the lowering in symmetry makesoélthe in-plane vibrations of naphthalene
fall into one class,Ag, Big, B2y, Bay) » A’, and all of the out-of-plane vibrations into aimet, @,

B, Bag, Bsg) — A”, almost all of the modes obtained for quinolideand quinolined; can be
identified with the normal modes of naphthaleleand naphthalends. The most significant
differences are observed for the seven C-H stmgcHiiequencies and for the out-of-plane
vibrations, as will be discussed below.

The normal modes of quinolirdy-and quinolined; are shown in figures 2.2.4-2.2.6. Table 2.2.2
shows the experimental and calculated rescaledidrezies obtained for these molecules. The
poor fit in some cases between the two moleculesmphasizes the need for caution in basing
the assignment of aromatic heterocycles on thosleedf homocyclic analogues. The modes have
been related to the naphthalene vibrations whessilple. Infrared spectra of quinolide-and
guinolined; are shown in figure 2.2.7.

2.2.2.1 In-plane vibrations

From the normal modes obtained for quinolideand quinolined,, it can be seen that most can
be related to the naphthalede-and naphthalends fundamentals. Some of the variations
observed will be explained in the following disdossusing the labelling scheme depicted for
qguinoline in figure 2.2.8, in which the rings halween labelled as A and B and the hydrogen
atoms have been labelled according to the numbsdhgme employed for the carbon atoms.
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Figure 2.2.4. In-plane vibrations for quinolidg-



Figure 2.2.5. In-plane vibrations for quinolide-



Figure 2.2.6. Out-of-plane vibrations for quinolidg
(top 14) and quinoling (bottom14).
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Table 2.2.2. Experimental and calculated frequenitiequinolinee, and quinolined;, showing
naphthalene related modes. Calculated values okets All frequency values in ¢h

vibration naphthalene quinolined,  quinoline; Vol Uiy
mode
A 1 1A 3078*[3082]  2287*[2296] 0.743 [0.745]
2 3078*[3074]  2287*[2291] 0.743 [0.745]
3 3057 [3069] 2287*[2285] 0.748 [0.744]
4 3057 [3055] 2276 [2268] 0.744 [0.742]
5 3037 [3047] 2254 [2262] 0.742 [0.742]
6 3037 [3043] 2254 [2256] 0.742 [0.741]
7 2Byq 3014 [3022] 2243 [2244] 0.744 [0.742]
8 3By 1620 [1625] 1586 [1591] 0.979 [0.979]
9 3By 1596 [1604] 1552 [1558] 0.972 [0.971]
10 3Aq 1571 [1569] 1542 [1541] 0.981 [0.982]
11 3Bay 1501 [1505] 1439 [1441] 0.959 [0.957]
12 4By 1470 [1465] 1384 [1384] 0.941 [0.945]
13 4Ay 1432 [1433] 1368 [1363] 0.955 [0.951]
14 4B,, 1393 [1388] 1241 [1242] 0.891 [0.895]
15 57, 1372 [1363] 1261 [1266] 0.919 [0.929]
16 4B, 1314 [1333] 1284 [1291] 0.977 [0.968]
17 5By4 1256 [1250] 1016 [1005] 0.809 [0.804]
18 5By, 1232 [1230] 1038 [1025] 0.842 [0.833]
19 5B3, 1192 [1210] 1094 [1096] 0.918 [0.906]
20 6B3y, 1147*[1145] 838* [835] 0.731 [0.729]
21 6B1g 1141 [1137] 827 [819] 0.725 [0.720]
22 6By, 1118 [1115] 878 [872] 0.785 [0.782]
23 TA 1033 [1031] 863 [854] 0.835 [0.828]
24 7Bay 1013 [1014] 827 [826] 0.816 [0.815]
25 7Bygq 939 [927] 893 [883] 0.951 [0.952]
26 7By 805 [810] 752  [751] 0.934 [0.927]
27 8A 760 [755] 698 [695] 0.918 [0.920]
28 8Bay 611 [612] 591 [595] 0.967 [0.972]
29 8Byq 522 [521] 506 [509] 0.969 [0.977]
30 97 522  [519] 506 [506] 0.969 [0.975]
31 8Bz, 377 [377] 347 [353] 0.920 [0.936]
A" 1l 1Bg, 980 [976] 838 [835] 0.855 [0.855]
2 1A, 971" [971] 827 [807] 0.852 [0.831]
3 1By, 954  [944] 782  [774] 0.820 [0.820]
4 1By 954 [942] 752  [746] 0.788 [0.792]
5 2Bg 867 [866] 782 [780] 0.902 [0.901]
6 2By, 805 [807] 643 [646] 0.799 [0.800]
7 2A, 786 [785] 668 [655] 0.850 [0.834]
8 2By 738 [737] 570 [573] 0.772 [0.777]
9 3A, 628 [631] 544  [550] 0.866 [0.872]
10 3By, 479 [486] 419 [430] 0.875 [0.885]
11 4B, 467* [475] 410 [423] 0.878 [0.890]
12 3By 392  [399] 353 [365] 0.900 [0.915]
13 4A, 4By, 194 [191] 174 [180] 0.897 [0.942]
14 4By, 4A, 181 [180] 169 [173] 0.934 [0.961]

* Shoulder

t Raman band; not observed in ir spectrum. Takam fieference 50.
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Figure 2.2.7. Mid and far ir spectra of quinolidgand quinolined;
showing the in-plane and out-of-plane (bold) fundatals

150

Wait and McNerney [50] carried out hormal coordaanalysis calculations for the quinolide-

molecule and assigned the fundamentals basedamliRaman spectra as well as depolarization

studies performed on the Raman spectrum of thispoomd. Out of the 31 in-plane

fundamentals, twelve vibrations assigned by théaat have been re-assigned in the present

work with the remaining nineteen in-plane vibraiomatching the assignments previously

performed. Three of the fourteen out-of-plane fundatals have been re-assigned based on the

calculated values obtained in this work. The assgm of the remaining eleven out-of-plane

fundamentals matches that performed by the augitexsously. The extensive suggested changes
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are a reflection of the difficulty in vibrationaksignment of a molecule of low symmetry, and
highlight the role of molecular modelling studiesaiding such vibrational analyses.

Hg
|
NP N S
| A1 B |
H/C%T{Q\OCS//OKHG

H4 H5

Figure 2.2.8. Labelling scheme employed for quimali
The molecule lies on they plane.

The carbon hydrogen stretching vibrations occua 8soad medium intensity band in the region
3100-3000 cm for quinolined, and 2290-2240 ctfor quinolined,. Very few of the normal
modes obtained can be related to any of the nalehthéundamentals, as all show displacements
of different magnitudes for the hydrogen atoms @nese displacements occur more noticeably in
one ring than in the other. Thé&'lvibration involves a symmetric displacement dftdlatoms in

the molecule and is in this way closely relatedht® 1A, naphthalenel, fundamental, although
Wait and McNerney related this vibration to thBs,Lnaphthalen&h, fundamental. The authors
show no displacement diagrams in their work, and itinclear if this assignment has been
performed on the basis of the normal mode obtaioety comparison with the naphthalesie-
frequencies and the order at which they appeah@irmolecule. Displacements are considerably
greater for the H atoms on ring A than for thoseriag B, which hardly move at all. This is
reversed in modeA, where the greater displacement is observedHerhydrogens on ring B
than on ring A. This indicates that for the imirystem, the heterocyclic ring and homocyclic ring
can be considered as being independent of eachfothhese two vibrations. ModeA2shows a
symmetric displacement of all hydrogen atoms, ekédy which contracts while all the rest
expand. The rest of the normal modes, with the miae of 7A" which resembles the B,
naphthalene vibration, can be explained as linearbinations of the naphthalene fundamentals,
where the loss in symmetry allows for all of théeimal coordinates to partake of any of the
modes. Fewer bands than expected are obtaine@ isptctrum, but the calculations performed
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show that certain bands should appear very closethers and they have been assigned
accordingly in both isotopomers.

In light of the calculated values obtained in tigrk, it is likely that some combination bands
were assigned as fundamentals in Wait and McNesnegik. Of the twelve in-plane modes that
have been re-assigned, four &&H modes. The fact that bands overlap in thisoregiakes the

unambiguous assignment of these fundamentals uiffic

All of the remaining in-plane vibrations in botloispomers can be related to the naphthalene
fundamentals and the most important differences béldiscussed below. Wait and McNerney
assigned several of the modes associated to tHethadgne fundamentals differently. As was
mentioned previously, it is unclear how these asaiEnts were made due to the fact that no
displacement diagrams are shown. Table 2.2.3 shwwsxperimental and calculated frequencies
reported by Wait and McNerney [50] and those olggiin this work. The nomenclature
employed and the relation to the naphthalene fumedals is also shown.

Assignments for quinolinéN-oxide performed by Watkins and co-workers [19, 26, 27]
assumed that the absent mode in quinoline woulgrésent in thé&l-oxide as the one with a high
aN-O character. This does not seem to be the casbea\; mode is necessary to explain the
highly coupled modes obtained for quinO. It is @ctf another vibration that couples with the

aN-O in-plane bend, as will be discussed in seci@3.

In order of decreasing frequencies and considetioge in-plane vibrations below 1630 tm
(modes &'-31A), three pairs of modes are inverted in the quimmolecule when compared to
the naphthalene vibrations. In naphthaldgemode 4, occurs before modeB4,, 5B,, before
5B,y and A, before 8,4, three of which involve C-H vibrations. All themaining modes occur
in the same order. The lower energy ring modes éa@b-32A") are identical to the naphthalene
fundamentals.

Assignments performed previously by Thornton andRikia for quinoline and its perdeuterated
analogue [26] failed to yield the proper modes tu¢hese inversions, but more so, due to the
fact that the strongest tool used in this assigrnnvess the vb/vy ratio obtained for the
naphthalene, and naphthalends isotopomers. Hence, of the in-plane vibrations for
qguinolined,, only modes 8, 11-13, 19, 22 and 27-31 agree thithassignment performed for
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Table 2.2.3. Experimental and calculated frequenéde quinolineely vibrations, and their relation to
naphthaleneh, modes as reported by Wait and McNefri&p] and as obtained in this wérkAll values in
cm®. In relating the quinoliney fundamentals to the naphthalete-vibrations, the nomenclature
employed by Wait and McNerney has been kept, irckvttie naphthalene molecule lies onyhelane.

In-plane frequencies of quinolirdy-

Vibratior® Naphthalene Exp?® Calc? Vibration® Naphthalene Exp” cCalc?
modé modé
n 1By, 3086 3064 A 1 1Ay 3078* 3082
v 1Ay 3056 3058 2 3078* 3074
Vs 1By 3056 3058 3 3057 3069
Va 2By 3036 3043 4 3057 3055
Vs 2Ag 3014 3008 5 3037 3047
Vs 2By, 3004 3004 6 3037 3043
vy 2Bgy 2979 3002 7 2Bgy 3014 3022
Vs 3By 1619 1609 8 3By 1620 1625
Vo 3By, 1593 1578 9 3By, 1596 1604
Vio 3Ag 1571 1551 10 3Ag 1571 1569
Vi1 3B,y 1500 1501 11 3By, 1501 1505
V1o 47y 1469 1457 12 4B3y 1470 1465
Vi3 4B3, 1431 1427 13 47y 1432 1433
Via 4B, 1392 1390 14 4B, 1393 1388
Vis 5Ay 1371 1377 15 5Ay 1372 1363
Vis 4B, 1314 1308 16 4By, 1314 1333
V17 5By, 1256 1252 17 5By 1256 1250
Vis 5B, 1216 1213 18 5By, 1232 1230
Vig 5Bgy 1192 1186 19 5B,, 1192 1210
Voo 6Ay 1140 1155 20 6B, 1147* 1145
Voy 6By, 1118 1124 21 6B1g 1141 1137
Voo 6B3y 1095 1115 22 6By, 1118 1115
. A, 1031 1008 23 7A 1033 1031
Vot 7Ba 1013 996 24 TBa, 1013 1014
Vs 7B, 953 927 25 7By 939 927
Vo 7B, 785 793 26 7By 805 810
Uy 8A 760 778 27 8A 760 755
. 88, 611 620 28 8By 611 612
. 9A, 521 480 20 8By 522 521
Vao 88y, 505 475 30 oA 522 519
Var 88, 377 390 31 8By, 377 377
* Shoulder.

¢ Estimated wavenumber.
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Table 2.2.3. (continued)

Out-of-plane frequencies of quinolirg-

Vibratior® Naphthalene Exp?® Calc? Vibration® Naphthalene Exp® Calc®
modé modé
Var 1B, 980 1057 A1 1B, 980 976
Vas 1A, 970 1045 2 14 971" 971
Vas 1B, 939 940 3 18, 954 944
Vas 2B,, 867 904 4 1B, 954 942
Ve 2A, 840 867 5 0B, 867 866
i 3B, 804 755 6 2B, 805 807
Vas 2B, 786 716 7 oA 78 785
Vao 2B, 741 562 8 2B, 738 737
Vao 3A, 628 354 9 3A 628 631
Var 3By, 479 322 10 3B 479 486
Vi 4Byq 472 287 11 4B 467* 475
Va3 3By 392 226 12 3B 392 399
Vs 4A, 192 140 13 4/ 194 191
Vas 4B, 178 109 14 48 181 180

T Taken from reference 50.
* Shoulder.

both isotopomers in this work. The fact that certaibrations appear to be accidentally
degenerate as obtained from the DFT calculatiorsdé® 2@' and 21A’; 29A" and 30A’; 26A’

and A”; 1A” and 2A"; and 3A” and 4A”), obviously encumbers the assignment process. In
fact, Wait and McNerney’'s extensive vibrationaldstdor quinoline, assigns only two vibrations
as being accidentally degenerate, a problem whislkesafrom the fact that the calculated values
obtained by means of the force-field employed seeb®e in some cases (especially regarding the
out-of-plane vibrations) considerably less accuthéa the ones obtained in the present work, as
can be seen from the values shown in table 2.2.3.

The assignments for the in-plane modes 7-17, 12237, 28, 30 and 2\, all occurring below
1630 cn, match those previously performed by Wait and Mg and other authors whose
work was primarily based on theirs. The remainiigein-plane modes have been re-assigned as
will be discussed below.
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As can be seen from tables 2.2.1 and 2.2.2 ythe, ratios are quite close for quinoligg-and
qguinolined; when compared to naphthaletieand naphthahlends. The employment of the
naphthalenas/u, ratios in the assignment problem is useful in carimg ring vibrations with
those of C-H vibrations, and can highlight isotapduced coupling or decoupling, but is
susceptible to errors where there is no differéna®upling between isotopomers. Consequently,
it must be performed with caution, as it can easifd to errors due to the inversion in the order
of some modes.

The most important differences observed when coimgahe vibrations obtained for both the
naphthalene and quinoline systems, and the rerassigs proposed in this work are worth
discussing further. Complex formation proves a &ble tool in the assignment of fundamental
frequencies that are accidentally degenerate, ratidei assignment of certain bands observed in
the ir spectra as either fundamentals or combindtands.

It is worth mentioning that those modes for quinelirelated to théy; modes in naphthalene
(modes 10, 13, 15, 23, 27 and R) are quite similar to the naphthalene fundamentel fact,
the motion of the hydrogen atoms related by stheand yz planes is in most cases kept in
direction, although not in magnitude. A change iredtion is observed for one mode in
quinolined, (154") and one mode in quinoling; (13A’), where hydrogens H2, H3, H6 and H7
move in directions which resemble modes of otherragtries in naphthalene.

Mode 1%\' can be related to modeAb in naphthalene and mode A4can be related to mode
4B,, in naphthalene. The large/w, for the 53y mode in naphthalene is evidence of deuteration
coupling of this vibration. From the displacemerggiams obtained, modes AZ4and 154’ can

be explained in terms of coupling between two ef tiaphthalene fundamentalBfgdand FA).
These occur at 1387 ¢ng4B,,) and 1383 cr (5A,) in naphthalene, and at 1393 tii4A") and
1372 cn (15A)) in quinoline. On those grounds, the couplingviesn these two modes has the
net effect of increasing the frequency for mode\'ldnd lowering it for mode 14, when
compared to the values obtained for the naphthdi@mgamentals. It is mode A5where the
most significant changes are observed, as alleot#ibon atoms and hydrogens H4, H5 and H8
are displaced as in modég but H2, H3, H5, H6 and H7 follow the directionrabdeB,,. This
coupling is lost for quinoling,, where the modes obtained resemble the naphthdiene
fundamentals and are observed at 1388 (B,) and 1370 ci (5A,) for naphthalenes and
1389 cm' (14A") and 1364 cii (15A") for quinolined;. The extent of coupling in the
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naphthalenas and quinolined; systems is hence similar, but coupling is grefatiequinolinedy
than naphthalend,.

The region between 1290-1160 tis difficult to assign due to the fact that atsiefive weak
intensity absorptions can be observed at 1281, ,1P5&, 1217 and 1192 &mPrevious works
[19, 26] have assigned the last four of these twldmentals. However, only the bands at 1256,
1232 and 1192 cthhave been assigned as fundamentals in the presektin agreement with
the calculated values of 1250, 1230 and 1210 obtained, with the next calculated frequency
occurring at 1145 cth Coordination compounds with quinoline also shbe same pattern in
this region, encumbering the assignment problenthesforementioned bands vary in intensity
in the Cu(l) compounds {[Cu(quisi),} and [Cu(quin)(SCN)][53].

Wait and McNerney assigned the bands at 1256, 12id 1192 cm as the 17-14
fundamentals. The assignments performed in thikwagree with the frequencies assigned for
the 17 and 18 modes as performed by the authors, but the bai@%7 cni can be explained
as a combination band A8 + 10A") and hence mode 28 has been assigned as occurring at
1232 cnf in the present work in agreement with the caleddtequency.

In addressing the band at 1217 'cim more detail, the out-of-plane modes 8 and”16ccur as
medium to strong intensity bands at 738 and 479 mpectively in the spectrum of quinoline-
do. Hence the combination band'8+ 10A” of 1217 cm', adequately accounts for the weak
intensity band previously assigned as a fundamehtathe spectrum for {[Cu(quigly],} the
aforementioned out-of-plane modes occur at 73348%cni' respectively and a combination
band would be expected@i 1218 crit. This is indeed the case for the weak intensitydithat
appears at 1218 ¢hin the spectrum of the Cu(l) complex. Figure 2 &®ws the spectrum of
qguinoline and {[Cu(quin)]z} and the assignment of the fundamentals in thigore Wait and
McNerney assigned the band occurring at 1232 ama combination band arising from the out-
of-plane modes at 840 and 392 ¢rhowever, no band occurring at 840 twas observed in the
ir spectra recorded in this work except for a higwavenumber shoulder on the very intense
absorption occurring at 867 &m Furthermore, the calculated values yield no etquec
frequencies close to 840 ¢raxcept for the calculated value of 867 ‘cihat has been assigned as
mode A\". It must be pointed out that several combinasiaan yield values very close to those
of the weak intensity bands observed in the specbiuquinoline in this region. The assignment
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Figure 2.2.9. Spectra of quinoline (top) and {[Quif).l] 2} (bottom) showing
the loss of accidental degeneracy of some oftthddmentals upon
complexation. Out-of-plane vibrations are showbatd humbers.

of the 1217 cm band as a combination band has been performetedpesis of its appearance in

the spectra for the ligand and the {{Cu(qulisj}} complex.

Modes 20 and 24 have been assigned at 1147 and 1141 amthe quinolined, spectrum, as
the 1141 ci band shows a shoulder at 1147 'ofvalculated frequencies of 1145 and 1137'.cm
respectively). Evidence for this assignment is sufgal by complex formation where two bands
appear in this region in the spectrum of the dim¢iCu(quin)l];} compound [53]. Wait and
McNerney assigned the band at 1141"cas mode 28 but failed to assign the shoulder
occurring at 1147 cthand hence mode 2lwas assigned at 1118 ¢nand mode 28’ at 1095
cm™. The calculated values obtained in this work stmacalculated value close to 1095%m
except for the 1115 cicalculated value which is better assigned to m@2# occurring at
1118 cnf.
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Accidental degeneracy is observed for modes 29 30#d, which are observed as a weak
intensity band at 522 chin the quinolined, spectrum. Interestingly, this is also the casetHer
qguinolined; molecule, where modes 29 andA3@re accidentally degenerate and occur at 506
cm? (this weak intensity absorption is observed as weak intensity bands in the spectrum of
[Cu(quind;)(SCN)], [53]. The {[Cu(quin}l],} system supports the assignments performed on
several of the vibrations that have been assigeededentally degenerate, as is shown in figure
2.2.9.

The 26\ in-plane mode and theA8 out-of-plane mode have been assigned to thengbst
intensity band in the quinoline spectrum occurratg805 crit. Wait and McNerney assigned
mode 26\ as occurring at 785 cfand mode 8" as occurring at 805 cth[50]. The calculated
frequency values for these modes are very closeandteresting feature of the modes obtained
is that, that both show displacements in and outhefxy plane. The 28 mode shows
displacements of the order of “Aih thez coordinate for those displacements that are obtter

of +10" in thez coordinate for the & mode. The @\’ mode shows displacements of the order
of +10° and +1C for the x andy coordinates which are of the order of #18nd +1C
respectively in the 28 mode. This unexpected coupling between modedftdrent symmetry
must be due to the low symmetry of the moleculé ot obtained for the quinolird-system,

where the coupling is lost.

Wait and McNerney pointed out ambiguities in tressignment of the band at 785 tas the in-
plane mode 28 and the out-of-plane modeA7. This band has been assigned as the latter out-
of-plane mode in the present work, while modé'26as been assigned as occurring at 803.cm
The authors pointed out that two bands, one p@drind one depolarized occur at 785'camd
their vapour phase studies provided informationafierin-plane mode and an out-of-plane mode
for this band which is primarily an out-of-plane deoas observed in the vapour phase [50]. The
cartesian displacements obtained for this mode ghaivit is an out-of-plane mode. However,
minor displacements are also observed inxgaplane. This mixing of in-plane and out-of-plane
displacements is observed for several low energgem@alculated for the quinoline molecule in
the gaseous state.

Mode 257’ at 939 cni had been previously assigned to an out-of-pla@es, vibration [19, 26,

50]. It has been re-assigned to an in-plane modtt@srwvork.
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2.2.2.2. Out-of-plane vibrations

The higher energy out-of-plane modes show a coratideamount of coupling in the quinoline-
do molecule, which is lost in the perdeuterated agado In fact, two pairs of out-of-plane modes
are accidentally degenerate and are obtained &talipsthe same frequency valueAland
2A”, and 3A” and 4A"). The out-of-plane modes occur in the same orkethe naphthalerdy-
vibrations except for modesAB and 7A” (related to modes B,, and 2\, respectively), with
mode 2, occurring before modeRy, in naphthalenekh.

The mode that is absent when compared to the relphtd, and naphthalends modes is B,

as pointed out previously by Watkins and his cokeos [19, 26]. However, this mode does not
correspond to one of the lowest/ i, ratios for naphthalene, as is the case with trsertbin-
plane mode. This is due to the fact that tBg,3node in naphthalene is a couplgeiH yring
vibration for naphthalends;, while as a result of deuteration decoupling ibasically ayC-H
vibration for naphthalends. As is the case with the absent in-plane modewisiobserved for
quinoline N-oxide, a N-O mode related to th8s3 vibration is also observed for tid:oxide
derivative as will be discussed in the correspogdiection.

Less coupling is observed for the quinolohehigher energy out-of-plane modes than for
guinolined,. The quinolined; displacement diagrams can easily be related tmapathalenel
modes and assignments for the highly coupled gmiedh high energy out-of-plane vibrations
have been performed by applying théu, ratios obtained for naphthaledgeand naphthalenés

to the vibrations assigned for quinolide-Most lower energy out-of-plane modes can be edlat
to the naphthalene modes with very few changes. eSdifferences however need to be
highlighted.

The first two out-of-plane modes, 1 and"2an be distinguished for quinoling- and each
ascribed to one particular naphthalelgéundamental, but there is no way to similarly gssine

or the other to one particular naphthaldgdundamental for quinoline,. Both vibrations are
quite similar in the naphthalene system reflecéingin phaseBRzg) and out of phaseA() torsion

of the two rings and both fundamentals occur velgse to each other for quinolird-
Furthermore, the displacements of the H atoms sielme split between both modes, with
displacements along tteecoordinate of the order of +1Gor hydrogens on ring B and of +10
for those on ring A in theA” mode, with the opposite trend being observednfimde 2A”. Both
out-of-plane modes are compared to the naphthalehmdamentals in figure 2.2.10. They have
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been assigned in the order obtained for quinaineMode 2A” which is not observed in the
present ir spectrum, has been assigned at 971fram the Raman band reported by Wait and
McNerney. Watkins and co-workers [19, 26] assigtiesl 22" fundamental to the previously
reported frequencies at 970 ¢rfor quinolined, and 807 cr for quinolined;. A shoulder is
indeed observed at approximately 974"amthe spectrum of {[Cu(quinl]} , as can be seen in
figure 2.2.9.

Figure 2.2.10. Out-of-plane naphthalefyenodes Bsg and 1A, related to the out-of-plane quinolidg-
modes A" and 2A". Increased + and — signs indicate larger dispteads in the coordinate.

Modes 6 and &’ have been assigned from the quinolishemodes as corresponding to tH&,2
and 2, naphthalen@s vibrations due to their similarity with these meddédowever, it is
important to note that the corresponding modesitdxdafor quinolined, are quite different to the

naphthalenalk, vibrations, especially/s’.

The lowest energy out-of-plane mode obtainedA’14s identical for both quinolinehp and
guinolined,. It is a vibration composed of a linear combinatid the 8,, and 4, naphthalene-
do vibrations, as shown in figure 2.2.11. Conseqyentiode 13A” must also be a linear

combination of the aforementioned naphthalene titoma.
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Figure 2.2.11. Linear combination of modds, 4
and 8,4 to yield the 1A” quinoline vibration

In summary, the most significant changes occurimthe quinoline system when compared to
the naphthalene fundamentals are the displacemérdarbons C9 and C10, and the hydrogen
atoms where the magnitude and the direction ofltsiglacement vary according to the vibration.
This confirms the earlier caution in extending tlmemal modes of aromatic homocyclic systems
to their heterocyclic analogues [28].

2.2.3. QuinolineN-oxide, O-18 labelled quinolineN-oxide and quinolined; N-oxide

Contrary to what occurs in the pyO system, wheseuth-O frequency is well established, the
N-O stretching frequency in the quinO system doet follow the well defined behaviour
expected for a high characteK-O vibration and various assignments for this fiexcy place it
somewhere in the 1290-1230 tmegion [5, 19, 27, 28, 54-59]. A full assignment the infrared
spectra of the quinolinbl-oxide (quinO) ligand and its perdeuterated anado@uind,0) was
previously performed by Thornton and co-workers, [29, 26, 27] based om/y ratios and
comparison with 1-fluoronaphthalene. Several régassents are recommended in this work
aided by the calculations performed and the arafysthe normal modes obtained. The oxygen-
18 labelled ligand has also been prepared butrtumfately, due to the low enrichment of O-18 in
the compound (approximately 40% qdif®), most O-18 sensitive bands are masked by the
strong intensity absorptions of the prevalent quik@wever, the Raman and ir spectra for
[Pt(C.H.)(quin-%0)Br,] prove quite useful in the assignment problemyasbands are observed
where only one would be expected for those O-18itea vibrations, as will be discussed in
section 2.3.2. Table 2.2.4 shows the assignmemtsrpeed by Thornton and Watkins [19, 26] for
the ir spectra of quinO and quik©, compared to the assignments proposed in themtresrk.
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Table 2.2.4. Assignments for quinO and qdi® in-plane vibrations as reported by Watkins andriiton
[19, 26] and in this work. All frequency valuesdm™*.

quinO quin-d;O
[19, 26] This work Vibration [19, 26] This work
3090 3095 A1l 2290 2276
3055 3062 2 2290 2276
3050 3062 3 2270 2276
3030 3052 4 2270 2242
3030 3052 5 2258 2242
3025 3052 6 2270 2242
3000 3010 7 2261 2242
1639 1656 8 1594 1596
1616 1617 9 1581 1557
1577 1568 10 1536 1530
1514 1509 11 1453 1455
1455 1450 12 1301 1372
1447 1443 13 1377 1352
1398 1398 14 1357 1321
1377 1377 15 1242 1305
1313 1307 16 1313 1261
1275 1266 17 1055 1169
1266 1230 18 823 1074
1230 1208 19 1147 1013
1210 1179 20 1073 1027
1179 1136 21 1011 823
1146 1091 22 835 843
1138 1057 23 879 875
1054 1047* 24 879 783
928 1014 25 924 773
878 866 26 787 741
778 795 27 742 697
743 725 28 721 681
628 582 29 564 563
557 547 30 508 528
545 491 31 497 478
365 482 32 340 457
321 317 33 307 302

* Shoulder

t Value taken from references 19 and 26. A broad fimobserved at 1392 ¢nin the spectrum of quinO in this work.
F Taken from references 19 and 26; not observegeatra collected for this work.

a Estimated value.
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Table 2.2.4 (continued). Assignments for quinO quith-d;O out-of-plane vibrations as reported by
Watkins and Thornton [19, 26] and in this work. A&#quency values in ¢t

quinO quin-d;O
[19, 26] This work Vibration [19, 26] This work

997 965 A" 1 830 783
984 917 2 854 755
970 883 3 755 741
878 O 4 773 721
82¢ 828 5 648 637
802 767 6 676 626
798 767 7 627 O
722 O 8 590 519
610 628 9 526 592
480 564 10 441 494
466 465 11 416 412
422 420 12 374 373
211 269 13 196 252
185 191 14 175 177
185 160 15 170 152

* Shoulder

t Value taken from references 19 and 26. A broad imobserved at 1392 ¢hin the spectrum of quinO in this work.
F Taken from references 19 and 26; not observegeatra collected for this work.

a Estimated value.

As was observed for the pyO system, the calculatjperformed on the quinO systems vyield a
N-O bond length which is considerably shorter tHzat observed from X-ray diffraction studies
for quinO coordination compounds. The calculate® Mond length obtained from the geometry
optimization is of 1.2603 A, while the bond lengthserved for the coordination compound
[Pt(CO)(quinO)By] is of 1.36 A. No crystal structure was found rgpd for the un-coordinated
quinO ligand in a Cambridge Structural Databasechegaerformed. Although bonding via the O
atom to a metal centre is expected to change t@eldgnd order and the bond length as compared
to the free ligand, the calculated bond distance.®6 A seems too short. As a result of this, the
calculatedUN-O frequency occurs at higher energy values tihaset observed experimentally
[19, 26, 54, 60]. Calculations and vibrational geabk were performed on the quinO and qiD-
systems constraining the bond distances to 1.29@0 1a3200 A. As opposed to what was
observed for the pyO system where tieO frequencies are located exclusively in mode&,of
symmetry, the low symmetry for the quinO systenowadl for a mixing of internal coordinates
that makes some of theN-O modes quite different. Figures 2.2.12 and 3.Zhow all of the

calculated frequency values obtained for the im@land out-of-plane modes for quinO and
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Wave number ()

Figure 2.2.12. Calculated unscaled frequenciethfoin-plane
and out-of-plane modes in quinO as a function efNRO bond length.
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Figure 2.2.13. Calculated unscaled frequenciethfoin-plane
and out-of-plane modes in quik© as a function of the N-O bond length.
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[IrN-OJ| = 0.252 A [[rN-OJ| = 0.100 A [|[rN-©00.056 A
v=1493.03 cni v =1462.36 cril v=1458.10 crl
Av=11.22crt Av=0.84 cnt Av=0.13 cnt
rN-O = 1.2603 A rN-O =1.2900 A rN-O = 1.3200 A

[IrN-OJ|| = 0.073 A [[rN-O]| = 0.179 A [[rN-©1.135 A
v=1439.49 cni v=1416.88 cnl v=1404.34 crl
Av=2.89 cnt Av=3.64 cn Av=0.75cnt
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rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3200 A
[IrN-O|| = 0.154 A [[rN-O]| = 0.262 A [IrN-©0.174 A

v=1348.95 cni v=1299.47 crit v = 124489 cri

Av=9.79 cnt Av=14.99 crit Av=3.06 cnT

rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3200 A
[IrN-OJ| = 0.045 A [[rN-O]| = 0.075 A [IrN-©0.213 A

v=1228.27 cni v =1225.94 ci v=1206.79 cni

Av=0.59 cnt Av=1.88cnT Av=6.80 cnT

Figure 2.2.14. Affected/N-O modes for quinO as the N-O bond length is medif
Calculated frequencies are unscaled And V quino — Vyuin-180
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quin-d-O occurring below 1700 cfas a function of the N-O bond distance employdthoigh
several modes in the 1500-1200 tnegion are sensitive to variations in the bondylenthe
most significant changes are observed for modesl1%3,16, 17 and 1, with mode 1A
showing the greatest sensitivity. Several crossowercur in the 1500-1400 &mregion,
especially when going from a 1.26 A N-O bond distato 1.29 A. Calculated frequencies for the
0-18 isotopomers yield interesting results. The @socshown on figure 2.2.14 are those for which
the largest calculatelv = Vquino — Vquin-180 Values are obtained for all the bond distanced irse
the calculations. No shifts are obtained for motés and 18, regardless of the bond length
employed.

For a distance of 1.26 A, theN-O frequency is shared mainly by two modesA'1(principal)
and 1A’ (secondary). Mode 1X is the predominantN-O mode for a distance of 1.29 A,
although mode 18 shows some O-18 sensitivity. For a distance 8214, mode 18\ is the
highest charactevN-O vibration obtained, although modeA Bhows some sensitivity as well.
This sensitivity to the N-O bond length of assignthe principal N-O stretch to either of modes
13A, 17A° or 19A' accounts for the two characteristic N-O frequencanges reported for
substituted quinolineN-oxides [28, 55, 56]. It seems likely that some tbé difficulties
encountered in the study of quinolifeoxide and substituted derivatives could be exglhiim
terms of the way in which slight variations in tNeO bond order affect theN-O frequencies.
Studies with substituted quinolidéoxide derivatives [55, 56] have assigned heO frequency

in the ir spectra to several modes occurring in 14€0-1200 cr region. It remains an
interesting problem to study, aided by DFT caldals, the substituted systems so as to shed
some light on the ambiguities that work in thistigaitar field has given rise.

For the quind;O species, the situation is less complicated androssovers are observed. Most
of the modes in theN-O region show a calculated O-18 sensitivity, @tder mode 1A’ which
remains impervious to O-18 substitution for all thend lengths explored. In the perdeuterated
species, mode ¥3is the highest charactefN-O stretching frequency for a N-O bond distance of
1.26 A. For a N-O bond length of 1.29 A it is mdd#&\, and finally, for a larger bond length of
1.32 A, theuN-O stretching frequency is shared between modé¢ ai7d 18\ Interestingly,
mode 1&\' is insensitive to O-18 substitution regardlesshaf bond length for quinO while mode
19A’ is insensitive in quird;O, and reflects a deuteration coupling/decoupliiffgrence within

the molecule. Figure 2.2.15 shows some of thenabmodes that are most affected by a change
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rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3PA
[IrN-OJ| = 0.165 A [[rN-O]| = 0.139 A [[rN-©1.123 A
v=1459.15 cni v =1408.98 cil v=1397.76 cni
Av=10.72 crit Av=4.06 cnT Av=0.51 cnt
rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3200 A
[IrN-OJ| = 0.102 A [[rN-O]| = 0.189 A [[rN-©1.141 A
v=1364.93 cni v =1343.96 cil v=1323.36 cni
Av=3.01cnt Av=5.97 cnT Av=1.06 cnT
rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3200 A
[IrN-OJ| = 0.106 A [[rN-O]| = 0.159 A [IrN-©0.226 A
v=1235.68 cni v=1220.92 cit v=1180.07 cni
Av=4.48 cnt Av=9.19 cnT Av=9.45 cnt

rN-O = 1.2603 A rN-O = 1.2900 A rN-O = 1.3200 A
[IrN-OJ| = 0.054 A [[rN-OJ| = 0.083 A [[rN-©0.151 A

v=1102.67 cni v=1099.92 cit v=1087.51 cni

Av=2.16 cnt Av=3.51cnt Av=7.06 cnT

Figure 2.2.15. Affected/N-O modes for quird;O as the N-O bond length is modified.
Calculated frequencies are unscaled Ane V quind7o — Vauin-d7,180
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in bond length in quird;O.

Two of the out-of-plane modes in the low energyioegmodes 18" and 154", show a slight
increase to higher energy as the N-O bond lengtre@ses for both isotopomers, while mode

14A" is insensitive to N-O bond length.

Employment of the values obtained from the geomefpgimization yield extremely high
calculatedvN-O frequencies which do not satisfactorily expltie experimental observations.
The pyO molecule that yielded the best-calculatetbfobserved values was that for which the
N-O bond length was approximately 0.03 A greatantthe value obtained from the geometry
optimization. Based on this, the value of 1.290(A3 A larger than that obtained) was chosen
for the vibrational analyses of quinO and qdi®. With this N-O bond length, the highest
charactewN-O frequencies fall in the range where this vilorais expected to occur [19, 26, 55,
56].

The calculations provide a molecule with €§/mmetry and a total of 48 normal modes of
vibration; 33 in-plane modes & symmetry and 15 out-of-plane modesAdfsymmetry. Some

of the in-plane modes can be readily identifiedhwibe naphthalend; and naphthalené;
vibrations, especially the ring modes at high and énergy. However, a significant amount of
coupling is observed for those modes that displaigh C-H bend character. Many of these can
be obtained by means of linear combinations ohtqghthaleneh and naphthalené, modes.

The normal modes of quinO and quif® are shown in figures 2.2.16-2.2.18. Table 2.hédns
the experimental and calculated rescaled frequemtiined for these molecules. The spectra of

quinO, quin*®0 and quind;O are shown in figure 2.2.19.

2.2.3.1. In-plane vibrations

The C-H stretch vibrations occur as a medium iritgriend in the mid ir spectra of quinO and
quin-d-O. Figure 2.2.20 shows the labelling scheme addptetthis molecule, which will be used
during the discussion of the modes. The specttzothf quinO and quikO show a broad band
with shoulders in the 3100-3000 and 2300-2220" amgions respectively. The calculated
frequencies are very close to each other, and shigraments for these frequencies have been
performed on the basis of the calculated resultesg& vibrations largely occur independently in
either of the rings of quinO. Vibrations 1 andl Bceur exclusively in ring A while vibrations 4,
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Figure 2.2.18. Out-of-plane vibrations for quinO
(top 15) and quird;O (bottom 15).



Table 2.2.5. Experimental and calculated rescaksgliencies (in brackets) for quinO and qdi@,

showing naphthalengs; and naphthalends related modes. All frequencies in ¢m

Vibration  quinO naphthalends mode(s) quird;O  naphthalena&l mode(s) Vol Wy
A 1 3095 [3098] 2276 [2279] 0.735 [0.736]
2 3062 [3068] 2276 [2259] 0.743 [0.736]
3 3062 [3064] 2276 [2256] 0.743 [0.736]
4 3052 [3056] 2242 [2248] 0.735 [0.736]
5 3052 [3050] 2242 [2235] 0.735[0.733]
6 3052 [3044] 2242 [2235] 0.735 [0.734]
7 3010 [3033] 2242 [2221] 0.745[0.732]
8 1656 [1639] By 1596 [1588] By 0.964 [0.969]
9 1617 [1605] 3y 1557 [1552] 3y 0.963 [0.967]
10 1568 [1576] By 1530 [1517] By 0.976 [0.962]
11 1509 [1530] By 1455 [1464] By, 0.964 [0.957]
12 1450 [1447] B.45A44Bg, 1372 [1411] B3, 5A4B3, 4A, 0.946 [0.975]
13 1443 [1436] B3, 4A;4By 1352 [1358] B3, 5A44By 0.937 [0.946]
14 1398 [1416] 4A, 4By, 1321 [1327] By4By 0.945 [0.937]
15 1377 [1391] 4By 4By, 5A, 1305 [1296] 4y 4Bg, 4By, 0.945 [0.932]
16 1307 [1319] B,,4B3, 5B, 1261 [1253] #Ay4Bg, 0.965 [0.950]
17 1266 [1277] B2 5A;4Bs, 1169 [1179] By 0.923 [0.923]
18 1230 [1218] B, 5By 1074 [1065] Bg, 0.873 [0.874]
19 1208 [1205] B.45B3, 1013 [953] By 0.839 [0.791]
20 1179 [1148] B, 5B135Bg, 1027 [972] By 0.871 [0.847]
21 1136 [1120] B3, 6Ay 6By 823 [809] Bi57Ay6Bs, 0.724 [0.722]
22 1091 [1098] By 6By 843 [832] B,,6By 0.773 [0.758]
23 1057 [1067] @y 7Aq 875 [846] @, 6By 7Ag 0.828 [0.793]
24 1047*[1042] @By, 7Bsy 7Aq 783 [788] @3, 7Bs3y 7By 0.748 [0.756]
25 1014 [1010] Ay 7Bsy 773 [778] @y 7Bg, 0.762 [0.770]
26 866 [867] Big 741 [7147] 8.9 7Ay6Bg, 7By 7By, 0.856 [0.861]
27 795 [784] B 697 [713] 2u 0.877 [0.909]
28 725 [730] &y 681 [670] &g 0.939 [0.918]
29 582 [581] Bau 563 [555] s, 0.967 [0.955]
30 547 [552] B4 528 [528] By 0.965 [0.956]
31 491 [484] By 478 [469] By 0.973 [0.969]
32 482 [479] W 457 [456] Py 0.948 [0.952]
33 317 [327] B, 302 [313] By 0.953 [0.957]
* Shoulder.

T Value taken from references 19 and 26. A broauiimobserved at 1392 ¢rin the spectrum of quinO in this work.
T Taken from references 19 and 26; not observegéotra collected for this work.

aValues taken from spectra for [PtA(quin@Q)»and [PtA(quined,O)X,] derivatives, A = @H,, CO; X = CI, Br.
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Table 2.2.5. (cont.)

Vibration quinO  naphthalend; mode(s) quird;O naphthalenels mode(s) Vol Wy

A’ 1 965 [947] 1Bg 783 [792] 1By 0.828 [0.836]
2 917 [923] B, 755 [754] 1By, 0.811 [0.817]
3 883 [904] By 741 [741] Byy2By 0.839 [0.820]
4 868 [851] Bgy 721 [717] By 0.831 [0.843]
5 828 [834] A, 637 [628] A, 3Bg 0.769 [0.753]
6 767 [771] By, 626 [598] By, 0.816 [0.776]
7 767 [749] B3y 2By 748 [706] 3By 2A, 2By 0.975 [0.942]
8 740 [705] By 519 [514] B,y 3A, 0.701 [0.729]
9 628 [634] e 592 [579] By 3A, 0.943 [0.913]
10 564 [569] By, 4By 494 [496] By, 0.876 [0.872]
11 465 [464] Bgyy 412 [413] By 0.886 [0.890]
12 420 [424] By 373 [376] By 0.888 [0.887]
13 269 [273] By 252 [259] By 0.937 [0.949]
14 191 [185] A, 4By, 177 [177] 4, 4By 0.927 [0.957]
15 160 [151] B, 4A, 152 [149] 48B,,4A, 0.950 [0.987]

* Shoulder.

t Value taken from references 19 and 26. A broauiimobserved at 1392 ¢rin the spectrum of quinO in this work.
T Taken from references 19 and 26; not observegéotra collected for this work.

aValues taken from spectra for [PtA(quinQ)Xand [PtA(quind;0)X;] derivatives, A = GH,, CO; X = Cl, Br.

6 and A’ occur exclusively in ring B, with vibrations 2 d®A’ occurring in both rings. There is
greater interaction between the two rings in thetelated isotopomer as can be seen in figures
2.2.16 and 2.2.17. Consequently, the modes obtdinktino relation to the naphthalene modes
or the quinoline modes, as in these latter molactile C-H vibrations are shared between the H
atoms on both rings A and B. An attempt at expngsthese vibrations in terms of linear
combinations of the naphthalene fundamentals habeen done. This has been done, however,
for the fundamentals below 2000 tm

The high-energy ring vibrations, 8-A4] can be readily identified to the normal modesaited
for naphthalenel, and naphthalends. However, they are coupled vibrations and sligittations

in the direction of the displacements are notiddddes 3B,, and 3\ are close together in energy
in naphthalenel and in naphthalends, and strong coupling between the two modes isrobde
for the quinO and the quid;O vibrations on the lowering of symmetry. The dis@ment
diagrams for quinO and quiiO show that these modes occur predominantly a®Ahend
10A" modes, with &' more closely related to theA3 mode and 1A' to the 3B,, mode. This
inversion in the energy values for these modes alas observed for the quinoling-and
guinolined; systems.
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Modes 12-2A’ are extremely coupled, as can be seen from t@atiement diagrams shown in
figures 2.2.16 and 2.2.17 compared with figuresl2ahd 2.2.2. However, all of these modes can
be approximated by linear combinations of the naglehed, and naphthalends in-plane
vibrations. The lowering of symmetry frobyp, in naphthalene t€; in quinO allows for a mixing

of all internal coordinates to yield the in-plan@das, provided that these are close in energy.
However, an additional problem is posed by the faat the nature of the quinO molecule is
such, that there is a decrease in energytfer findamental vibrations in this molecule when

quinO

quin-d;O
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Figure 2.2.19. Mid and far ir spectra of quinO,mtfO (dotted line) and
quin-d-O showing the in-plane and out-of-plane (bold) fumentals.
Out-of-plane modesAl and 8A” in quinO, and A” in quin-d-O, are

shown in the spectra according to the calculatdgegaobtained.

compared to the naphthalene fundamentals. Thigasity be seen from the values obtained for
the ring vibrations at high and low energy, whick @& general, lower than those obtained for
naphthalen&h and naphthalends. As opposed to the normal modes obtained for djniealy
and quinolined;, where all of the in-plane fundamentals can bateel to naphthalene vibrations,
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the analysis of the quinO and quif® modes is highly complicated due to the fact tiwtall
naphthalene fundamentals occur in the same ordetbdth isotopomers. Hence, coupling
between different modes provide quinO and giyD-vibrations that may be related by some, but
not all of the naphthalene fundamentals occurning particular energy region for naphthalepe-
and naphthalends. Such is the case for the 4, 5, 6 ar, odes, which couple to other
vibrations occurring close together in energy. Thiggests significant deuteration decoupling on
isotope labelling.

Where possible, the modes in quinO and glid-have been assigned on the basis of the highest

number of naphthalene modes of similar symmetriydbaple to provide a given mode.

The coupling involves naphthalene vibrations witk two rings vibrating in phaséu, B,) or
out of phaseR,q, Bsy), hence linear combinations result in variousaybhase vibrations for the
quinO and quird;O systems, with the exception of high energy andeédoergy modes, such as
10A" and 27A'. The out of phase motion of the atoms in the higtoupled vibrations greatly
encumbers the assignment problem when comparetdetmaphthalend, and naphthalenés

vibrations.

He
|
Hon N g & M
| A B |
Hs/QTﬁ/CJQCS//OKHG
H4  H5

Figure 2.2.20. Labelling scheme employed for quinO.

Table 2.2.5 shows the naphthalene fundamentaltedeta the quinO and quithO vibrations.
Linear combinations of these modes provide modeas gheatly resemble those of quinO and
quin-d-:O. Modes at high and low energy are very closédataphthalene vibrations. However, a
certain degree of coupling is also observed fosghabrations.

Needless to say, the amount of coupling experiemtdtie quinO and quid;O systems will

generate considerable differences in théwy ratios obtained compared with naphthalene and
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guinoline, and assignment of fundamentals on theiskaf the ratios obtained for the frequencies
in related molecules would render rather futileutess

As can be seen from the values shown on table,&8rbe frequencies are either under- or over-
estimated in the calculations. This is particuldhly case for modes 20 and®in quinO and for
modes 12, 19 and 20 in quin-d;O. Although the proximity of the frequency values i
satisfactorily calculated, mode AZs over-estimated while 19 and ROare expected to occur at
a much lower energy than the one observed. Thisruestimation of the two latter modes occurs
consistently regardless of the bond length emplpyasd can be seen from figure 2.2.13.
Interestingly, calculations performed on the [Ptj@@inO)Br] system and its isotopomers
provide very accurate results for the frequencieseosed for the coordinated quinO and quin-
d-O molecules, and prove very useful to confirm tegignments here.

Modes 19 and 28 in quin-d;O were left out of the linear regression analysis anuch better fit

of all the remaining experimental to calculatedusesl was obtained. The rest of the experimental
values are in good agreement with the calculatdgesaalthough larger differences are observed
for the quinolineN oxide systems than the ones observed for naphthaled quinoline.

Modes 12 and 18 occur as one broad band centred at 1443 fanquinO. However, in dilute
samples of the compound the band is resolved wobands occurring at 1450 and 1443'cm
The same appears to be the case for modes 14 #haviiieh occur as one single broad band
centred at 1392 cm Thornton and Watkins [19, 26] report two values this band at 1398 and
1377 cni, which have been used in this work. Zeise’s sativdtives [PtA(quinO)X (A =
C,H4, CO and X = Cl, Br) show two strong absorptionghis region, confirming the existence of

two fundamentals that are close together in energy.

Mode 247’ has been assigned as a shoulder of the medi@msiity absorption occurring at 1057
cm® (mode 23). The calculated frequency for mode/&4s 1042 cni and is hence in good
agreement with the shouldea. 1047 crif. Calculations performed on the [Pt(CO)(quinQ)Br
system, show that mode AR3increases in energy while mode £4remains unchanged.
Furthermore, the spectrum for quinO between 1189 B0 crit shows five well defined
absorptions whereas six (modes 2@25are observed in the spectrum for the coordimatio
compound. This supports the fact that there arefamdamentals in the free ligand that occur
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very close to each other, which shift in energy badome well defined by changes brought upon
by coordination to a metal centre.

Mode 277’ has been assigned to the very intense absorptioarring at 795 ciin quinO and
the weak aborption at 697 &nn quin-d;O. Examining the displacement diagram for mode 27A’
of both isotopomers shows that the oxygen and gemoatoms are displaced in opposite
directions for quinO but in the same direction fuin-d-;O. This slight shift in motion would
account for a larger variation of the dipole momienguinO but quite a small one in quike.
Figure 2.2.21 shows the calculated magnitude ferdipole momenty, during both vibrations. It

is on the basis of the calculated values and tldysis of the dipole moment that this vibration
has been assigned. However, it must be borne id thiat a change in the dipole moment is not
the only factor to affect the intensity of an irsalption [61].
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Figure 2.2.21. Change in magnitude of the dipolen@at,,, during the 2A&’
vibration in quinO (solid squares) and qui¥® (open squares).

In attempting to ascribe a single fundamental tbegithe N-O stretch or in plane bend, as was
pointed out earlier, there is no single vibratisanf naphthalend, or naphthalenes which
being absent in the quinoline systems can be gsatifidel in the N-oxide systems. In fact, all
naphthalene fundamentals need to be employed &t tweexplain the quinO vibrations.
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2.2.3.2. Out of plane vibrations

The out-of-plane modes for quinO and qdi® are shown in figure 2.2.18. Assignments for
these modes and the relationship they hold to hapdrie vibrations is shown in table 2.2.5. Out
of the fifteen out-of-plane modes obtained for quiend quing;O, seven are almost identical for
both molecules. ModesAl and 10-15A" have been assigned on the basis of their siityldor
both molecules. The remaining modes experienceataitemount of coupling, especially in the
quin-d-O system.

Most of the quinO modes can be easily related eootht-of-plane modes for naphthalefyewith
subtle differences in the motion of certain atomisirgg from the change in the centre of mass of
the molecule. The assignment of the modes for duhis slightly more complicated, indicative
of increased coupling.

Neither of the quinO and quilO out-of-plane modes has been related to thevibration in
naphthalene. This mode extensively couples to so/rtfwat it cannot be identified as the primary

source of any one in particular.

With only three exceptions (modes 9, 10 and\}2all of the A” vibrations for quinO are
observed to occur at a lower energy than the qooreting naphthalendy vibrations that they
are related to. The situation is slightly similar fquind;O, except for the fact that the
naphthalenal vibrations are much closer together in energy thennaphthalend, vibrations,
and hence greater coupling is observed for the-di@nvibrations.

Analysis of the modes obtained for quinO shows thate are two normal modes, 6 aril’,7
which resemble the umbrella vibratioB:2in naphthaleneh. Both modes in quinO are expected
to occur close to each other and have been asstgrie very intense absorption at 767 'cm
The corresponding umbrella modeA”6 for quin-d;O, has been assigned to the intense
absorption at 625 ¢ although the calculated value for this vibratisrslightly lower. Mode
5A” in the perdeuterated analogue is observed &malder occurring ata. 640 cni

Three bands have been left unassigned in the nsigdeictrum for quird;O. These occur at 1650,

1237 and 1195 cth The first one is more than likely th&H vibration from HO in the

compound, and the latter two vibrations can bearpt as combination bands. The combination
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bands 24’ + 32A", 3A” + 10A” and 4A” + 8A” yield values close to 1237 ¢hwhile 26A" + 32A’
and J1A” + 11A” yield values close to 1195 ¢

Not all of the out-of-plane modes have been assigae these are either very weak intensity
absorptions or occur close to other intense onas rtlask them. The situation changes with
coordination compounds where a better definitiomhef bands is observed. These results will be

discussed in the corresponding chapter.

2.2.3.3. N-O vibrations

Calculated frequencies for the molecules ddd-and quind;'0 were compared to those
obtained for quinO and quityO in order to establish which normal modes havddtgest shifts
upon O-18 labelling. The results obtained are shiovtable 2.2.6, and are indicative of the N-O
vibrations, UIN-O, aN-O and, to a lesser extent, th-O vibration, being highly coupled to
several modes. The calculations and displacemagtatins suggest a need to revise the previous
assignment of all three vibrations. Unfortunatatyany of the bands in the spectrum of the

Table 2.2.6. Principal N-O vibrations in quinO jr@/quin‘?0 and quind-O , from their experimental ir
spectra and experimental and calculated shifts updr8 labelling.Av = Vyuino — Vquino-18 @Nd Vauingro —
Vauinaz1s-0. All values in cnf.

Mode quinO quinO/quin®®0  Avep AVge  QUINGO Al N-O vibration

13A 1443 1445 -2 1 1352 4 aC-D + WN-O coupled

15A 1377 1377 0 3 1305 6 aC-H/D + WN-O coupled

16A' 1307 1306 1 0 1261 3 wing +aC-D + WN-O coupled
17A 1266 1265 1 15 1169 9  IN-O coupled

18A 1230 1228 2 0 1074 3 aC-H/D + W-O coupled

19A' 1208 1207 1 2 1013 1 aC-H/D + WN-O coupled

24N 1047 1047 0 2 783 0  wing + aC-H + aN-O coupled
26A’ 866 866 0 3 741 1 wuing + vN-O coupled

28A 725 724 1 5 650 3 wuing + UN-O coupled

20A 582 581 1 5 563 4 wing + aN-O coupled

30A 547 547/541* 6 6 528 6 aN-O coupled

3IA 491 492/486* 6 4 478 4 ving + aC-H/D + aN-O coupled
32A 482 482 0 4 457 5  wuing + aC-H/D

33A 317 317/309* 8 7 302 6 uing

13A” 269 266 3 3 252 3 JN-O coupled

148 191 192 -1 0 177 0 ying

15A” 160 158 2 2 152 2 ping (butterfly mode)

* Shoulder.
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quinO/quin*®0 mixture show small shifts @fa. 1 cm'. The richness of the vibrational spectrum
and the mixed isotopomers possibly masks the appearof a second band that could be
attributed to the O-18 sensitivity necessary iredatning the three principal N-O vibrations.This
is regrettable since other spectroscopic evideasepheviously been argued to suggest alternate
identification of the principle N-O stretch [55,,683] in the range 1220 to 1260 ¢rand in the
range 1300-1340 ¢

The W-O vibration is observed to occur in the 1250 cragion in pyridineN-oxide (pyO) as
was discussed previously. It is a very coupled miodgquinO and quird;O, but calculations
indicate it occurs predominantly as modeAlfor both isotopomers. Identifying theN-O
vibration to the band at 1230 ¢rfmode 18&\), and based on the protonation sensitivity ofngi
and quine;O reported by Ghersett al.[62, 63], Thornton and Watkins [26] postulatect tte
N-O stretch would be a more pure vibration for #tieisotopomer. The present assignment and
calculation indicate otherwise.

Experimental observations and calculated shiftsnu@18 labelling for quird;O are in
agreement with mode A7 as the highest characteN-O vibration observed for this molecule,
but this is not the case for quinO. ModeAl8a coupled ring/C-H bend according to the
assignment carried out in this work) occurringcat 1230 cnt in quinO and mode ¥
occurring at 1169 ctin quind-O have been previously considered [19, 26] as eaupM-O
vibrations on account of the shifts induced by bgdn bonding. However, mode A8s one of

the calculated O-18 insensitive vibrations in quim€pardless of the bond lengths explored. As
can be seen from table 2.2.6, theexperimental values obtained for the quinO/qi@-mixture

are too small to allow for unambiguously attribgtithese to lower energy shifts produced by
isotopic labelling. More so, due to the fact thanixture was obtained, it seems reasonable to
assume that only those bands where splitting oafpipearance of shoulders is observed can be
treated as O-18 sensitive vibrations, such asathierlenergy modes 30, 31 andA3ZEvidence is
hence lacking in order to render the calculatiomd/@r bond length utilized as inadequate. The
possibility exists as well that proton and metaldirig studies bring about a change of coupling
within the molecule that would hence limit theimpdipability to the assignment problem for the
free ligand. It is possible that modes 17 and\'l&e inverted in the assignment performed for
quinO. If the trend towards lower energy obsenadifiode 1A’ as a function of increasing N-O
bond length is maintained, then it can easily bensttom figure 2.2.12 that a crossover is

expected to occur changing the order of the assgtsrfor these bands.

89



Mode 33\' occurring atca. 320 cni for quinO had been previously assigned to éie-O
vibration on the basis of its shift upon H-bondnfiation [19, 26]. The band is indeed O-18
sensitive as a shoulder occurring at 309" ésnobserved in the far ir spectrum of the O-168-1
quinO mixture as can be seen in figure 2.2.19. Hewealthough the calculations indicate a large
shift upon O-18 labelling, analysis of the normaldes obtained reveals that the motion of the N
and O atoms in this vibration occurs in the samection (the same occurs for modeA3@hich

is also O-18 sensitive) indicative of an in-plarenth. Based on the displacement diagram, the
aN-O vibration is calculated to occur at a highegfiency, and has been assigned principally to
mode 3@’ in both quinO and quibO. Mode 2%’ shows O-18 sensitivity as well, but less than
mode 3@\'. The latter mode has a large degree Bf;&haracter from naphthalene, and this is
present in a lower frequency mode,A31for both quinO and quikO, indicating extensive
coupling of the in-plane N-O bend.

TheyN-O vibration, had been previously assigned [19,t@8he low energy out-of-plane mode
occurring in the 170 cthregion. Although the band shows O-18 sensitivitgde 13\ shows
that both the O and N atoms are displaced in thees#rection, and is thus a better description of
the butterfly mode of quinO. Modes 13 andAl4how a displacement of the N and O atoms in
different directions, but the shift upon O-18 Idingl is negligible for the latter mode and 3tm
for the former. Mode 18’ has hence been assigned as the pringiNaD vibration. It occurs as

a very weak intensity band in the far ir spectrunguinO and no clear differences are observed
in the spectrum for the O-16/0-18 quinO mixture.

The present calculations suggest that in largedfusey systems of low symmetry, the use of
isotope labelling studies needs to be interpretaticipusly. In a highly coupled system the
largest isotopic shift may not indicate the primtipure vibration of interest, but might rather
represent an associated vibration, as reflectetthénbehaviour of butterfly mode A5at 170
cm™. In addition, it appears that neither the homdcyphrent not the heterocyclic analogue of
fused ring systems represent a suitable basisdmitet the spectrum of the substituted system.

2.2.4. Naphthalene related molecules

Regarding the question raised as to whether a fsatles can be developed for substituted
naphthalenes as that developed by Varsanyi andeSeokubstituted benzenes [29], calculations
were performed on quinoling-oxide’s isoelectronic analogue 1-fluoronaphthaleke analysis

of the displacement diagrams obtained showed teatiodes obtained are very similar to those
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obtained for quinO and so are not presented heremlains to be seen what differences occur
when in a series of substituted naphthalenggii&, where X = F, Cl, Br, I, the substituent
increases in mass and electrons. The results ebtaim this work, show that future such
assignments must proceed with extreme cautioheasibrations for each of the systems may be

extremely different due to the extent of couplingdrent to the system.

Vibrations for 1-substituted naphthalene molecu@si,X, where X = F, NH, OH, CH;, are
expected to be quite similar to those obtainedtlier quinO systems and are worth exploring
further.

As regards the assignments performed on the 8-kyduinoline molecule by Srivastaw al

[51], these were done by direct comparison to thiealine fundamentals. It seems extremely
likely that the vibrations obtained for the 8-hyxyquinoline compound will be more related to
those obtained for quinO or for 1-fluoronaphthaletian those obtained for quinoline, which

very much resemble the naphthalene system.

2.3. Zeise’s salt derivatives

Olefin and carbonyl compounds with Pt(ll) have begtensively studied ever since Zeise’s salt,
K[Pt(C,H4)Cl3], was obtained in 1825 [64]. Coordination of etmg, olefins, and CO to Pt(ll)
has allowed for a large number of derivatives tptepared with many different ligands [14, 65-
74].

Zeise's salt derivatives [PtfB4)LX ;] form a wide variety of compounds depending onrtatire

of L. The following discussion will focus mainly dhose ligands L which bind monodentately to
the Pt(Il) atom, as those are the object of thegrestudy. These compounds, in whéhC,H,
coordination is observed, are usually considerestjaare planar tetra-coordinated but can also be
viewed as exhibiting a trigonal bipyramidal geomeétithe ethylene unit is considered to bind via
both carbon atoms. As such, the ethylene carbathsh@ndonor atom from the L ligand constitute

the equatorial plane while the X atoms are axiatiynd.

Bonding in these compounds has been described byt @hterms of ao-type bond from the
olefin filled rrorbital to the vacant orbitals in the metal, imjemction with 77backbonding from
the metal to ther antibonding orbital in the olefin [61]. The exteof 7zbackbonding is

dependent on the oxidation state of the metal emodmes significant for lower oxidation states
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as would be expected due to an increase in eledeosity in the metal atom. In Zeise’'s salt

derivatives, ther-bonding scheme is widely accepted to be predomiieat

Substitution of ethylene by CO vyields in most cadbke tetra-coordinated [Pt(CO)LX
derivatives, where a square planar geometry isrebde A schematic representation of these
compounds is shown in figure 2.3.1.

>|< >|<
L—P "/ L—Pt—C=0
X X

Figure 2.3.1. Zeise’s salt derivativeésns[PtALX ;], where A = GH,4, CO.

n>CH, derivatives with L = substituted pyridines haveeyously been prepared and
characterized by single crystal XRD studies. Thenpounds [Pt(gHs)LCl;] where L = 4-
methylpyridne, 4-cyanopyridine [75] and 2,4,6-trttndpyridine [76] all show Pt-N and Pt.8,
bond lengths which are equal within levels of aacyr Bonding of the ligand L in these
compounds has been explained in terms of baihd 7zbonding due to the fact that the pyridine

systems are goortacid ligands which can accept electron densitgpnftbe metal centre [75-77].

A study of compounds of the type [PitG)(4-R-py)X;] performed on a series of eleven
compounds with different R substituents, yieldedlifferences in thexC=C stretching frequency
or the Pt-GH, bonds as observed from spectroscopic data [75, 78], This apparent
independence of theC=C stretching frequency to the nature of substitut ligands has also
been observed in substituted pyO Zeise’s salt devies [20]. This apparent independence is due
to the extensive vibrational coupling betwa&P=C anddCH, of the ethylene system and led to
the use of the summed percentage shifts ofreC anddCH; as a rough estimate of double
bond character [77, 78].

In the compounds where L = 4-@Hyridine, 4-CN-pyridine and X = CI [75] changesear

observed for thePt-N stretching frequencies, with a lower frequenbgerved for the electron

92



withdrawing 4-CN group, as would be expected. Thetselies have been extended to other
systems to allow for a better understanding of blmnding occurring in the Zeise's salt

derivatives.

For a given series of [Pt(olefin)L&Icompounds where the donor atom in the ligand Is wa
varied, it could be established that thensinfluence increases in the order O < €N, with a
lowering in the mean frequency value of thet-C, and viPt-C, observed for increasing basicity

of the donor atoms in L [77].

Meester,et al. studied the'*C nmr shifts of GH, and CO shifts for compounds of the type
[PtALX,], where A = GH4, CO; L = 4-R-py and X = CI, Br [78]. They were abtb find a
correlation between the Hammetf parameters for the R substituents on the pyridysems
and both they*C(C,H,) and thed *H(CH.,).

For the carbonyl derivatives, it was observed thatCO stretch and°*C(CO) are R-dependent.
The more electron-withdrawing the R substituentsobee, the VCO stretching frequency
increases and a larger upfield shift is observéese€ results have been explained in terms of an
increase in thezbonding ability of the 4-R-py ligands as R becomese electron-withdrawing,
which in turn debilitates therPt-. CO backbond producing a highe€O stretching frequency
and a larges**C(CO) upfield shift [78].

In a study of fifteen substituted Zeise’s salt iarilderivatives, [Pt(&14)(R-an)C}] performed by
Thornton and co-workers [73], an increase4dRt-G, vPt-G, LC=C andPt-N was observed for
electron-releasing groups whereas a marked lowainfe frequency values was obtained for
electron-withdrawing groups. The properties of Bhsubstituent are transferred to the N donor
atom in the aniline system and contribute to bettBt-CGH, backbonding and Pt-NM~bonding

the more electron enriched the Pt atom is.

Further studies on [PtA(R-an)BK(A = C,H,, CO) systems performed by Thornton’s group [79]
confirmed the trends observed previously (with élxeeption of\C=C which seems impervious
to a change in R). For the carbonyl derivativesingrease in theft-CO frequency and a well
defined, albeit subtle, trend towards lower frecuies for LCO was observed as the substituents

vary from electron-withdrawing to electron-releasin
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Thetrans effect that theracid donors have on the Pt(ll)-halide moiety aidar coordination of
donor atoms that will not bind to the Pt(ll) atottherwise. In this way, it was observed that
oxide coordination to Pt(Il) did not occur whenaqueous solution of JPtCl,] was stirred with
pyridine N-oxide (pyO). Howevertrans coordination of this ligand is observed immediatel
when the ligand is stired with K[Pt{84)Cl;] due to the labilizing effect than®C;Hs

coordination has on the halide thatrensto it [20].

The structure of the|2—C2H4 and CO Zeise’s salt derivatives with aromatioxide ligands is
shown in figure 2.3.2. The fact that in these coamuis, the Pt-O-N angles are very close to 120°
allows for the Pt-O bond to be considereg-bond with very littleszzbackbonding character as is
the case with the aniline derivatives of Zeise'# §20]. The angle of 120° is accepted as
evidence ofsp” hybridization of the oxygen (the two lone pairseaf which forms the dative
covalent bond to the platinum, plus the bonding, paith the third lone pair in p-orbital for 72
interaction with the pyridine ring). However, foretal to ligand backbonding to occur the planes
of the M-O-N and pyridine ring should be coincid§1].

Figure 2.3.2. Structure for Zeise’s salt derivagif@tALX],
where A = GH,4, CO and L = aromatibl-oxide ligand.

Studies performed on Zeise’s salt derivatives withstitutedN-oxide ligands, show very little R
sensitivity on the spectroscopic properties of tbmpounds. Decomposition temperatures vary,
and there is no trend that can be related to #mrehic properties of the substituents employed
[20]. As is the case with most of thg-C,H, compounds prepared, th&€=C frequency is

impervious to substituents in thd-oxide systems [20]. This is not the case for caybo
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derivatives, where a very marked trend to loweqdiencies is observed for t€O stretching
frequency for electron-releasing subtituents ondhlestituted pyO systems, as is also the case
with the substituted aniline systems [73, 79].

No conclusions have been drawn as regards®€® frequency for these substituted derivatives
as the frequency for this vibration has not be¢abdished with certainty. It has been assigned by
several authors [19, 20] as a weak shoulder ocayea. 323 cn, but this band has been shown
to be insensitive to R-substitution in the pyO eys. Other assignments have mistakenly
identified pyO low energy ring vibrations for thé’t-O frequency [19, 21]. The assignment
confusion has been compounded by the wide acceptaficShindo’s characteristic N-O
frequencies, which have been shown to be erronddis

2.3.1. Crystal structures ofN-oxide Zeise's salt derivatives

Despite the fact that [PtALX (A = C,H4, CO; L =N-oxide; X = ClI, Br) systems have been
studied extensively, very little information is kmo regarding their crystal structure. In fact, a
search performed on the CSD up to June 2003 showsrystal structures for Zeise's salt
derivatives with N-oxide ligands. The crystal structure of the cagbocompound [Pt(CO)
(4-CHO-pyO)Cl] has been reported [20] previously.

Table 2.3.1. Crystallographic data for [Pi{z)(pyO)CL] and [Pt(CO)(quinO)Bi

trans[Pt(C;H4) (pyO)Ch] trans-[Pt(CO)(quinO)Bs]

empirical formula C/H,CI,NOPt C10H7BraNO,Pt
Fw 389.13 528.08
crystal system monoclinic triclinic
space group Cai (no.5) P-1 (no.2)
a(A) 18.391(4) 8.2115(16)
b (A) 6.7850(14) 8.3089(17)
c(A) 8.5432(17) 9.4738(19)
a (deg) 90.000 85.140(3)
S (deg) 112.460(3) 74.010(3)
y (deg) 90.000 81.900(3)
V (A3 985.2(4) 614.5(2)

VA 4 2

Dearca (GCM?) 2.6235(11) 2.8539(9)
temp (K) 193(2) 193(2)

A (Mo Ka) (A) 0.71073 0.71073

4 (Mo Ka) (i) 147.36 179.02
min-max 2/ (deg) 7.68-56.58 6.74-56.56
R 0.0243 0.0287
WR 0.0541 0.0623
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The crystal structures of the compounds [REXpyO)CL] and [Pt(CO)(quinO)Bf have been
obtained in this work and will be discussed infibiowing section. Crystal structure parameters,
bond lengths and angles, and average isotropitadsment parameters for both compounds are
shown in appendices 1 and 2. Crystallographic fieitthe compounds obtained is shown in table
2.3.1.

2.3.1.1.Crystal structure of [Pt(GH4)(pyO)Cl;]

The structure and labelling scheme for the [R#(XpyO)CL] compound is shown in figure 2.3.3
and packing in the unit cell is shown in figure .2.3Selected bond lengths and angles for the
compound are shown in table 2.3.2.

The compound forms discrete molecules in which drdimation to the Pt(Il) atom is observed.
The structure is better described as having andabbipyramidal geometry where the trigonal
plane is defined by the*-bound GH, molecule and the oxygen atom from the pyO ligand a
the Cl atoms are axially bound to the metal cerfree Pt(ll) atom lies —0.0764 A below the
plane defined by C(6), O(1) and C(7). The Pt-Catlises are of 2.1117 and 2.1150 A respectively
for the Pt(1)-C(6) and Pt(1)-C(7) bonds with thersést distance of 2.0178 A from the Pt(ll)

cLt

Figure 2.3.3. PLATON [81] drawing of [Pt{8,)(pyO)CkL]
showing the labelling scheme employed for the atoms
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Figure 2.3.4. PLATON [81] drawing of the packing of
[Pt(CH4)(pyO)ChL] molecules in the unit cell.

Table 2.3.2. Selected bond lengths (A) and bondear{gegrees) for [Pt¢El4)(pyO)Ch]. Relative error in
distances 0.0002 A, absolute angle error 0.03 dsgre

Pt(1)-C(6) 2.1117 CI(1)-Pt(1)-CI(2) 178.95
Pt(1)-C(7) 2.1150 Pt(1)-O(1)-N(1) 120.52
Pt(1)-CI(1) 2.2914 CI(1)-Pt(1)-O(1) 85.15
Pt(1)-CI(2) 2.2835 CI(2)-Pt(1)-0(1) 93.88
Pt(1)-O(1) 2.0474 CI(1)-Pt(1)-C(6) 90.93
C(6)-C(7) 1.3910 CI(1)-Pt(1)-C(7) 90.01
O(1)-N@) 1.3672 CI(2)-Pt(1)-C(6) 90.12
C(6)-Pt(1)-C(7) 38.43 Cl(2)-Pt(1)-C(7) 90.75
Pt(1)-C(6)-C(7) 70.92 C(6)-Pt(1)-0(1) 161.00
Pt(1)-C(7)-C(6) 70.66 C(7)-Pt(1)-0(1) 159.64

atom to the double bond, which would reflect thbond length . As can be seen from table 2.3.3,
the Pt-C bond distances in the pyO compound gghtklishorter than those observed for Zeise's

salt and othen?-C,H, derivatives.
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The Cl atoms are axially bound to the Pt(Il) atomd @are at basically 90° angles to the trigonal
plane defined by the ethylene moiety and the oxyem.

The O(1) - Pt(1) - N(1) bond angle of 120.52° iggood agreement with othikoxide structures
[20] obtained, and the angle between the pyriding system and the trigonal plane of the
molecule defined by C(6), O(1) and C(7) is 59.34°the compound is described as square
planar, then the angle between the pyridine rirgjesy and the plane defined by CI(1), O(1) and
ClI(2) is close to 90° (83.42°), similar to that ebsed in the carbonyl derivative with 4-
methoxypyridineN-oxide (87.5°) [20].

Table 2.3.3. Selected bond lengths (A) and anglegrées) fotrans[PtALCl,] compounds. Values in
brackets for the compound with A =K, and L = pyO are the calculated values for the rojztd
geometry arrived at by DFT calculations (sectich2.3).

Bond distance/ A =C,H, A=C,H, A=C,H, A=CO A= CHa
Angle L=Cl L =4-Me-py L=4-CNpy L=4-MeO-pyO L =pyo

[64] [75] [75] [20]
Pt-C1 2.14(2) 2.16(2) 2.13(4) 1.74(4) 2.1117 [2.1399]
Pt-C2 2.16(2) 2.14(2) 2.19(3) 2.1150 [2.1383]
Pt-X1 2.296(3) 2.290(5) 2.302(7) 2.26(3) 2.28339P9]
Pt-X2 2.296(3) 2.295(4) 2.302(7) 2.25(3) 2.2918¢50]
Pt-L 2.335(6) 2.05(1) 2.06(2) 1.99(2) 2.0474 [22118
N-O 1.35(3) 1.3672 [1.3357]
Ci1-c2 1.37(3) 1.32(3) 1.35(4) 1.3910 [1.4071]
C1-Pt-C2 37.2(8) 35.6(7) 36.4(12) 38.43 [38.40]
X1-Pt-X2 178.5(2) 180(14) 180(21) 178.1(3) 178.234.48]
Pt-O-N 120(1) 120.52 [119.35]

a Relative error in distances 0.0002 A, absolutdeartyor 0.03 degrees.

The observed Pt-O bond of 2.0474 A is slightly lenghan that of 1.99(2) A for the CO
derivative with the 4-MeO-pyO derivative. Within perimental error, N-O bond distances in
both systems are similar as is shown in table 2.3.3

2.3.1.2. Crystal structure of [Pt(CO)(quinO)Br,]

The structure and labelling scheme for the [Pt(@QNO)Br] compound is shown in figure
2.3.5, and packing in the unit cell is shown irufig 2.3.6. Selected bond lengths and angles are
shown in table 2.3.4. The compound has a squareplgeometry with the Pt(ll) atom lying
0.0236 A below the plane defined by the Br(1), Be@d O(1) atoms. The CO ligand is bound to
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Figure 2.3.5. PLATON [81] drawing of [Pt(CO)(quin&}]
showing the labelling scheme employed for the atoms

Figure 2.3.6. PLATON [81] drawing of the packing of
[Pt(CO)(quinO)Bg] molecules in the unit cell.
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Table 2.3.4. Selected bond lengths (A) and bondear{gegrees) for [Pt(CO)(quinO)YRr

Pt(1)-C(1)
Pt(1)-Br(1)
Pt(1)-Br(2)
Pt(1)-0(1)
C(1)-0(2)
O(1)-N(1)
Pt(1)-C(1)-0(2)

1.823(5)
2.4240(7)
2.4242(7)

2.045(3)

1.131(6)
1.361(4)

178.2(4)

O(1)-Pt(1)-C(1)
P1(1)-O(1)-N(1)
Br(1)-Pt(1)-Br(2)
O(1)-Pt(1)-Br(1)
O(1)-Pt(1)-Br(2)
Br(1)-Pt(1)-C(1)
Br(2)-Pt(1)-C(1)

176.53(16)
118.5 (2)
178.83(3)
93.94(9)
85.71(9)
89.34(14)
90.99(14)

the Pt(ll) atom at a distance of 1.823(5) A witRt1)-C(1)-O(2) bond angle of 178.2(4), and is
slightly below the plane formed by Br(1), Br(2) aGql) with the C(1) and O(2) atoms lying
0.0106 and 0.0262 A below the plane, respectivighe Pt-CO bond is basically at 90 degrees to
the coordinated bromide atoms.

The Pt-O bond distance of 2.045(3) is slightly lenghan that observed in the [Pt(CO)(L)X
compound with L = 4MeO-pyO and X = CI [20], but d&n to that of [Pt(GH4)(pyO)Ch]
obtained here. The N-O bond distance for the quig€em of 1.361(4) A is similar to the pyO
system. The Pt(1)-O(1)-N(1) angle is of 118.5(2) #re angle between the quinoline ring system
and the plane of the molecule is of 87.40 degresih, the aforementioned planes defined by
C(2)-N(1)-C(10) and Br(1)-O(2)-Br(2).

Table 2.3.5. Selected bond lengths (A) and anglegrées) for [Pt(CO)L¥ compounds. Values in
brackets for the compound with A = CO, L = quin@ ah= Br, are the calculated values for the optadiz
geometry of the stable structure arrived at by BE&[Eulations (section 2.3.1.3).

Bond [Pt(CO)CE cis[PtAX,] cis[PtALCIl; cis[PtAX]* trans[Pt(CO)LBK,]
distance/ L=Cl A=L=CO A=CO A=L=CO L = quinO
angle X =SOsF L =PPh3 X =Br
[72] [82] [82] [83]
Pt-C 1.82(1) 1.897(13§ 1.858(7) 1.86(4}, 1.88(3F 1.823(5) [1.8459]
Pt-L 2.289(3) 1.868(13) 2.282(2) 1.96(6), 1.89(5) 2.045(3) [2.1075]
Pt-X1 2.294(4) 2.024(9) 2.343(2) 2.417(4), 2.416(4) 2.4240(7) [2.5223]
Pt-X2 2.290(4) 2.022(8) 2.276(1) 2.411(45, 2.417(45 2.4242(7) [2.5391]
C-O 1.12(2) 1.103(16) 1.114(8) 1.12(4), 1.12(4) 1.131(6) [1.1447]
1.130(17) 1.06(5), 1.17(5)
Pt-C-O 178(2) 178.3(11) 175.6(7) 177(4), 179 (3) 178.2(4) [177.95]
176.6(12) 178(4), 176 (3)

* Two crystallographically independent units aresetved in the unit cell for the compound.
a CO and X atomsransto each other.
b Cl atomtransto CO.
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From tables 2.3.3 and 2.3.5, bond distances andesanfpr [Pt(GH.)(pyO)CkL and
[Pt(CO)(quinO)Bg], are typical of those observed for related conmpisu It is interesting to note,
in the carbonyl compound with L = 4-MeO-pyO, the@bond distance is slightly shorter than
those for compounds with pyO and quinO, reportaeé.hdowever, this difference is very small,
and must be related to the presence of the elemtteasing substituent (4-MeOQ) on the pyridine
ring. This would contribute a greater electron dgrig the system, favouring a strongebond
between oxygen and Pt(ll). The 4-MeO-pyO compouxkibéts the shortest observed Pt-CO
bond length at 1.74(4) A.

2.3.1.3. Molecular modelling

Attempts to model the [PtALX systems (where A = £l,, CO; L = pyO, quinO; X = Cl, Br) by
means of molecular mechanics using semi-empiriethads were performed using Cerius2 and
the universal force field (UFF). However, althoubk results obtained in the vibrational analyses
for the N-oxide ligands coordinated to the Pt(ll) centre wal@able, this is not the case for the
vibrations for the A ligands (especially theHz system) nor for the Pt-A, Pt-L and Pt-X
vibrations. All of the latter vibrations are oveigsted in their wavenumbers, by up to 100 cm
in some cases, and attempts at matching the cedduland observed frequencies proved

redundant.

DFT calculations performed on the [PtAEDSystems were carried out at the B3LYP level bg us
of a pseudopotential employing the basis set LACMBr Pt(Il) and 6-31G** for the remaining
atoms. Geometry optimizations of the moleculesistudo not always yield the geometry that
has been established for these compounds by mdaKsray diffraction studies. However,
several geometries explored yield stable moleduleghich vibrational analyses provide all real
frequency values. Such is the case for the PPLQyO)ChL] and [Pt(CO)(quinO)Bi systems,
which are shown in figures 2.3.7 and 2.3.8 respelsti Knowledge of the crystal structure for
these compounds allows for modelling of these gystey constraining the distance between two
atoms and allowing for a geometry optimization nder to arrive at calculated structures that
resemble those observed by XRD studies (structdioe both compounds modelled). This was
done for the aforementioned systems by constraitiiegdistance between one of the X atoms
and one of C atoms from the aromafioxide ring systems. Using the labelling schemenshim
figures 2.3.3 and 2.3.5, the [Pt€)(pyO)ChL] was optimized subject to the constraint of a 3.52
A distance between the CI(2) atom and the C(5) atotine pyO ring system, while the constraint
of a 4.44 A bond distance between the Br(1) atoththe C(9) atom in the quinO ring system
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was used for [Pt(CO)(quinO)Br Both distances were calculated from the cootémabtained
by the crystal structure studies performed. Intergly, both of the calculated
[Pt(CH4)(pyO)CH] structures yield all real frequency values, witiies was not the case for the
quinO system. A vibrational analysis performed tacture | for [Pt(CO)(quinO)B} subject to

the constraint yielded one imaginary frequency @aiuhile the geometry for structure 1l yielded

Structure | Structure Il

Figure 2.3.7. Stable conformers obtained by DF€udations for [Pt(GH4)(pyO)Ch].
Both structures yield vibrational analyses withralll frequency values. Structure |
resembles the one obtained by means of XRD stadigsvas obtained by means
of one distance constraint.

Structure | Structure Il

Figure 2.3.8. Stable conformers obtained by DF€udations for [Pt(CO)(quinO)B}. Both
structures yield vibrational analyses with all risatjuency values. Structure | was
obtained by means of geometry optimization sulifieone distance constraint followed
by another geometry optimization removing the a@ist, and resembles that
obtained by means of XRD studies.



all real frequency values. Removal of the constréim structure | subject to an additional
geometry optimization yielded a stable structurthail real frequency values. A comparison of
bond distances obtained between structures | arfdrithe [Pt(CO)(quinO)Bi compound,
showed small variations in bond lengths and andtesvever, the different geometries for the
compounds yield noticeably different vibrationabses, especially in the low energy region.

The problem posed by the existence of several lmiaima in the potential energy surface for
both the [Pt(GH)(pyO)CL] and [Pt(CO)(quinO)Bi compounds can be easily overcome with
structural evidence from crystallographic studies.

Comparison between the experimental and calculdtedd distances and angles in the
[Pt(CH4)(pyO)ChL] and [Pt(CO)(quinO)Bt compounds and the standard deviation between
observed and calculated values is shown in figare®-2.3.12. Selected calculated bond lengths
and angles are included in tables 2.3.2 and ZI3d calculated bond lengths and angles obtained
for structures | of the [Pt#El,)(pyO)CL] and [Pt(CO)(quinO)Bi compounds were used in the
comparison of the experimental bond lengths obtaineXRD studies.

As can be seen from figures 2.3.9-2.3.12 and asdigasissed in the previous chapter, the N-O
bond length is consistently under-estimated in htbth calculations for the ligands and the
coordination compounds. For both compounds modethesl bond distances between the Pt(ll)
atom and coordinated ligands are slightly ovemested, with the largest differences observed
for the Pt-X and Pt-O bonds. The trend to ovemeste M-L bond lengths, has been previously
reported for calculations performed at the B3LYRele However, they are a significant
improvement to calculations performed by HartreekRmethods, where differences of 0.1-0.3 A
between experimental and observed bond lengthssaialy obtained [84].

The over-estimation in the Pt-L, Pt-A and Pt-X bsrehd the under-estimation of the N-O bond
length in the ring systems has an important effetthe calculated vibrational frequencies. This is
particularly noticeable in thePt-X vibrations, which are calculated at lower gies as will be

discussed in section 2.3.2.8.

Attempts at modelling the [Pt(CO)(pyOYkystem by substituting the CO ligand for thgHg
ligand, and allowing for a geometry optimizatiorelgied, in all cases explored, optimized
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geometries with at least one imaginary frequendyeiaThis was observed whether distances
were constrained or not, when using both the optithigeometries obtained for the calculated
and stable (all real frequency values) [BHE(pyO)CL] compounds. The results obtained are
interesting in that, of all Zeise's salt derivatvprepared in this work, it is the pyO carbonyl
derivatives that are the less stable and undergofast decomposition to platinum oxide. More
so, chloride derivatives seem to be less stabletti@bromide ones. The quinO carbonyl systems
are considerably more stable, and it is worth roamig that both geometries explored for the
[Pt(CO)(quinO)Bg] compound, provide vibrational analyses with ellirfrequency values.

Geometries for the other Zeise's salt derivativexlefled are expected to be quite similar to
those obtained by the XRD studies performed ancuzted by means of the use of constraints.
Hence, geometry optimizations for the compoundsrevtreo crystal structure information is
available, were performed by substituting the Xnsoor the A ligands in the stable structures
obtained by means of one constrained distancefemdving the constraint and allowing for a
geometry optimization. The results obtained shoat the optimized geometries resemble those
obtained for the constrained compounds, and these used in the vibrational analyses for these
compounds. The fact that a band to band correspoerds obtained for the mid and far ir spectra
for all the [Pt(GH4)LX ] and [Pt(CO)LX] compounds, further supports the assumption tat t

compounds are isostructural for a given L and X =1(Br.

Previous knowledge of the crystal structure alldersa positioning of the ring systems such that
they resemble the compound studied in the soligk sTéhe importance of structural information
obtained from XRD studies cannot be over-statgue@ally when performing a vibrational study
where slight variations in geometry lead to sigaifit changes in the low frequency region, as

will be discussed in the following section.

2.3.2. Vibrational spectra of Zeise’s salt derivaties

Vibrational spectra of Zeise’s salt derivativestAPX 5], where A = GH,;, CO; L = N-oxide
ligand and X = ClI, Br; have been extensively stddiethe past [14, 19-21, 77, 85]. Perhaps the
most detailed studies on these systems have bededcaut by Thornton and co-workers, where
studies were systematically accompanied by deiger&belling of theN-oxide systems [14, 19,
21, 85]. A revision [19] of the previous assignnseperformed on the pyO derivatives [14, 85]
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shows that many of the fundamentals in this systame been incorrectly assigned, as they have
been based on the assignments for the N-O vibsatioren by Shindo [5, 59], which have been
shown to be in error [11]. Furthermore, althougéréhexist several works that have assigned the
UWPt-O stretching vibration in the low energy regitme frequency for this vibration has not been
absolutely established, and the possibility of igemt coupling for this mode has been
suggested [19, 21].

The current aim of this study is to provide exteasiabelling of the Zeise's salt derivatives
[PtALX 3] where A = GHa4, C,D4, CO and®*CO; L = pyO, pydsO, py-°0, quinO, quind;O and
quin%0; and X = Cl and Br. Mid and far ir spectra andrRRa spectra have been recorded for all
the compounds prepared (with the exception of [PH{Tpy-?0)Br,] where only ir spectra were
recorded). The labelling studies and the DFT catonhs performed on the ligands and the
coordination compounds and their isotopomers, afiomna much better understanding of these

systems.

2.3.2.1. Calculated frequencies

Vibrational analyses were performed for the geoi@etobtained by means of DFT calculations
as has been mentioned previously. The fact thatdigble geometries are obtained for both
[Pt(C:H4)(pyO)CEL and [Pt(CO)(quino)Bi is worth discussing further, as regards the
information provided by the vibrational analysesfpened.

A comparison between the frequency values obtdimeloth pairs of structures shown in figures
2.3.7 and 2.3.8 shows that the ring vibrations caleulated at similar values for both systems
with only minor differences observed in the 160@-60ri" region. Important changes that are
geometry dependent are observed in the low energipn, where coupling is observed for
different ring modes and Pt-A, Pt-L and Pt-X viliwas as will be discussed below.

2.3.2.2. [PtA(pyO)X] systems

The compounds modelled ha@e symmetry and vibrational analyses for the [RHJ(pyO)X,]
compounds and their isotopomers yield real frequeratues for all 57 fundamental vibrations
obtained. Although most of the ring vibrations agpén the same order for the different
geometries obtained in the optimization processnes@rossovers are observed which are

geometry dependent.



The low energy region is strongly geometry depehdsrwould be expected, and changes in the
geometry of the compounds produce noticeable clsingbe extent of coupling observed for the
Pt-A and Pt-L vibrations. For structure Il shown figure 2.3.7, thevPt-CH, and vPt-O
vibrations are calculated as extremely coupled atibns in the [Pt(gH,)(pyO)ChL and
[Pt(C.H.)(py-"20)Cl,] isotopomers, with the higher frequency vibratimaving morevsPt-GH,
character and the lower one having ma#et-O character. Calculated frequencies for the
[Pt(C:D4)(pyO)CL] isotopomer show that this coupling is lost and frequencies are inverted,
with the lower frequency predominant uPt-O character vibration increasing in energy while
VsPt-GH, decreases. The coupling is similarly lost for fpgC,H.,)(py-dsO)Cl;] isotopomer and
the wPt-GH, occurs at a lower value than that calculated Bt(GH4)(pyO)CL] and
[Pt(C.H.)(py-"20)Cl,], and theuPt-O vibration also occurs at a lower frequencyasffect of

perdeuteration.

The significant coupling calculated for the low eme Pt-A and Pt-L modes for structure |l
provides different values farPt-CH,4 and 1Pt-O for each of the isotopomers. This situatioasdo
not explain the experimentally observed trend, witee vPt-GH, vibration is seen to occur at
the same frequency value for the [RHIGLX ;] compounds and is shifted to lower energy upon
C.D, labelling without a noticeable difference occugriior the other vibrations observed in this
range. However, the experimentally observed resatts in excellent agreement with the
‘vibrational analyses performed for the isotoponfiersstructure | as shown in figure 2.3.7. The
VsPt-GH, and Pt-O vibrations are calculated as uncoupled moalealff isotopomers, and match
the experimental values satisfactorily. The chaifean adequate geometry seems to play a
fundamental role when performing vibrational anesygor those modes occurring in the low
energy region, and isotopic labelling and crystalture information are an invaluable tool in
the assignment problem, as well as in the evalnatiadhe performance of the calculations.

For reasons stated previously, the calculated &equ values employed were those for the
structures obtained that resemble those showgimefi2.3.2 (structure I; figures 2.3.7 and 2.3.8),
as XRD studies for the compounds are consistefit thigsse geometries. More so, due to the fact
that the carbonyl derivatives are prepared by gukien of GH, by CO, it seems reasonable to

assume that minor changes will be observed forcwdonyl compounds as regards their

geometry.
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Optimized geometries for [Pt(CO)(pyOjXcompounds yield vibrational analyses with at feas
one imaginary frequency for X = Cl. The symmetry fioe compounds explored & and 45
fundamental vibrations were obtained. The calcdlftequency values for the pyO and Pt-X, Pt-

L vibrations are consistent with those obtainedtli@ ethylene system and have been used as an
aid in the vibrational assignment for these compgisun

2.3.2.3. [PtA(quinO)Br;] systems

Geometry optimizations and vibrational analysedgoered on the [Pt(@H4)LBr;] Zeise's salt
derivatives provide stable molecules with symmetry and a total number of 75 fundamental
vibrations with all real frequency values. The gssient for the quinO derivatives is based on
the calculated frequencies obtained for the modetiable [PtA(QuinO)Bf (A = C,H4 CO)
compounds and their isotopomers.

Both structures obtained (where A = CO) hale symmetry and a total number of 63
fundamental vibrations. An interesting inversiorthie order of the quinO vibrations, perhaps the
most noticeable of all changes brought upon byaag in geometry, occurs in the high energy
VC-H region, where modes 1A7(as previously assigned for the quinO system)da&ined in
the same order as the ligand for structure I, lotifor structure Il (figure 2.3.8). Calculate€-H
frequency values for structure Il order them asuoieg in the sequence 2,1, 4, 3,6,5aAd 7
This order inverts theC-H vibrations observed predominantly for ring Athre quinO ligand
(modes 1, 3 and/ as shown in figure 2.2.16), with those that ocptedominantly on ring B
(modes 2, 4 and/) for the stable [Pt(CO)(quinO)BJr system modelled (structure I, figure
2.3.8). This inversion is not observed for struetur

It is also worth mentioning that theC-H displacements are observed to occur in botysrin
although the trend in the coordination compounderidarger displacements to be predominant
in one ring over the other, in line with that ohveef for the free ligand.

Coordination also brings about changes in coupliithin the ligand that affects some of the
modes obtained in the very sensitive region in Wwhite N-O vibrations occur, as is to be
expected from the considerations in the previowsiae regarding variations in the N-O bond
length.



The pyO and quinO vibrations have been classifismb@ing to the nomenclature used in the
previous sections. Discrepancies to this nomeneatill be discussed in detail below.

The observed and calculated frequencies obtainethéo[PtALX;] (where A = GH,4, CO; L =

pyO, quinO and X = CI, Br) systems and the corregjpy assignments are shown in tables
2.3.6-2.3.12. Due to their relative instabilityetiRaman spectra for the some of the carbonyl
derivatives (particularly for the pyO derivativetjow fluorescence and the quality of the spectra
was not always good. The frequencies listed as Rdmads are those that could definitely be

interpreted as such.

2.3.2.4. GH, vibrations

The assignment for the,B4/C,D, vibrations follows that used by Watkins and hiswarkers
[19, 21] that were based on the normal coordinatdyais performed on Zeise’s salt, as cited
therein. The following discussion will focus mairdy the pyO derivatives, for which thetg
bands are more easily observed than in the quis@rmg. One difference between the previous

assignments and those determined in the presektisitiie reversal of the assignmentupfand

Vs.

The vC-H frequencies are weak intensity bands in thepé@ctra for the ethylene derivatives and
overlap with thevC-H(pyO/quinO) bands. The only band that is absetiie LIC-H stretch region
for the GD, derivative is at 3014 cm(11) and it is observed in both the ir and Raman spédot
the [Pt(GH,)(py-dsO)X;] derivatives.

Two weak intensity bands ef. 3100 and 3080 ciare observed in the Raman spectrum for the
[Pt(CHJ4)(py-dsO)X;] derivatives. They appear in the ir spectrum feg tompound as extremely
weak absorptions as well. These have been ass@medand v, respectively according to the
calculated values and are in agreement with theegabbserved for Zeise’s salt [19, 21]. In the
spectra for the pyO compounds, both absorptionsveagked by the very intens€-H(pyO)
absorptions at 3106 ¢h{1A;) and 3082 crf (2A,).

The most intenseC-D Raman band for the;B, derivatives is observed at 2226"c(m/1), as

would be expected for a symmetric C-D stretch.
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Table 2.3.6. Experimental and calculated rescaksgliencies for [PtALG] compounds (A = gHy, CDy;
L = pyO, pydsO. Raman values are shown in parenthesis. Valusguiare brackets are calculated shifts to
Iowler energy expected upon O-18 labelling of py@hm coordination compound. All frequency values in

cm-.
A= C2H4 A= C2D4 A= C2H4
L = pyO L =pyo L = py-dsO Assignmerit
exp. calc. exp. calc. exp. calc.

3106* 3109 2334 (2335f 2318 | 3097 (3097) 3117 VC-HID (vs)

3106 3106 3106 (3105) 3101 2317 (2317) 2322 | Ai(20a)

3082 (3083) 3107 3082 (3084) 3100 2317 (2317) 2319 | 1B, (20b)

3082 (3083)* 3090 2287 (2281) 2312 3083 (3081) 3101 | vC-H/D (w)

3082 (3083) 3077 3082 (3084) 306p 2307 2297 | A1 (2)

3062 (3061) 3071 3062 3063 2307 2288 B, @b)

3051 (3049) 3060 3051 (3050) 3052 2297 (2296) 2275 | 3A;(7a)

3036 (3034) 3036 (3036) 3036 (3035) not assigned

3014 (3013) 3009 2226 (2226) 2208 3014 (3014) 3020 | vC-H/D (1)
(2990) 3007 2195 (2196) 2179 @99 3017 VC-HID (1))

1613 (1612) 1620 1613 (1611) 1619 1571 (1569) 1571 | 4A; (8a)
(1599) (1600) comb. band
(1580) 1577 1576 (1578) 1576 1545 (1546) 5381 B, (8b)

1503 (1504) 1512 953 (952) 962| 1505 (1504) 1504 | JCHYD, (1)
(1495) 1473 (1494)  147p 1384 @)38 1356 8, (19b)

1471 1468 1471 (1471) 1467 1349 (1349) 1341 | A, (39a)

1414 (1414) 1431 1056 1067 1414 (1414) 1424 | &H,ID, (V1)

1327 1325 1327 (1323) 1324 1038 1034 B; 8)

1258 1275 1257 (1257) 1278 1249 (1249) 1259 | B, (64)

1232 (1232) 1227 1340 (1340) 1334  1232(1232) 1221 | vC=C (1)

1192* 1205 953 (952) 970 1189 1199 | pCHJ/D; (1)

1192 (1192) 1203 [9] 1192 (1192) 1203 | 1140 (1137) 1160 [13] A&(13)

1168 (1172) 1167 [5] 1168 (1172) 1166 870 (871) 75B] 7A. (93)
(1156) 1155 (1157) 1154 845468 845 B, (15)

1095 1096 comb. band

1072 1082 1072 1082 830 820 B,§18b)

1049 (1047) 1051 10291049) 1051 | 855 856 [3] | /8(18a)

1030 756 (754) 771 | 1010 (1010) 1026 | wCH/D5 (1)

1027 (1029) 1026 1028 (1029) 1026 987 (986) 982 | 9A;(12)

1010 (1009) 1024 804 (805) 818 1010 (1010) 1020 | wCH4/D, (Vg

1010 (1009) 987 1010 (1010) 987 818 817 B2(5)

979 978 707 | 978 974 1CH,/D, (Vs)

966 955 955 801 (801) 780 Aid(17a)

944 924 944 (944) 923 653 (654) 654 B2 (10b)

826 (825) 838 [16] 826 (826) 838 763 (763) 71712] 1007 (1)

836 836 674 658 /2 (10a)

815 (817) 831 (620) 614 818* (823) 828 LPCH,/D, (V1)

781 779 781 (781) 779 | 783 (782) 782 B, Bl1)

727 (729) 765 523 (523) 567| 727 (729) 762 | 1CH,/D, (V1)

679 (678) 676 679 (679) 676| 547 (549) 550 [3]| 4B, (4)

639 (641) 652 640 (641) 652 613 (614) 624 B, (®b)

574 (574) 577 [12] 574 (575) 577| 562 (562) 2§H] | 11A;(6a)
(559) 557 (562) 550| 511 (510) 499 [8] B, (16b)
(542) (547) comb. band

510 (511) 496 467 (469) 462 511* (510) 496 VaPt-GH4/D; (tilt)

451 456 [13] 452 453 | 438 439[13] | 1@, (9b)
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Table 2.3.6. (cont.)

A= C2H4 A= C2D4 A= C2H4
L = pyO L = pyO L = py-dsO Assignmertt
exp. calc. exp. calc. exp. calc.
427 (427) 424 399(408) 408 428 (427) 426 VPt-GH4/D,
421 422 423 422 371 A3(16a)
400 402 [12] 400 402 381 (382) 386 [9] | Pt-O
346 (345) 335 344 (344) 335 346 (344) 336 VaPt-Cl
338 (335) 315 335 (335) 316 339 (334) 317 VsPt-Cl
326 326 326 comb. band
227 (220) 222 [1] 215 (219) 221 203 (204) 206 B, @7b)
(213) 209 196 (199) 199 215 (215) 218 Pt-GH4D,
196 193 167 202 196 Pt-GH4/D>
172 (169) 176 171 (169) 177 169 (169) 178 ¢CI-Pt-Cl
150 (151) 154 150 (151) 153 (148) 156 7CI-Pt-Cl
144 148 141 148 142 149 ¢CI-Pt-O
121 (120) 114 121 (121) 113 121 (117) 116 70-Pt-G
84 88 89 89 92 90 coupleddandr
53 54 53 56 skeletal vibrations
33 34 36

* Masked by pyO absorption

T Masked by gH, absorption

¥ Band overlaps with pyO overtone or combinationcdba
* Shoulder

0 Wilson mode and ethylene mode in parenthesis.

A weak intensity absorption at 2990 ¢mabsent in the ir spectra, is observed in the Rama
spectra for the [Pt(El)LX ] (L = pyO, py€dsO; X = Cl, Br) compounds. This band is absent in
the spectra for the D, isotopomers and appears as a weak intensity aisoat 2196 cm in
both the ir and Raman spectra. It has been askigne@odev;;. The ethylene modeg and vy,
correspond to the/CH,/D, (Raman active) and,CH./D, (ir active) modes respectively in
Zeise’s salt. Although both absorptions are welad relative intensity ofs in the Raman spectra
for the GD, isotopomers is noticeably greater than thatfier The situation is reversed in the ir

spectra for these compounds, supporting the assigtsnmade.

The &CH, (1) absorption is a weak intensity band occurring%a5 cnf in the ir spectra of the
[Pt(C:H4)LCI;] compounds, where L = pyO, mkO. As has been pointed out previously [19, 61],
this scissors mode couples significantly to t#&=C (v5) mode and the vibrations obtained by

means of the calculations performed show thatdheid energy frequency4) band in the gH,



Table 2.3.7. Experimental frequencies for [PtA{JBIA = C;Hs, C:Ds L = pyO, pyO/pyiO, pydsO)

compounds. Raman values are shown in parenthdbsfseduency values in cth

A=CH, A=CH, A=CD, A=CH, Assignmerit
L = pyo L = pyO/py*%0 L = pyo L = py-dsO
3103 3103 3103 (3102) | 2315 (2316) 1A, (20a)
3103* 3103 (2330) 3090 (3091) VC-H/D ()
3079 (3080) 3079 3079 (3080) 2315 (2316) B, (R0b)
3079 (3080)* 3079 (2274) 3076 (3075) VC-H/D (1)
3079 (3080) 3079 3079 (3080) 2304 AL22)
3059 3061 3059 2304 B2 (7b)
(3047) (3047) 2293 (2293) A 87a)
3036 (3034) 3033 3034 (3023) 3033 (3032) notassi
3010 (3010) 3009 2222 (2222) 3010 (3009) VC-H/D (1)
(2987) 2192 (2192) (2987) VC-H/D (1)
1612 (1610) 1611 1611 (1610) 1568 (1568) A Ba)
(1598) (1598) comb. band
1575 (1577) 1575 1577 (1577) 1544 (1546) B, @b)
1504 (1502) 1505 939 (935) 1505 (1502) CH,/D, (1)
1495 (1495) 1497 (1495) 1382 (1381) B, @9b)
1470 1468 1470 (1472) 1348 (1350) A1%19a)
1413 (1413) 1413 1055 1413 (1413) CH,/D, (V1)
1325 (1328) 1325 1325 (1321) 1038 B1%3)
1257 1259 1257 1248 B6 (14)
1230 (1230) 1229 1338 (1338) | 1229 (1230) VC=C (1)
1190* 1189* 953 (951) 1188187) PCHA/D, (V)
1190 (1183) 1189 1189 (1183) | 1134 (1133) 8, (13)
1164 (1168) 1165 1164 (1168) 871 (871) A7(9a)
1156 A, (9a) 0
(1155) (1155) 842 (844) B.715)
1093 1093 1093 (1097) comb. band
1068 1068 1068 (1072) 831 (833) B,§18b)
1048 (1048) 1048 1047(1047) 853 8, (18a)
753 (752) WCHa/D5 (1)
1026 (1029) 1026 1026 (1029) 986 (986) A9(12)
1008 (1009) 1008 802 (803) 1010 (1010) WCHa/D5 (V)
1008 (1009) 1008 1007 (1009) 817 (818) Bi (5)
(981) (691) 978 ICH,/D, (V4)
951 789 (791) 1, (17a)
939 (935) 939 939 (935) 651 (652) B, 210b)
824 (824) 823 824 (824) 762 (763) AQ(1)
802 16\ (1) 0
849 (849) 672 A (10a)
817~ (818) PCHA/D; (V1)
778 (777) 776 778 (780) 778 (777) B,811)
726 (729) 726 521 (521) 726 (728) 1CH,/D; (119)
676 (678) 676 676 (675) 559 (560) B4(4)
640 (640) 639 640 (640) 610 (613) B9 (6b)
586 (588) not assigned
572 (574) 572 572 (572) 546 (549) Al(6a)
559 11, (6a) *°0
(558) (560) 506 (506) B416b)
507 (506) 505 460 (465) 507* (506) VaPt-GH4/D: (tilt)
444 436 447 474 108, (9b)
424 (427) 423 (405) 424 (424) VPt-CH4/D,
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Table 2.3.7.(cont.)

A=CH, A=CH, A=CD, A=CH, Assignmerit
L = pyo L = pyO/py*%0 L = pyo L = py-dsO
(394) 3A, (164)
396 396 396 376 (376) w0
388 WwPt0
330 329 comb. band
280 comb. band
252 (254) 251 250 (250) 252 (254) VPt-Br
216 (221 217 (226) 215 (214} 6B, (17b)
(221) 217 (220) 215 (214) ViPt-Br
201 200 203 (206) 203 Pt-GH4/D,
187 (188) 167 1Pt-GH4/D>
140 (140) 141 142 (140) 143 (137) Br-Pt-Br
116 (116) 117 (114) 117 (117) Br-Pt-0
(84) 91 90 (84) (84) 7Br-Pt-Br
(70) 80 79
74 73

* Masked by pyO absorption
T Masked by gH, absorption

a Masked by Pt-Br intense absorption.

b Broad band centred at 391 ¢nThe values given are for the beginning and eni@peak observed.

» Shoulder.

0 Wilson mode and ethylene mode in parenthesis.

derivative contains morgC=C character while the high energy mode is a @l@CH, + 1C=C

mode. TheyC=C (5) mode occurs at 1340 ¢min both the ir and Raman spectra for the

[Pt(C.D4)(pyO)X;] derivatives as a very weak ir absorption and diom intensity absorption in

the Raman spectra and is only slightly couplech®edCD, mode, indicating some deuteration

decoupling. The correspondinCD, vibration (%) is observed at 953 ¢mfor the GD,

compounds as a strong intensity absorption in g spectra.

The asymmetric scissoring modeCH: (V12), is @ medium intensity band in the ir spectratfar

C,H4 compounds occurring at 1414 ¢rand extremely weak in the Raman spectra. It stufts

1056 cnit in the ir spectra for theD, isotopomers and is absent in the Raman spectihdop

compounds.
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Table 2.3.8. Experimental and calculated rescategiencies for [PtALG] compounds (A = CO®CO; L
= pyO, pydsO). Raman values are shown in parenthesis. Valusguare brackets are calculated shifts to
lower energy expected upon O-18 labelling of pyGhia coordination compound. The calculated values
are for the transition state geometry obtained with imaginary frequency value. All frequency valire

cm?.
A=CO A="CO A=CO
L =pyo L=pyo L = py-dsO Assignmernt
exp. calc. exp. calc. exp. calc.
3135 3117 3134 3101 | 2337 (2336) 2326 1A;(20a)
3110 (3102) 3116 3109 310( 2337 (2336) 2322 B, (20b)
3084 (3083) 3085 3084 (3083) 3069 2310 (2310) 2300 | 2A1(2)
3067 3080 3067 3063 2300 (2297) 2291 B, @b)
3056 (3054) 3068 3055 (3050) 3052 2275 (2272) 2278 | 3A; (7a)
2109 2102 2107 2110 (2100) 2101 ICO
2056 2059 2058| 2056 T ole)
2009 Vecto
1614 (1613) 1614 1614 1618 1571 (1569) 1573 | A;(8a)
1561 1573 1558 1577| 1548 (1548) 1541 | B, (®Bb)
1467 (1495) 1471 1386 1357 B1419b)
1474 1464 1473 1470, 1353 (1353) 1346 [1] A, 89a)
1329 1321 1329 1324) 1040 (1037) 1035 B, 8)
1246 (1242) 1273 1246 1275 1248 1263 | B;@4)
1187 (1186) 1204 [10] | 1191 1207 1144 (1142) 1166 [1 6A; (13)
1173 (1173) 1166 [4] 1172 (1171) 1169 875 (875) 77 B] 7A. (93)
1155 (1155) 1152 1155 (1155) 1155 843 (843) 846 B, (75)
1095 1094 comb. band
1069 1079 1069 1081 830 (830) 822 B, 818b)
1053 (1046) 1049 1053 1057 859 (859) 859 [3]] A;@8a)
1026 (1027) 1023 1026 (1027) 1026 989 (988) 984 A (82)
1004 987 1003 990 818 (820) 820 B.15)
965 955 965 958 | 788 784 Ad(17a)
935 (936) 926 935 929 657 (657) 657 [2]| B, 2L0b)
830 (832) 839 [16] 830 841 765 (766) 775 [10] 10A; (1)
837 839 677 661 A2 (10a)
777 779 777 781 | 782 (784) 785 B,311)
669 (678) 676 669 677 (560) 561 [4]| B.{)
640 (641) 650 641 (640) 652 613 (614) 625 B (8b)
599 (599) 582 [9] 597 583 | 575 (576) 570 [10] 1Ad(6a)
580 579 [11] 575 577 | 507 (503) 497 [6] B, (16b)
523 (519) 531 525 | 517 (517) 517 WPt-CO
523 (519) 520 [1] 512 510 | 532 (534) 538 Pt-CO + B,
508 (505) 507 [2] 493 495 507 (503) 509 TPt-CO
438 447 [11] 437 447 | 416 (420) 431[12] BLE9Db)
421 418 422 369 371 A3 (16a)
412 (407) 411 [11] 412 412 | 392 (388) 394 [8]| WPt-O
353 342 353 (344) 343 352 343 VaPt-Cl
340 (340) 318 (339) 319 335 (339) 319 VPt-Cl
224 (224) 224 224 (223) 225 210 (209) 215 B, (&7b)
(196) (192) not assigned
162 (162) 169 (162) 169 158 (162) 169 Cl-Pt-Cl
153 (153) 148 151 (154) 149 150 (152) 148 JXCl-Pt-C
132 140 131 141 131 141 Cl-Pt-Cl
121 (117) 123 121 (119) 124| 128 125 XI-Pt-O
106 106 [1] 104 107 | 106 (113) 107 skeletal
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Table 2.3.8. (cont.)

A=CO A="CO A=CO
L =pyo L =pyo L = py-dsO Assignmernt
exp. calc. exp. calc. exp. calc.
84 84 84 84 81 84 coupleddandrr
47 43 43 54 50 skeletal vibrations
13 13 41 43

* Masked by pyO absorption

T Masked by CO absorption

¥ Band overlaps with pyO overtone or combinationcdha
* Shoulder

+ JPt-CO + B, for py-dsO derivative.

i Rescaled imaginary frequency.

0 Wilson mode in parenthesis.

Two CH, rocking vibrations,oCH, (s and vyg), are calculated for the coordinated ethylene
molecule. A weak intensity absorptiom) is observed at 1189 ¢hin the ir spectra for the
[Pt(C:H4)(py-dsO)X;] compounds. This absorption is masked in the kbthir and Raman
spectra for the [Pt(l4)(pyO)Xz] compounds by pyO absorptions occurring in the(0t1800
cm® region. A weak intensity absorption, absent in #pectra for the $; compounds, is
observed at 952 chin both the ir and Raman spectra for thddLCisotopomers. It has been

assigned tas in the GD, derivatives.

The second rocking vibratiomo, occurs at 817 cthas a weak intensity absorption in both the ir

and Raman spectra for the [P#G)(py-dsO) Xz compounds. It is masked in the pyO derivatives

by the intense pyO absorption at 826 'cfh0A,). It is observed as an extremely weak absorption
occurring at 620 chin the Raman spectra for thellG derivatives.

Two out-of-plane wagging vibrations/CH, (17 and 15), are calculated as coupled vibrations for
the GH, derivatives. Onel) is calculated as occurring lower than thg @tar of David) pyO
absorption and the other ong)(as occurring higher. No band was observed lohen the 8y
absorption in either the Raman or ir spectra fer@H, compounds. The medium intensity band
in the ir spectra at 1010 ¢hwhich shifts upon €D, substituion to 804 cihhas been assigned to

the 15 wagging mode which is ir active in the free ligaBath absorptions are observed in the
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Table 2.3.9. Experimental frequencies for [PtAYJEA = CO,CO; L = pyO, pydsO) compounds.
Raman values are shown in parenthesis. All frequeattes in crit.

» Shoulder

A=CO A="Co A=CO Assignmerit
L =pyo L =pyo L = py-dsO
3127 3126 2323 1A, (20a)
3107 3108 2323 B, (20b)
3080 3080 2312 2. (2)
3066 3065 2295 B (7b)
3054 3053 2274 A (7a)
2102 2101 2100 ICO
2050 2052 2052 ico
2004 et
1614 1612 1568 A4 (8a)
1558 1561 1546 B (8b)
1385 8, (19b)
1473 1473 1351 /A (19a)
1328 1329 1040 B (3)
1257 1258 1249 B (14)
1189 1191 1150,1143 A6 (13)
1170 1170 875 A, (9a)
1154 1155 841 B, (15)
1092 1093 comb. band
1066 1067 831 B, (18b)
1052 1054 858 /8 (18a)
1026 1026 989 (988) A9 (12)
1000 1000 820 (825) Bt (5)
964 966 787 A, (17a)
932 932 652 B, (10b)
829 829 765 18, (1)
673 2, (10a)
773 773 779 B, (11)
667 668 562 4B, (4)
640 641 613 B, (6b)
594 591 569 14, (6a)
577 572 495 5B, (16b)
520 517 517 WPt-CO
520 508 535 Pt-CO + B,
510 495 524 (522) 7Pt-CO
437 436 416 1B, (9b)
418 422 3, (16a)
408, 400 407,399 382 WPt-0
256 256 257 V,Pt-Br
228 225 214 B (17b)
212 214 (216) vPt-Br
133 135 133 (138) Br-Pt-Br
122 122 122 (120) Br-Pt-0
103 103 98 7Br-Pt-Br

+dPt-CO + B, for py-dsO derivative.

0 Wilson mode in parenthesis.



Table 2.3.10. Experimental frequencies for [PtALCA = C,H,4, C:D4; L = quinO, quind;0) compounds.
Raman values are shown in parenthesis. All frequealues in cit.

A=CH, A=CDy A=CH,y Assignmertt
L = quinO L = quinO L = quindO
2335 (2335) 1A
3083 (3088} 2335 (2333) 3084 (3084) VC-HID (1s)
3109 (3112) 3110 (3112) 2316 (2318) P\
3067 2322 (2322) 3064 (3063) VC-HID (1)
3109 (3112) 3110(3112) 2316 (2301) 2
3092 (3088) 3084(3090) 2300 (2292) A
3067 3060 (3060) 2290 (2270) A5
3067 3060 (3060) 2293 (2283) g
(3061) (3060) 2266 (2270) AT
(3015) (2218) 3034 (3044) VC-HID ()
3007 (3003) 2185(2185) 3003 (3010) VC-HID (117)
1621 (1621) 1621(1621) 1601 (1601) 8
1607 (1604) (1602) 1560 (1563) A9
1515 (1516) 1515(1516) 1460 (1460) 1A
1588 (1586) 1588(1586) 1543 e
(1516) 952  (950) 1509 (1495) CHA/D, (1)
1457 (1458) 1457 (1458) 1310 14A'
1451 (1444) 1451 (1444) 1363 (1364) 13A’
1417 (1416) 1058(1057) 1417 (1415) CHAD, (V1)
1397 (1397) 1397 1307 (1306) A5
1379 (1380) 1379(1380) 1383 (1383) (13
1325 (1325) 1325(1325) 1263 (1263) 1A
1271 (1271) 1270(1272) 1132 (1133) X
1226 (1225) (1222) 1224 (1224) VC=C (5)
1225 (1225) 1227 (1228) 1009 (1009) 18
1211 (1213) 1211 1071 (1070) A8
(1190) (950) 1199 OCH,/D, (Vo)
1170 (1171) 1170(1171) 1021 (1022 208
1148 (1149) 1148 (1149) 844  (845) A21
1148 (1149) 1148 (1149) 876 (876) A22
1088 (1091) 1088(1090) 876 (876) 28
1046 (1040) 1046(1044) 832 (833) 24
(1040) 805" (804) 1027 (1037) @WCH,/D, (1)
1027 768 (767) 1021 (1022) WCH,/D; (Vg)
1013 (1018) 1016 (1017) 832 (833) 28
996 (992) 995 (992) 812 (814) A
(984) 703 (971) TCH2/D; (Vs
(984) 990 (982) 789 (789) 3
963 (962) 964 (962) 770 (771) 2
937  (936) 937 654 (658) A5
876 (876) 876 (876) 789 (789) A6
876 (876) 876 (876) 758  (757) A4
(824) 812 (814) OCH,/D, (V10)
805 (804) 805 (804) 629 (631) A6
805 (804) 805 (804) 723 (724) 7
769 (773) 768  (767) 749  (750) A7
(751) 540 (543) (750) ICH,/D, (V19
(751) 541 (548) 8"
724 (723) 724 (724) 682 (682) A8
627 (631) 626 (632) 609 (611) A9
589  (590) 589 (589) 571 (571) A29
575 (573) 575 (573) 513 (515) A0
547  (544) 547  (543) 528 (526) A30
504 (507) 505 (506) 490  (490) A31
461 11A”
517 (515) 475 (471) 513(515) VaPt-CH4/Dy
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Table 2.3.10. (cont.)

A=CsH,y A=CyD, A=CsH,y Assignmertt

L = quinO L = quinO L = quindO

476 (478) 475 (481) 449(452) 32A

454 (455) 454 (454) 408 A2

431 (428) 415 (410) 430 (428) VPt-GH 4D,

390 (391) 389 (390) 359 (361) VPt-O

346 346 345 V,Pt-Cl
(340) (341) (339) vPt-Cl

319 (319) 319 (319) 305 (307) 33A

249 (253) 248 (253) 234 (234) 13A”

210 (210) 200 209 (210) Pt-GHy/Dy

195 (195) 195 (195) 183 (180) 14A”

195 (195) 195 (195) Pt-CH/D,
(178) 171 (171) 168 (167) J&CI-Pt-Cl

151 (151) 151 (151) 151 (148) 7CI-Pt-Cl

151 (151) 151 (151) 138 (140) A5

141 140 132 J&CI-Pt-O

130 126 121 7O-Pt-G

98 100 105 coupleddandrr

72 71 skeletal vibrations

53

* Masked by quinO absorption
1 Masked by gH, band
* Shoulder

0 Ethylene mode in parenthesis

C.D, analogue as two weak intensity bands in both theand Raman spectra of the
[Pt(C.D,4)(pyO)X,] compounds at 804 ¢h(vs) and 756 cm (14). The v, absorption could not be
seen in the spectra of thgHG derivatives, as is also the case for Zeise's[$4]t The calculated
value obtained in this workJ{030 cn) places it very close to the value obtained byicleb

inelastic neutron scattering (nis) studies (102d)cm

The coordinated ethylene torsional madeappears in the ir spectra for theHz derivatives as
an extremely weak absorption at 9807t is observed as an extremely weak absorptidooih
the ir and Raman spectra for [P4G)(pyO)Br,] at ca. 690 cnit'.

A weak intensity absorption at 729 ¢nim both the ir and Raman spectra for [BHQ(pyO)CH]
and which is absent in the;[@,; analogues has been assigned to thé, @rsional modevys,

which shifts to 523 cihfor the GD, analogues.

The Pt-GH, vibrations will be discussed in the Pt-L section.
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Table 2.3.11. Experimental and calculated resdadéegiencies for [PtALBj (A = C;H4, CD4; L = quinO,
quinO/quin*®0, quind-O) compounds. Raman values are shown in parenth¥sisies in brackets are
calculated shifts to lower energy expected upor8Q@abelling of quinO in the coordination compouAdl.

frequency values in ch

A=CH, A=CH, A=C)D, A=CH,
L = quinO L = quinO/ L =quinO L = quind;O Assignmerit
quin®0
exp. calc. exp. exp. calc| exp. calc.
3149 3140 3149 (2331) 2339 A
3086 (3086) 3134 3084 2343 (2343) 2340 3086 (3085) 3136 | vC-H/D (vs)
3106 (3106) 3101 3106 (3106) 310p 23@B06) 2306 A
(3070) 3117 (3071)| 2329 (2327) 2334 307D7® 3120 v C-H/D (vo)
3106 (3106) 3103 3106 3103 (3106) 3108 23Q30¢) 2305 -\
3086 (3086) 3086 3084 (3085) (3083086 2295 (2292) 2294 A
3077 3074 3077 3079 3075 2273 (2273) 2276 | A 5
(3070) 3070 (3071) (3071) 3071 2279 (2280) 2279 A'6
(3062) 3063 (3062) (3062) 3064 2273 (2273) 2267 A7
3035 2222 (2219) 2228 3034 (3037) 3037 | vC-H/D (n)
3008 (3007) 3033 3008 2192 (2187) 219p 308807) 3036 v C-H/D (1)
1622 (1621) 1619 [3]| 1621 (1621) 1620 (1621619 1600 (1599) 1591 A8
1602 (1600) 1589 1604 (1603) 1602 (1601) 15881565 (1563) 1556 Vi)
1588 (1586) 1583 1587 (1586) 1588 (1586) 2158 1543 (1540) 1544 0
1516 (1515) 1517 1516 (1511) 1516 (1516) 15161460 (1460) 1457 ik
(1515) 1511 (1511) 95658 958 1509 (1510) 1509 ACH,/D; (1)
1458 (1459) 1452 1458 (1459) 1458 (1459) 14511310 1312 [1] 1A
1442 (1443) 1444 1449 (1445) 1445 (1443) 14441363 (1364) 1356 »
1420 (1420) 1436 1419 (142Q0) 1060 (1061) 1068L420 (1419) 1434 CH,/D; (v12)
1394 1392 1393 1393 1398 1305 (1304) 1299 A 15
1380 (1381) 1375 1380 (1381) 1380 (1381) 13751384 (1383) 1377 »
1322 (1322) 1325 1321 (1321) 1323 (1322) 13251261 (1261) 1254[1] »»
1270 (1271) 1265 1268 (1272)1270 (1270) 1265 1133 (1133) 1143[9] AlL7
1263 (1265) 17A -0
1230 (1233) 1229 1230 (1233) | 1339 (1339) 1337 1233 (1232) 1226 vC=C (15)
1215 (1217) 1222 1214 (1217) 1215 (1217) 12221008 (1007) 1003 [1] »
1193 1207 [3] | 1192 1193 1207 1073 (1071) 1072[4]18A
1192 1201 1192 (967) 967 1195 1199 | pCH./D; (Ve)
1167 (1165) 1174 [5]] 1166 1167 (1165) 1174 110Q021) 1017 [2] 2N
1151 1154 1150 1150 1154 848 (849) 843 R1
1143 21A -'%0
(1145) 1146 (1144) (1145) 1145 876 (876) 874 R2
1089 (1089) 1089 [2]| 1086 (1089) 1087 (1089089 881 875 ]
1045 (1041) 1050 [5]] 1044 1045 (1041) 1050 | 831 (832) 835 24N
1039 (1039) 24N -0
1037 810 (808) 815 1034 CH,/D, (17)
1021 (1020) 1027 (1020) 77{759) 769 1021 (1021) 1024 «CH,/D, (Vg)
1021 (1020) 1026 (1020 1018 (1020) 1026825 (826) 830 2
1001 (1001) 996 (1001) 1000 (999) 699|814 (814) 827 n
980 696 708 972 (973) 977 TCH,/D; (vs)
989 969 990 (985) 989 (989) 969 787 2§80 801 oA
967  (969) 957 (967) 969 (967) 695 | 770 (771) 783 ~
939  (938) 907 (937) 938 (938) 790 | 653 (653) 660 s
876  (876) 876 [1] 876 (876) 876 (876) 768 787 (787) 789 [5] 2]
868 873 [4] 869 (869) 868 874 757 (757) 759 4A”
(819) 833 (830) 9% 606 (826) 820 PCH,/D; (V1)
811 804 810 (812) 810 804 632 (637) 630 A" 6
802  (801) 798 801 (800) 802 (802) 799 237 (723) 744 2R
771 (776) 773 770 (776) 771 (775) 773 457 746 A’
741 (739) 756 742 (738) 531 (533) 548 377 (739) 753 TCH,/D; (v13)
738  (739) 735 (738) | 739 (743) 736 546  (549) 545 2] | A8
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Table 2.3.11. (cont.)

A=CH, A=CH, A=CD, A=CsHy
L = quinO L = quinO/ L =quinO L = quind;O Assignmerit
quin®0
Exp. calc. exp. exp. calc, exp. calc.
724 (724) 726 [6] | 723 (723) | 724 (724) 726 682 (681) 682 [4] 28A
717 (716) 28 -*0
630  (629) 637 629 (629) 630 (630) 638 960(609) 605 [2] o
591  (591) 590[6] | 590 (590) | 590 (590) 590 573 (572) 571[6] | A9
582 20N -0
575  (574) 578[3] | 574 (574) 576 (575) 857 | 515 (514) 513 [3] w
547  (546) 550 [4] | 547 (543) 547 (545) 954 | 528 (526) 528 [3] 30
507  (507) 507 [5] | 506 507 (507) 507 490 (491) 491[4] @ M1
504 (504) 31A -0
485 [1] 485 425 iy
499  (499) 481 (499) | 462 (460) 443 | 501 (499) 477 VPt-CH4/D,
475  (477) 4781[2] | 474 (476) 476 (477) 048 | 450 (451) 454 [6] 39
452  (452) 450 [4] (451) | 452 (452) 453 409 406 [6] g
(447 12A" %0
419  (417) 404 417 (417) 399 (399) 389 941(416) 401 VPt-GHa/D4
390 (390)  384[10] | 390 (390) | 389 (389) 384 | 360 (360) 361[7] | PO
382 (383) P80
316  (318) 321[9] | 316 315 (319) 321 302 (305) 306[8] @ /83
3058 33a -0
(253) 252 [1] (252) (253) 253 233 (237)  234[1] A3
250 234 250 248 233 251 (250) 230 VaPt-Br
208  (209) 204 209 (209) | 205 (209) 197 207 (207) 194 VvPt-Br
200 (197) 203 199 (199) | 192 205 179 (182) 187 an
200 197 199 184 (184) 191 198 (196) 203 | Pt-CH4Ds
192 166 190 Pt-CH4/D,
155  (151) 150 151 (150) 152 (153) 150 913(143) 141 15"
127 (131) 130 130 (131) 127 (131) 130 512(123) 123 ABr-Pt-0
122 (120) 123 122 (119) 121 (118) 122 112(123) 120 0-Pt-G,
103 (98) 120 105 98  (97) 119 100 {110 116 ABr-Pt-0
81  (84) 86 87 (84) 89 (84) 85 89(84) 83 Br-Pt-Br
74 75 76 76 74 70 7Br-Pt-Br
56 54 55 54 54 56 51 coupled
47 43 47 43 47 40 skeletal

* Masked by quinO absorption
1 Masked by gH, band

e Shoulder

F Broad table-top band in Raman spectrum. Valuegegiucorrespond to the beginning and end of therptien.
b Band observed to broaden in far ir spectrum

[ Ethylene mode in parenthesis
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Table 2.3.12. Experimental frequencies for [PtAL#A = CO,*CO; L = quinO, quird;0) compounds.
Raman values are shown in parenthesis. All frequealues in cit.

A=CO A="co A=CO
L = quinO L = quinO L = quind;O Assignment

X=Cl X =Br X=Cl X = Br X=Cl X =Br
3112 3110 3112 (3112) 3110 2316 2313 (231R) A 1
3094 (3093) 3091 (3089)| 3094 (3093) 3091 (3089) 2298 2295 .\
3094 (3093) 3091 (3089)] 3094 (3093) 3091 (3090 (2280) | &
3083 3080 3083 3080 (2280) A4
3083 3080 3083 3080 (2280) A'5
3060 (3060) (3057)| 3060 (3060) (3058) 2266 2264 (2264) A

(3024) (3022) (3024) (3023) 2266 2264 (2264) A7
2118 (2104) 2111 (2097)| 2113 2106 2118 (2104) 112(2097) | vCO
2061 2054 2067 (2055) 2060 (2048) 2061 2054 Vco

2036 Aclo
2014 (2013) 2007 (2008) Veco

1622 (1623) 1622 (1622)| 1622 (1622) 1622 (1622)1600 (1601) 1600 (1599)| A8

(1607) (1604)| 1607 (1607) (1605) 1567 (1564) 1566 (1564) A9
1587 (1588) 1587 (1587)| 1587 (1587) 1587 (1587)1543 (1543) 1543 (1543)| AD
1517 (1517) 1516 (1516)| 1516 (1516) 1515 (1516)1462 (1462) 1462 (1462) Al
1455 (1458) 1459 (1460)| 1456 (1459) 1459 (1460Q) 1312 1312 1A
1448 (1447) 1448 (1447)| 1446 (1446) 1448 (1447)1363 (1365) 1363 (1364)] A3
1398 (1398) 1397 (1396)| 1398 1397 (1397 130606) 1306 (1305)| I8
1381 (1382) 1380 (1381)| 1381 (1381) 1380 (1381)1384 (1384) 1384 (1383)| A2
1323 (1322) 1321 (1321)| 1323 (1322) 1321 (1321)1260 (1261) 1259 (1259)| AB
1276 (1276) 1275 (1273)| 1277 (1274) 1275 (1274)1138 (1138) 1137 (1137)| A7
1229 (1230) 1229 (1229)| 1230 (1230) 1229 (1229)1010 (1010) 1010 (1009)| A9
1216 (1218) 1216 (1217)| 1217 (1218) 1216 (1218)1073 (1072) 1073 (1071)| A8
1168 (1171) 1167 (1171)| 1168 (1170) 1167 (1170)1021 1021 28
1158 (1155) 1157 (1155) | 1158 (1155) 1157 (1155) | 847 (850) 847 (848) a1
1144 (1147) 1143 (1146)| 1144 (1147) 1143 ()146 876 (878) 876 (877) 22
1086 (1092) 1087 (1092)| 1087 (1092) 1087 ()092 880 (878) 880 2N
1047 (1045) 1047 (1045)| 1048 (1045) 1047 (1044)835 (835) 834 (834) 24
1021 (1022) 1021 (1021)| 1021 (1021) 1021 (1021)835 (835) 830 (834) 25
1002 (998) (1005)| 1002 (1001) 997969 818 (820) 814 (816) | A1
9838 (982) 981 (984) 987 (983) 981 (981)| 796 (795) 795 (794) | A3
967 (971) 964 (965) 967 964 (966) 77373) 771 (771) | R
952 (953) 947 (951) 952 947 (938) 656 65%656) B\’
880 (878) 879 (877) 880 (878) 879 (878)| 790 (794) 788 (794) | 26A’
868 865 867 865 761 (762) 758 (759) A" 4
809 807 809 807 630 630 (628)| A6
804 (803) 807 (803) (803) 807 (802) 72628y 717 (723) g
772 (774) 770 (774) 772 769 (772) 74848) 747 (747) | K
740 737 740 (748) 737 540 (540) 538 A8
726 (727) 726 (726) 726 (727) 726 (726 | 685 (686) 685 (685) 28
638 (646) 635 (643) 637 (642) 635 (642)| 617 (621) 614 (615) | A0
597 (598) 596 (597) 597 (597) 596 (597)| 578 (574) 578 (576) 29
585 (587) 582 (585) 582 (574) 580 (576) 520 (519) 517 (525) | 10A”

(543) 547 (544) 547 (543) 547 (544) | 529 (526) 527 (5257 | 3w
541 539 (539) 528 (526) 526 (525) 540 (540) 538 (538) | &Pt-CO
522 (520) 526 (524) 514 (514) 518 (517)| 520 (526) 527 (525) | WPt-CO
504 (509) 506 (509) 494 (499) 494 (500)| 498 (501) 500 (501) | 7Pt-CO
504 (509) 506 (509) 508 508 (507) 487 (489) 487 (488) a1

(493) 485 (492) 494 494 422 (423) 420 (416) Al
470 (472) 470 (473) 467 (469) 467 (469)| 446 (449) 445 (448) a2
448 (448) 459 445 (445) 459 408 (406) 406 12A"
396 (397) 390 (393) 395 (396) 390 (392)| 360 (365) 356 (360) | VPt-O
316 (319) 313 316 (317) 314 (314) 303 303 (302) A33
353 (350) 255 (255) | 353 (350) 255 (255) 352 (350) 255 (255) | vPtX
339 (339) 210 (210) | 339 (339) 210 (210) (339) 211 (210)| vPt-X



Table 2.3.12. (cont.)

A=CO A=C"o A=CO
L = quinO L = quinO L = quind;O Assignment
X=ClI X =Br X=Cl X =Br X=Cl X =Br
255 (260) 255 (259) 257 (259) 255" (259) 237 (241) 236 (238) 13A”
196 (191) 194 (189) 196 (190) 194 (189)| 179 (178) 178 (174) M
(162) 156 (156) 169 (161) (156) 140 144 (148) yi]
151 155 JCI-Pt-Cl
140 (147) 131 (146) 140 T7CI-Pt-Cl
130 (134) 127 (134) 125 (128)| dBr-Pt-O
125 (119) 121 (119) 122 (119) 120 (118)| 125 (119) 119 (119) skeletal
109 109 111 skeletal
104 103 102 Br-Pt-Br
88 89 84 7Br-Pt-Br
70 72 skeletal

* Masked by quinO absorption
a Masked by Pt-CO absorption
a Masked by Pt-X band

* Shoulder

2.3.2.5. CO vibrations

The VCO stretch occurs at approximately 2100"as a very intense ir absorption for all of the
derivatives studied. The*CO andv*C*®0 bands have been observed in the labelling stadlids
are in good agreement with the calculated valueshtsse bands by use of the simple harmonic
diatomic oscillator approximation. A weak intensitgnd is observed at 2036 ¢rim the mid ir
spectrum for [P{ECO)(quinO)CY]. This is the only species for which this bandliserved and it
has been assigned to th&C'’O stretch in agreement with the calculated valugiobd by
means of the simple harmonic diatomic oscillatoprapimation. The spectrum for this

compound in the/CO region is shown in figure 2.3.13.

The Pt-CO stretchyPt-CO, and the in-plane and out-of-plane Pt-CO nohodes oPt-CO and
7Pt-CO respectively, show a considerable amount afpling according to the calculated
vibrations for the Zeise's salt derivatives modellerhis has also been observed for the
K[Pt(CO)Xs] compounds [19, 21 and references therein, 86¢ ifplane bending mode is
calculated to occur before the out-of-plane bendmugle, consistent with previous observations.
These vibrations will be discussed further in thé Bection.
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Figure 2.3.13. Spectra for [Pt(CO)(quinOjGtotted line) and [PHCO)(quinO)CJ] (solid line)
in the LICO stretch region. Assignments are shown for th¢¥F0)(quinO)C}] compound.

2.3.2.6. pyO vibrations

The most intense absorption observed in the highuency region in the Raman spectra of the
[PtA(pyO)X,] compounds occurs at 3084 ¢nit has been assigned to th& Znode in pyO due

to its appearance in the spectra for both the etieyand ethylend; compounds. The remaining
VC-H vibrations in the pyO and msO derivatives have been assigned according to their
calculated values. Much better definition iserved for these bands in the ir spectra for the CO
derivatives, where all five/C-H frequencies can be observed as individual gltisois. This is
not the case for the ethylene derivatives, wheleations B; (Wilson mode 20b) andA2
(Wilson mode 2) have been assigned in the expetahgpectra as accidentally degenerate. In
the [Pt(CO)(pyds0)X;] compounds, modesAl (Wilson mode 20a) andBl have been assigned
as accidentally degenerate, in agreement withdlwelkated values obtained.
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In the 1650-400 cthregion, the Raman spectra for the pyOde®- derivatives show two very
intense absorptions that have been assigned tinthenodes A; and ;.

The very weak ir absorption at 1612 tmives rise to a very strong Raman band in the pyO
complexes. In the samples with @@, the very weak ir absorption at 1571tima very intense
Raman band at 1569 &mThe aforementioned frequencies have been assigrtée ring stretch
mode 4A; (Wilson mode 8a) which, together with the stabaf’id mode @y (Wilson mode 12),
are the strongest intensity absorptions in the Respactra of pyO as described in the assignment
of the ligand spectra (section 2.1.2.1).

In the pydsO derivatives, modeB (Wilson mode 8b) occurs as a weak intensity barbd5
cm®, very similar in intensity in the ir to modé\@(8a) occurring at 1575 cmHowever, Raman
spectra of the pgsO compounds show a very strong absorption at 1§75and a weak one at
1545 cnit. Both bands had been previously assigned [85¥ids® compounds as being ascribed
to the ring mode at 1613 ¢nin the pyO compounds, which split into two banashe pyesO
analogue. In the present work, the Raman spectrthéocompounds and the calculated values
obtained for the free ligand and the coordinatiompounds suggest rather the assignment of the
band at 1545 cthas mode B; and the one at 1575 &ras mode A.

The second most intense absorption observed iRémean spectra of the [Pt(CO)(pyQ)>and
[Pt(C;HJ)(pyO)Xs compounds occurs at 1027 ¢rand 990 cr for the pydsO derivative. It has
been unambiguously assigned as the highly symraéstar of David ring breathing modeA9
(Wilson mode 12). Two very weak Raman bands oc@en and lower than the very intense
ring breathing mode at 1027 émrhese occur at 1047 and 1010 cand are observed as very
well defined bands in the ir spectra of the [Pt(@®P)X.] compounds. The 1010 ¢hpyO band

in the GH, derivative is masked by the very intersg@H; (15) mode with which it is accidentally
degenerate. However, it is observed at 1010 ienthe ir spectrum of the O, derivative and has
been assigned as the out-of-plane maBie(ilson mode 5). The remaining bands in the range
1650-1100 cm have been assigned according to their calculaaees (tables 2.3.6-2.3.9). The
Raman band band at 1600 tis ascribed to a combination band —possiblyB{10 7B,); (5B, +
8A1); (11A; + 9A)); (9B; + 1Ay) or (3B, + 104,). It is worth mentioning that complexation brings
about an enhanced definition of all of the pyO anedsO fundamentals, which is clearly
noticeable in the spectra for the carbonyl deniesi
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The 1100-700 cih region shows more bands than expected for the ggivatives (figures
2.3.14 and 2.3.15). This is particularly cleartie {PtA(pyO)X%] (A = CO and“*CO) compounds
and while they are also seen in thg¢d€£and GD, analogues, to some extent thgd¢1010 cnt

and GD, 1056 cn absorptions mask them. One particularly promirzmtd occurring at 1096
cm? can be traced back to the free ligand where itiscat 1097 cih This absorption is not
mentioned in any of the previous references citedHe pyO assignment [1-4, 12, 13]. However,
it is definitely a ligand band that can be expldimes being either an overtone or one of several
combination bands in the free ligand. It may beihed as either @ + 10B;) or more likely as
(4B, + 3A,).

A,

11A

(4B, + 3A) o
(9B, + 1(B)

104, |

4B,

7A;

3B,

| ! | ! | ! | ! | ! | ! | ! | ! I
1300 1200 1100 1000 900 800 700 600 500

Wavenumber (crrt)

Figure 2.3.14. Mid ir spectra for [Pt{8,)(pyO)Br;] (dotted line) and [Pt(&1,)(pyO/py-%0)Br;]
(solid line) showing the O-18 sensitive vibratiaig, 10A; and 11A; where two bands are
observed on O-18 enrichment where only one is @kddor the pyO derivative.

A very weak intensity absorption occurring at 986"dn the ir spectra of the [Pt§8.)(pyO)Ch]
compound has been assigned to mo#ieirl good agreement with its calculated value. Veis/
weak intensity absorption occurs in the ir spectafnthe [Pt(CO)(pyO)G] compound, but is
absent from the [Pt(CO)(pysO)CL] compound further supporting the assignment peréal.
The band is not observed in the Raman spectraeafdmpounds mentioned. All of the vibrations
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of A, symmetry are either extremely weak, or not pregerthe spectra for the compounds
prepared. They have been assigned to weak intelositgls that are slightly more noticeable in
the spectra of the pgsO derivatives and occur very close to the calcdlatdues, as can be seen
in tables 2.3.6-2.3.9.

The N-O vibrations are strongly dependent on theddength and bond order of the coordinated
N-oxide ligand, as has been previously noted whenudsing the free ligand. The changes are
more noticeable with theN-O stretching frequency, than with the in-pland ant-of-plane N-O
modes. The information provided by the ir spectratiie [Pt(GH.)(pyO/py-20)Br] allows for a
much better understanding of the vibrational spectpyO coordination compounds and clarifies
several ambiguities and misassignments that haswe performed in previous works [14, 20, 85].
The ir spectra from 1350-500 &nfior the [Pt(GH4)LBr; (L = pyO, pyO/py*®0) are shown in
figure 2.3.14.

e V]
gB, /

/

- : ,‘;1‘32 ]
78, I ! 2

o,

68,

]

| @B, +3A)or |
(9B, + 1(B))

Vg

4B,

7‘A 107 WPt-CO and
1 ®, P-CO + B,
I T I T I T I T I T I T I T I T I
1300 1200 1100 1000 900 800 700 600 500

Wavenumber (crri)

Figure 2.3.15. Mid ir spectra for [P#8,)(pyO)Ck] (dotted line) and [Pt(CO)(pyO)gl(solid line).

The very intense ir absorption at 1170 thas been assigned to th& pyO mode. The Raman
spectra of [Pt(gH4)(pyO)X;] compounds show an intense absorption at 1172amd a medium



intensity absorption at 1157 €mwhich is masked in the ir spectra by th&; Zbsorption,
although it is seen for all the [Pt(CO)(pyQ)>€ompounds. The lower energy band has been
assigned as moddsy, in agreement with the calculated values obtafoethe ligand and for the
coordination compounds, and previous assignmemfsrpeed on the pyO ligand.

The UN-O vibration is calculated to occur mainly in mad@i®, in the pyO systems according to
the calculated shifts of approximately 9°tito lower energy upon O-18 substitution in the pyO
ligand. However, this band remains unaffected @dpectrum of the [Pt¢84)(pyO/py-°0)Br,]
mixture. This is not the case for the following Hawhich splits into two bands occurring at 1165
and 1156 cm respectively (figure 2.3.14), which is consistevith the shift expected for the
pyO/py-¥0 mixture, and which is assigned to modha. TThe fact that it occurs as moda, &and
not mode A, would indicate that the calculations underestartae N-O bond length, which is
indeed the case, as discussed previously. Furtlierroalculations on the pyO system subject to
bond length constraints are consistent with the faat for longer bond lengths modeé\,7

becomes the predominaritl-O mode.

Mode 7B; is not observed in the the ir spectra of any @f ilRtA(pyO)X] (A = C:H4, CDy)
derivatives, although it is seen as a Raman bamd5& crit. The appearance of a second band at
1156 cni observed only in the ir spectra for [P#G)(pyO/py*°0)Br,], together with the fact
that theuN-O vibration is expected to occur in this rangd &nbond distance dependent, allows

for the assignment of the band occurring at 1168 mbe identified as the maiN-O vibration.

Thornton and co-workers had previously assignedakvintensity band occurrirga. 1254 cnit
in the ir spectra for pyO derivatives [14, 85] e ¥N-O vibration. The calculations for the free
ligand and for the coordination compounds place en@] as occurring at this frequency value.
It is overlapped by the very intensA;@bsorption in the free ligand, which is the pradivN-O

mode and accounts for the earlier misassignment.

As can be seen in figure 2.3.14, theA¥Q) and 12,(6a) O-18 sensitive modes which were
shown in figure 2.3.9 in the free ligand sectiohow the same O-18 sensitivity in the
[Pt(C.H.)(pyO/py-20)Br,] compound and become better defined as two sepalmtorptions on
complexation. These vibrations have previously bemognized as strongly coupled with the
N-O stretch [11, 19].
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An interesting difference in the 1350-500 tnegion is observed between thgHG and the CO
derivatives. While mode A, overlaps with the less intense mod®, 7which is visible in the
Raman spectra for the ethylene derivatives, thiglt{emode B,) is observed ata. 1155 cn for

all of the [PtA(pyO)%] (A = CO, *CO) compounds prepared. Furthermore, the shapkeof t
higher energy band assigned as modgef6ér both compounds is noticeably different, as ban
seen in figure 2.3.15. It is possible that diffees in the electronic distribution in these systems
produce a stronger N-O bond for the CO derivatied a weaker one for thet; derivatives,

which would hence contribute to moda;having more/N-O character.

The [PtA(pydsO)X;] compounds show the principaN-O vibration (mode 8;) as occurring at
1140 cnit for A = C,H, and 1145 crfh for A = CO. The fact that this mode is the priradipN-O
vibration in the pydsO ligand, as was shown previously, suggests thastibtle difference may
indeed be attributable to a stronger N-O bond & darbonyl derivatives than in the ethylene
derivatives. N-O bond lengths are indeed diffefemtthe compounds [Pt¢E4)(pyO)CkL] and
[Pt(CO)(4-MeO-pyO)] (table 2.3.3), with the latter compound havingslaorter N-O bond
length. However, this would be expected on accoftitfte electron releasing substituent.

The differences observed in the free ligand forNeO vibrations do not satisfactorily explain
all of the trends obtained in the coordination compds. If the N-O bond in the CO derivatives is
indeed stronger, then the expect&ddO frequencies for the [PtA(pyO)}Kcompounds should be
higher for the A = CO than for A =8,. This is not the case, as modés &nd 2, occur at
1192 and 1168 cinfor A = G,H4, and 1187 and 1173 ¢hior A = CO. Although the frequency
for mode A follows the same trend observed in thedg® compounds, this is not the case for
mode &\; which, on the basis of the N-O bond distance studi the free ligand, is expected to
be higher. Unfortunately, no stable structures @¢obk obtained for the [Pt(CO)(pyOjX
compounds and computational costs involved in heutation of the systems under study is very
high. A similar study where bond lengths in therdimation compounds were to be varied, could
perhaps allow for a better understanding of thgstems.

It is interesting to note that the in-plane modessgive to variations in bond length and to O-18
substitution (A1, 104, 11A:) with the exception of modeA, are obtained at a higher frequency
value in the experimental spectra for the CO déxiea, than for the €, derivatives, as is

shown in figure 2.3.15. This subtle difference satvwould be expected for a stronger N-O bond



in the CO complex, following the results obtainedthe variation of the N-O bond length in the
pyO ligand.

The same trend in the N-O bond length sensitiveatiins is observed for the [PtA(ly©)X;]
compounds with the exception thakds also shifted to a higher frequency in the caxplhe

spectra in the mid ir region for the chloride datives are shown in figure 2.3.16.

114,
104, Pt-CO + B,
7Pt-C
T I T I T I T I T I T I T I T I T
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Wavenumber (crt)

Figure 2.3.16. Mid ir spectra for [Pt{8,)(py-dsO)Cl] (dotted line) and [Pt(CO)(pgsO)Cly]
(solid line). The assignments shown on the spdatrthe compounds are for the CO derivative.

The aN-O vibration, mode 1B,(9b), is the only mode dB; symmetry in the free ligand that
gives rise to an intense band in the ir spectria.dbnsiderably shifted to lower frequencies upon
coordination and decreases noticeably in intenditys observed in the far ir spectra for the
compounds studied at. 450 cm' and on O-18 labelling shifts to 436 ¢with a broadening of
the band. The calculated frequencies and shifteedrd upon O-18 labelling are in good

agreement with the observed results.

The Raman band observed at approximately 545inrthe GH, and GD, complexes is ascribed
to anA; difference band of either Ba — 3B,) or, less likely, (B; — 34).
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The low energy region of the Raman spectra of tmpounds is extremely useful in assigning
the pyO fundamentals of the Zeise’s salt derivatiees poor quality of the high resolution far ir
spectra encumbers the assignment of the fundanfeatgiencies. The low energy out-of-plane
coupled)N-O mode, B8,(17b) is observed as a very weak intensity barttiénfar ir spectra for
the carbonyl derivatives. Raman spectra in thisore@re extremely useful in locating the
position of this absorption at 224 ¢rfor the [PtA(pyO)CJ] (A = CO,*CO) systems and at 209
cm for [Pt(CO)(pydsO)CL]. This mode appears at 220 and 219" ¢ar [Pt(G:HJ)(pyO)Ch] and
[Pt(C.D.)(pyO)Clh] respectively and at 204 ¢hfior [Pt(GH.) (py-dsO)Cl].

2.3.2.7. quinO vibrations

Several crossovers are observed for some of thdafoantals in the quinO coordination
compounds when compared to the order obtainedhtrfree ligand. The assignments of the
modes obtained for these compounds follows thatenfiaidthe fundamental vibrations of the free
quinO and quird;O ligands. The order of the quinO fundamentals athkthe GH, and CO
derivatives has been assigned according to theulatdd values obtained for the stable
[Pt(C:H4)(quinO)Br] compound modelled.

The most affected modes for the [PtA(quin@])¥ompounds are those observed to occur in the
1500 to 1150 cth region. Several crossovers are noted and soméeofnbdes are slightly
affected by coordination to the Pt(ll) atom, as ldolie expected due to the decrease in bond
order experienced in the ligand on complexatioris T§not the case for the [PtA(quibO)X;]
compounds, where the aforementioned region shdwsaales in the free ligand occurring in the
same order for the coordination compounds and with significant changes in atomic
displacement. This suggests there is extensivatidmal coupling in thedy isotopomer that is

particularly sensitive to complexation.

The most affected modes for the [P#@)(quinO)BE] compound are modes 12A4Mode 128
occurring at 1450 cthin the free ligand, is calculated to occur at 18/ in the Zeise’s salt
derivative and is observed at 1381 7criviode 12\ is calculated to occur at 1377 ¢nfor the
quin-d-O derivative and is observed at 1384 cifihe fact that the mode assigned a&’ 112 both
compounds is the strongest intensity absorptidhénRaman spectra for the quinO and oqiyi@-
derivatives further supports the assignment presebnased on the vibrational analyses for these
compounds. This is similarly the most intense Ralweamd observed in the mid ir region for the
carbonyl derivatives (L = quinO, quitO) as is shown in figure 2.3.17.
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Figure 2.3.17. Raman spectra for [Pt(CO)]Bompounds; L = quinO (solid line),
L = quin-d;O (broken line). Assignments shown are for the dinO (solid line)
in-plane Q") vibrations. The most intense Raman band occuea 4385 cntt
(mode 12\) for both the L = quinO, quimO derivatives.

Mode 127’ is insensitive to coordination in the [PtA(quik©)X,] compounds, and appears at the
same frequency value of 1372 tmbserved in the free quihO ligand. In the dy isotopomer it

is a metal sensitive mode reflecting significamigling. It occurs at 1450 chrfor the free quinO
ligand and shifts to 1380 ¢hin the [PtA(quinO)X] compounds.

Although modes 12, 13 and ASexperience a certain degree of coupling in therdimation
compounds when compared to the modes for the fu@elqligand, it is only mode 14 in the
coordination compound for which the displacemeagtim does not resemble modeé\1i the
free quinO ligand. This identifies modeAZas experiencing the greatest coupling of these fo

modes.

For both the quinO and quiO Zeise’s salt derivatives, important differences abserved
close to the region in which the first out-of-plamedes are calculated to occur. The 1000-600
cm® and the 850-600 chregions are the most affected for the quinO arid-dD compounds
respectively. Both the [PtA(quinO)KXand [PtA(quind-O)X;] compounds, show an inversion in



the out-of-plane modes 2 and'3 The order of other modes is also affected aslwa seen from
the values shown in the corresponding tables fth e quinO and quid;O ligands and their
Zeise's salt derivatives. Although it is usuallyregd that the order of the fundamentals in
coordination compounds will follow the order obsehfor the free ligand, the results obtained
here for the quinO and quioh© coordination compounds show this to be definitedy the case
when the ligand employed has very low symmetry.

The two in-plane modes 19 and®@vhich were under-estimated in the calculationstie free
quin-d-O ligand (observed frequencies of 1013 and 1027; calculated frequencies of 953 and
972 cm' respectively) are calculated to occur at 1007 #6@1 cni' in the [Pt(GH4)(quin-
d,0)Br,] compound, in excellent agreement with the obskrvalues of 1008 and 1021 ¢m
respectively.

As was pointed out when discussing the assignménhe free ligand, several bands show
accidental degeneracy that is lifted on complexat®uch is the case for pairs of modes 12 and
13A, and 14 and 18 which are observed as individual absorptions tmea much better
resolution of these bands in the coordination caimpls. However, as has been previously noted,
these modes cross over and do not occur in the obderved for the free ligand.

The bands assigned as modes 21 anl B2erlap in the ir spectra for the [PtA(quinQ}X
compounds (A = eH,;, CDy), although the lower energy modeARZan be identified as a
moderate band in the Raman spectra for these cardpoMuch better resolution is observed in
the ir spectra for the [PtA(quinO)Xcompounds (A = CO*CO) where two distinct bands are
observed occurring af. 1150 and 1145 chas is shown in figure 2.3.18. These two modes had
been previously assigned [19, 21] as a single fonesdal observed to split into two bands in the
spectra for Zeise’s salt derivatives. The calcudlatelues obtained point to the fact that there are
actually two fundamentals that occur very closemergy. The ir spectra in this region for the
[PtA(quinO)Br] compounds where A =84, CO are shown in figure 2.3.18.

The principal UN-O frequencies are calculated to occur in modesakd 24 for the
[Pt(C:H4)(quinO)Br] compound and in modes 17 andAl8or the [Pt(GH4)(quin-d-O)Bry]
compound. The largest calculated O-18 induced &hifthe UN-O frequency is of 5 cihfor both
modes 20 and 24 for [Pt(C:H.)(quinO)BE] as compared to 9 ¢hfor mode 12’ obtained for
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Figure 2.3.18. Infrared spectra for [PtA(quinOjBrompounds; A = ¢H, (broken line),
CO (solid line). Assignments shown are for the £ compound (solid line).
Out-of-plane vibrations in bold nhumbering.

[Pt(CH4)(quin-d;0)Br;]. As was calculated for the free quif® ligand, the highest character
UN-O vibration is obtained for the quayO derivative. A comparison with the calculated tshif
obtained for the pyO and O Zeise’s salt derivatives is consistent with thet that theN-O
stretching frequency is a highly coupled mode iinQuand less coupled in its perdeuterated
analogue. In fact, larger shifts are expected freml modes in the [Pt{8,)(quinO)Br]
derivatives, than for those that involve tld-O mode. This is the case for modes 28, 29 and
33A", which are all in-plane modes that involve thetimo of the oxygen atom in the molecule,
although they are not representative ofNtO stretch as can be seen from the displacement
diagrams shown in the previous chapter. The fatttthese lower energy modes are identical to
the ones obtained for the free quinO ligand, indisdhat the most sensitive O-18 vibrations are
not necessarily those that pertain to th¢ O, aN-O and )N-O vibrations in a system of low
symmetry as quinO, but rather to those modes tkggreence a lower degree of coupling. The
smaller calculated shifts on O-18 labelling of tReO stretch in the quinO compound are a
consequence of the extensive isotope dilution tiegulfrom the high degree of vibrational

coupling due to the low symmetry.

Figure 2.3.19 shows the infrared spectra for théCP,)LBr;] compounds where L = quinO,
quinO/quin*®0 and the splitting observed for the modes thathseen discussed above. In the
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mid ir region where theN-O stretch is expected to occur, two bands arergbd to split and
one to broaden in the spectrum for the [R{quinO/quin?®0)Br;] compound. The former two
have been assigned as modes 17 ad &1d the latter as mode 24 The first band observed to
split (mode 1A), has a negligible calculated shift to lower eneupon O-18 labelling in the
[Pt(C.H.)(quin-%0)Br,] isotopomer. More so, no shifts to lower energg akpected to occur
upon labelling of the ligand in the coordinatiommgmound until the occurrence of modeAl8
which is observed at 1193 ¢mand calculated to occur at 1207 tnThe results obtained
experimentally are consistent with the results Wated for the free quinO ligand, where the
highest O-18 sensitivity is calculated for modeA1lHowever, they contradict the theoretical
results in that no O-18 sensitivity is calculated fhode 1A' in the coordination compound. No
alternate satisfactory explanation can be giventhier splitting observed for this band, which
raises a caution over the model defined here.

T T T T T T T T T T T T T T T
1300 1200 1100 1000 900 800 700 600 500

Wavenumber (crt)

Figure 2.3.19. Mid ir spectra for [Pt{8,)LBr,] where L = quinO (broken line) and
L = quinO/quin®0 (solid line) showing the splitting of some of Bel8 sensitive
vibrations. Out-of-plane vibrations in bold numimgyi

The other band observed to split in the spectrumtfie quinO/quin®0 compound has been
assigned as mode &1 This band occurs at 1151 ¢nn the spectrum for [Pt(E.)(quinO)Br)
and at 1150 crhwith a distinct shoulder at 1143 ¢rfor the O-18 compound. Although no 0O-18
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sensitivity is calculated for this mode, it occudiisectly after mode 28 which is calculated to
have high 0O-18 sensitivity. No splitting is obsefvéor mode 2@’ in the spectrum of
[Pt(CH,)(quinO/quini®0)Br,], but the fact that the mode that follows showiittspy might be
explained in terms of the calculated bond lengthtifiis compound being underestimated in the
coordination compounds, as was explained previodsly the [Pt(GH.)(pyO/py*°0)Br)]
compound.

The band that is observed to broaden slightly regs lassigned as modeA24lt occurs at 1044
cm® and clearly shows broadening when superimposedhenspectrum for the unlabelled
[Pt(C.H.)(quinO)BE] compound with a poorly defined shouldercat 1039 cni (figure 2.3.19).
The calculations performed on the free ligand siiwat this is indeed an O-18 and bond length
sensitive mode, although it is not&l-O mode for the free ligand but a couplad-O mode. For
the N-O bond length used in the assignment foiqthirO ligand discussed previously, a shift of
5 cmi® to lower energy is expected upon O-18 labellingi@hO for mode 24’ which is in good
agreement with that found here.

Splitting into two distinct bands is observed fbe tin-plane modes 28, 29, 31 andA33ll the
modes involve the motion of the oxygen atom buy #iee considered as neither the princigsd
O nor the principalaN-O vibration. The calculated shifts obtained ftwe tcorresponding

frequencies are in good agreement with those addagmperimentally.

The aN-O vibration is calculated to be a highly coupldiration distributed between modes 30
and 32\". However, no splitting is observed for eithertbé bands in the far ir or Raman spectra
for the labelled compounds.

Mode 12\” is the only out of plane mode observed to broade the Raman spectrum for
[Pt(C.H.)(quinO/quin?®0)Br,]. The corresponding absorption is a weak interaityorption with
a distinct table-top when superimposed on the Ragpattrum for the [Pt(El,)(quinO)Br)
species, with the beginning of the absorption dtefs’ and the end at 447 ¢m

Both modes 12 and A3 show displacement of the N-O atoms in differetitections as was
observed for the free quinO ligand. However, in toerdination compound, a 4 €nshift to
lower energy on O-18 labelling is expected for md@&” and one of only 1 ci to lower

energy for mode 18’. Mode 12A” has hence been assigned as the pringplaO vibration in
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the [PtA(quinO)X] compounds in lieu of mode A3 so assigned for the free ligand. This is in
agreement with the calculated shifts obtained @ band and the splitting observed in the far ir
spectrum of [Pt(gH,)(quinO/quini®0)Bry].

The most O-18 sensitive mode for the [BHE(quin-d,O)Br,] compound is mode ¥ which
undergoes a calculated shift of 9 trfor the O-18 labelled species. This mode displnes
largest N-O displacement in both the free ligandl dime coordination compounds and is
consistent with this mode being ascribed the puidsD mode for quird;O. As is the case with
free ligand, several other modes in the coordimatiompounds show O-18 sensitivity from the
calculations performed and these have been pointeih table 2.3.11.

2.3.2.8. Pt-L vibrations
To assist the discussion of the Pt-L vibrationsg, fdr ir spectra for the [PtALBFrcompounds
where A = GH4, GD4; L = pyO, pydsO and pyO/py®O are shown in figure 2.3.20, and in

[Pt(CH4)(pyO)Br)]
[Pt(C.H4)(pyO/py-°0)Br;]
[PH(C,D.)(pyO)Br,]
[Pt(CH4)(py-050)Br]
48, vPt-CH, Wt-O WPLBr vPt-Br
11A
I I I I I I I I I I

650 600 550 500 450 400 350 300 250 200 150
Wavenumber (crrt)

Figure 2.3.20. Far ir spectra for the [PtALBcompounds, A = @H,, C,Dy4; L = pyO,
pyO/py-0, py-dsO. The spectra on the top box are for [BHg(pyO)Br]
(dotted line) and for [Pt( ) (pyO/py-¥0)Brj] (solid line).



[Pt(CH4)(quinO)Br]
[Pt(CH,)(quinO/quin?0)Br,]

[Pt(C.D4)(quinO)Be)

[Pt(CHa)(quin-d;0)Br,]

vPt-0 VaPt-Br

|
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Figure 2.3.21. Far ir spectra for the [PtALBtompounds, A = gH,4, C,D4; L = quinO,
quinO/quin®0, quind;O. The spectra on the top box are for [RH{(quinO)BE]
(dotted line) and for [Pt(&1,)(quinO/quin?®0)Bry] (solid line). Out-of-plane
fundamentals in bold numbering.

figure 2.3.21 for A = @H,, C:D4; L = quinO, quind,O and quinO/quin?0. Raman spectra in
the low energy region for the [PtALLKcompounds where A =#8,, CD4; L = pyO, pydsO; X =
Br, Cl are shown in figure 2.3.22, and in figur8.23 for A = GH,4, C.D4; L = quinO, quind-O;
X =Br, CI.

The Pt-GH, asymmetric and symmetric stretching frequencie® teeen previously assigned for
several compounds [10, 14, 19-21, 61, 73, 74, [Pkeise’s salt, they appear at 501 and 408
cm?® respectively [10]. They occur a@@. 510 and 427 ciin the pyO derivatives and are

observed in both the ir and Raman spectra of thgoonds. The asymmetric stretch is a weak

intensity band while the symmetric stretch is dliglstronger in both the ir and Raman spectra.

The higher values obtained when compared to theesabbserved for Zeise's salt seem
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Figure 2.3.22. Raman spectra for [PtAdlXompounds, A = gH,, C,Dy; L = pyO, pydsO;
X = Cl (solid line), Br (broken line). Assignmerslow 200 crit are given for the
X = Cl compounds (solid line) as coupling is obsehfor the X = Br derivatives.

indicative of a stronger Pt-8, bond by the presence ofteansPt-O bond. The results are
expected, as th#ansinfluence of chloride is more significant than tthed the O atom in the
N-oxide ligands. The asymmetric stretchcat 500 cni is masked in some of the quinO
derivatives but the symmetric stretch occurs at 4&i*. This shift to lower energy is also
expected due to the fact that the Pt-O bond forwitld quinO is expected to be a stronger bond
on account of the oxygen atom in quinO being aepettdonor than in pyO [87], hence

weakening the Pt-Ei, bond.

The &Pt-GH,4 band is a very well defined weak intensity banthia Raman spectra occurring at

ca. 213 and 199 chfor the ethylenah and ethylenel, analogues respectively. The observed
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Figure 2.3.23. Raman spectra for [PtAdlXompounds, A = ¢H,, CDy;
L = quinO, quind;O; X = ClI (solid line), Br (broken line). Assignmtsn
below 200 crit are given for the X = Cl compounds (solid line).

frequencies for the Pt-f, bend are in very good agreement with the calcdlatees, as can be

seen in the corresponding tables.

The in-plane and out-of-plane Pt-CO vibrations ewrtremely coupled modes as has been

discussed in previous works [19, 21, 86]. Couplsgxtensive in the systems as observed from

the shifts obtained for the experimental valuessshim tables 2.3.8, 2.3.9 and 2.3.12. However,

the &Pt-CO vibration is expected to occur at higher imtcies than thePt-CO vibration with

the VPt-CO being found in between them [86]. Couplinghaf Pt-CO vibrations with low energy

ligand modes has been obtained in the calculatfonsthe transition state geometries as

mentioned previously. The experimental results iobth seem to be in agreement with the

calculations performed, despite the fact that theongetry is not that of the stable
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[Pt(CO)(pyO)CH4]. The coupled B; + dPt-CO mode is calculated to occur at higher frequency
than Pt-CO, followed by thedPt-CO + B, vibration and finally by the out-of-plangPt-CO
vibration. According to the vibrational analysisrioemed for the [Pt(CO)(pyO)@l compound,
the in-plane Pt-CO mode couples to the out-of-plane pyO mode. % is calculated to
contribute to vibrations higher and lower than th-CO vibration, with the higher frequency
band having more pyO character and the lower frecuband more@Pt-CO character. In the py-
dsO derivative, a similar extensive coupling is cédted to occur between th#t-CO and B,
py-dsO out-of-plane vibration. The carbonyl compoundghvguinO fit the sequencdPt-CO >
WPt-CO >7Pt-CO previously described [86] as they are lessresively coupled.

The Pt-O vibration occurs as a broad and intense atisorp the far ir spectra for the pyO
derivatives. Interestingly, the shape of the bagsgtmbles in detail the description for other M(ll)
pyO compounds [10, 16-18, 87-89] and the frequestmained falls in the range described for
other transition metal compounds. From the caledlatnodes obtained, it is a pur®t-O
vibration that is not coupled to other Pt-L vibeais. Furthermore, although it involves the
motion of the pyO ring, especially of the H atompowsition 4 of the heterocycle, the vibration
obtained is not one of the low energy out-of-pldigand vibrations but a new vibration that
requires the out-of-plane displacement of the 4tbinaas the oxygen atom is displaced. The
UWPt-O vibrations obtained by means of the calcutetiare shown in figure 2.3.24. Thornton and
co-workers previously assigned two possible fregigmnfor theuPt-O stretch in their work with

pyO Zeise’s salt derivatives [14, 85] on the basithe shifts obtained by deuteration of the ring

Figure 2.3.24. Displacement diagrams for tRé¢-O vibration. The Pt-O bond
lies beneath the plane of the molecules and idatisd towards the O
atoms in the pyO and quinO ligands.
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system. The lower frequency band is indeeduPieO stretch, while the higher frequency band
is the aN-O vibration 1®,(9b), which undergoes a —20 ¢rfrequency shift from the observed
frequency for the free ligand, and a noticeablenglkan the shape of the band which is a strong
sharp band in the ir spectra for the free ligarmg, broadens and decreases in intensity upon
coordination as has been mentioned previously. BbthaN-O and vPt-O vibrations are
observed in the ir spectra for the compounds baiabsent in the Raman spectra. Both vibrations
would bring about a change in the dipole momemsistent with the above observations.

Other authors [20] had also assigned the Pt-Ocktieta weak intensity band that was insensitive
to substitution in the pyO ring system, occurringa 323 cm'. Furthermore, this vibration was
expected to be a strong absorption, whereas initfagtquite the opposite. Meestet al. [90]
identify this as a combination band, as in the gmesvork. However, their assignmentidft-O at
296 cm' [90] is similarly here considered as a combinatiamd. Watkins [19] pointed out the
need to perform O-18 substitution studies in otdearrive at an unambiguous assignment for
these vibrations. He correctly identified the higdgquency band that Thornten al. had assigned
as a possiblePt-O candidate as theN-O vibration, but the assignment of the bandat400
cm™ was still uncertain, and Watkins noted that itlddoe ascribed alternatively to the pyO ring
mode 3\,(16a). The calculated frequency value for this ailan is expected to bea. 420 cnit

but no band could be assigned to this fundamemtélitais more than likely masked by other
bands, or absent in the ir spectra for the dexigatas is the case for several of the pyO vibration
of A, symmetry. The calculations in the present worsrgglty support the assignment of this band
to VPt-O.

A final note on the sensitivity of thé”t-O vibration in 4-substituted pyO systems cambee on
the basis of the/Pt-O vibrations shown in figure 2.3.24. The motadrthe atom in position 4 of
the pyO molecule cannot be ignored, and mass sftéctubstituents in this position may play a

significant role in the frequency value at whiclsthibration occurs.

The shifts obtained upon O-18 labelling and detitamaof the pyO ligand are in very good
agreement with the calculated expected values asbeaseen from tables 2.3.6 and 2.3.7.
Although the O-18 labelled compound is a mixtur@y®/py*?0, the band occurring at 396 ¢m

in [Pt(GH,)(pyO)Brj] is quite a sharp well-defined band which broadensiceably in the
spectrum for the [Pt(,)(pyO/py-20)Br;] compound. The far ir spectra for this compound
were run several times and the shape of the basccemsistently obtained. The broadening can
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therefore be explained in terms of the O-18 seitsitexpected for the Pt-O stretch and is the
result of the overlapping of thePt-O a. 396 cnt) and v Pt*%0 (ca. 386 cnt) stretching
vibrations, and confirms its assignment. The fapiectra for the [Pt#El,)(pyO)Br,] isotopomers
are shown in figure 2.3.20.

In the far ir spectrum for [Pt¢E)(quinO/quin?®*0)Br,] the band occurring at 390 &mis
observed to broaden in a similar way to that dbscrifor the [Pt(@Hs)(pyO/py-°0)Br)
compound. It is this mode that is calculated asuPeO mode that involves a similar atomic
displacement of the atoms as that observed forgry®which is shown in figure 2.3.24. As is the
case with the pyO systems, the vibration is notafrtee out-of-plane quinO modes but rather the
WPt-O vibration that involves atomic displacementhdf ring system in order to counterbalance
the change in the centre of mass during the vitmafi he absorption begins at 390 tand ends

at ca. 383 cm' when the far ir spectra for [P#8s)(quinO)Br] and [Pt(GH.)(quinO/quin-
'%0)Br,] are superimposed. The calculated shift of 10" am lower energy accounts for the
broadening of this band in the far ir spectrumtfa@ L = quinO/quinO mixture of compounds
as was also observed for [P#G)(pyO/py-20)Bry]. The far ir spectra for the quinO isotopomers
are shown in figure 2.3.21. Watkins and co-worKéss 21] had previously assigned the band
occurring at 390 cthto a ring mode and a weak intensity band occurainga. 340 cnt* as a
possible candidate for thePt-O vibration. No calculated values are obtainad340 cnt, and

the band observed is more than likely a combinaigmd appearing in the far ir region.

The present work has therefore clearly establishedPt-O assignment in Zeise’s salt derivative

systems for aromatid-oxide by utilizing both isotope studies and madeglistudies.

The Pt-X asymmetric stretch vibrationgPt-X, are observed as a strong absorption in the fa
spectra for the compounds. They occucat350 cn' for X = Cl andca. 250 cni for X = Br.
The symmetric stretchyPt-X, is observed in the Raman spectra for the camg@s as a very
strong absorption ata. 335 cni (X = Cl) and 220 ci (X = Br). Calculated frequencies for
these vibrations are slightly lower than obsertéalvever, the calculations overestimate the Pt-X
bond lengths as was previously mentioned, and hefwmeer frequency was calculated.

Watkins and co-workers [19, 21] assigned the shesudd 335 ci in the infrared spectra of the

X = Cl derivatives of Zeise’s salt as thgPt>'Cl stretch due to the high natural abundance ef thi
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isotope. Thew,Pt->'Cl/v,Pt>*Cl ratio does indeed yield thePt>'Cl stretch at that precise value.
However, the fact that both the symmetric and asgtrim Pt-Cl are ir and Raman active
suggests an alternate assignment of the highegeadsorption as the asymmetric stretch, while
the low frequency absorption is the symmetric strathich is observed as a strong absorption in

the Raman spectra. This is also reflected in tipeagmnce of both vibrations in the Br analogues.

APt-X and 7Pt-X vibrations have been assigned on the basitheif calculated values and
previous assignments [19, 21, 61, 86]. It must batpd out that the low energy modes,
especially the out-of-plane X-Pt-X vibrations, adremely coupled to the out-of-plane modes

involving displacements of both the atoms in thanl L ligands.
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3. Cu(l) carbonyl compounds

3.1. Introduction

Cu(l) has for a very long time been known to interaith CO, with the first account of volatility

of copper in gas streams containing CO dating had®16, while reports of the absorption of
CO by solutions containing CuX (X = ClI, Br) go a8 back as 1850 [1]. However, it was not
until 1969 that the first stable Cu(l) carbonyl mttifluoroacetate was well characterized. In the
last 30 years Cu(l) carbonyl chemistry has growra dast rate, with the discovery of a large
number of ligands that stabilize the Cu(l) oxidat&tate and due to an increased interest in the
catalytic role of Cu(l) centres in a wide variefychemical and biochemical processes [2].

It is generally agreed that three main factors rioute to the stabilization of Cu(l) carbonyls: the
nature of the donor atoms bound to the Cu(l) idve macrocyclic structure of the ligand
employed, and the nature of the counter-ion ingéddicarbonyl Cu(l) complex ions [3].

A search performed on the Cambridge Structural lizeta (CSD) reveals that as of February
2003, a total number of 49 different Cu(l) carbotympounds have been characterized by means
of X-ray diffraction studies in which the CO ligar&l unidentately bound to the Cu(l) centre.
Most of these compounds existing in the specie$@CJL] contain N donor atoms in the ligand
L. Geometries vary from trigonal planar to squargamidal, with the largest number of
compounds obtained in an approximate tetrahedraing&y. Only 3 of the 49 compounds
contain more than one CO ligand bound to the Caign and 24 of the 49 are mononuclear
species, with the remaining compounds being eiff@ynuclear or polymeric species. Most
compounds, whether mononuclear or polynuclearcatienic moieties or neutral species. Only
one anionic Cu(l) carbonyl compound has been isdIft]. Ten of the 49 compounds contain the
tetraphenylborate anion as counter-ion. Figurel3hows a graph of the different Cu(l) carbonyl
compounds that have been characterized by XRD hegstith the observed geometry and the
nature of the donor atoms (other than the CO ligaondnd to the Cu(l) system.

Several compounds deserve special mention, aseitieyr had previously been considered only
at a hypothetical level or they exist as extrensthble species when bound to certain ligands.
Within the former is the tetrahedral tetracarbosgkcies [Cu(CQ)1-Et-CBaiiF1i] [5] where
employment of the superweak functionalized undeacaficarborane anion, 1-R-GB;; (R =
benzyl, ethyl), allows for the preparation of Cigecies that bind more than one CO ligand. The
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solid state ir spectrum (run und&rs atm of CO) of the [Cu(CQ) compound shows theCO
frequency at 2184 chm This species extends the known series of isaelaict 30™° metal
tetracarbonyls Cr(C@), Mn(CO)*, Fe(CO)*, Co(CO), Ni(CO); with Cu(CO)" being
the only cationic species in the series and thg onk to exhibit a CO stretching frequency
greater than 2143 ¢ The compound shows minor distortions from an lidgasymmetry and

decarbonylates if not under a positive CO pressure.

1 Triangular Tetrahedral Squa_re
224 Pyramidal

[Cu(CO)(L)] compounds

4—14

o] |

CN NN 0,0 CC,CNO0NN0ONNX NN,N O0,0CICICIN,NN,N
Donor atoms

Figure 3.1.1. Graph of [Cu(CO)L] compounds (X =BM) showing the
nature of the donor atoms bound to the Cu(l) cesttrer than CO.

Two ligands have been explored somewhat exhaugtilted to the enhanced stabilization of the
Cu(l) carbonyl species. The 2,2-pyridylamine liganNHpy, and the hydrotris(1—
pyrazolyl)borate ligand, HB(pz)and functionalized derivatives, allow for the diiimy of CO and

olefins to yield very stable Cu(l) species.

Compounds with the 2,2’-dipyridylamine ligand anabrdinated CO, @1, and GH, (figure
3.1.2) have been prepared and characterized bysra@aXRD studies [6-8]. The ligand is of
particular interest as it allows for the study loé tproposed role of Cu(l) in the binding of the

plant hormone ethylene to its receptor site [7, 8].
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Compounds with the hydrotris(1-pyrazoyl)borate igaand functionalized derivatives [9-13]
(figure 3.1.3) allow for the synthesis of a wideiety of carbonyl and)*-ethylene compounds.
Of the 49 crystal structures reported for Cu(l)bcawyls, 10 correspond to ligands from this
group, while of the 9 published crystal structui@scoordinated ethylene compounds, 3 contain
ligands that are derivatives of HB(pzYhe ethylene compounds are indefinitely stabldeun
nitrogen and are stable towards the loss of etkylghen dissolved in olefin-free solvents, a
feature not observed for most Cu(l) ethylene compsu8]. They also prove to be interesting
candidates in the modelling of the receptor sitéhefplant hormone ethylene. Table 3.1.1 shows
Cu-CO and CO distances an@0 frequencies for some of the compounds mentiasgabssible

plant hormone ethylene models.

@D UD

O/

(a) (b)

Figure 3.1.2. (a) [Cu(CO)(NHpyr] compounds, Y = ClI, CIQ
and (b) [CUA(NHpY)]* compounds, A = &, C:Ho.

Table 3.1.1. Cu-CO and CO distances in A a8® frequencies in chfor some Cu(l) carbonyl

compounds.

Compound Cu-CO CcO v CO Reference
[Cu(CO)][1-Et-CByiF11] 1.965* 1.111 2184 5
[Cu(CO)J[1-Bn-CBy1F14] 1.916* 1.112 2166, 2184 5
[Cu(CO)(NHpy)CI] 1.807 1.106 2069 6
[Cu(CO)(NHpy)Br]? O O 2069 6
[Cu(CO)(NHpy)1? O O 2067 6
[Cu(CO)(NHpy)CIO,] 1.808 1.054 2110 8
[Cu(CO)(HBpz)] 1.755;1.775 1.120,1.120 2083 10,11
{[Cu(CO)[HB(Me,4+4-Bu-C6H-pz)s]} 1.752 1.120 2078 9
{Cu(CO)[HB(Met-Bu-pz)]} 1.789,1.80% 1.113,1.106 2059 11
{Cu(CO)[HB(i-Prj-Pr-pz}[} 1.769 1.118 2056 12
{Cu(CO)[HB(Ph,Ph-pz}} 1.78 1.08 2080 11
{Cu(CO)[HB(CFs,CFs-pz)]} 1.808 1.110 2137 13

* Average Cu-CO distance.

T Two different molecular units in crystal strueur

T Average CO distance.

a No crystal structure available for these compounds
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€Y (b)

Figure 3.1.3. (a) {Cu(CO)[BH(RR-pz)s]} compounds, R= R, = H, CH;, Ph,i-Pr,t-Bu, CF;;
R; = H and R = CR;, CF-CF;, CR-CF-CF;; R; = CHg and R = 44-Bu-GH,, t-Bu and
(b) {Cu(CH4)[BH(R1,R2-pz)s]} compounds, R= H, Ck, Ph and R= CF.

It is only very recently that proof of the importanle of Cu(l) in ethylene binding activity in
biological systems has been obtained [14 and meferetherein]. It has also been pointed out that
the aminoacids histidine and cysteine play a sicanit role in the binding of ethylene to the
receptors, as alteration of either of the residaads to a total elimination of ethylene binding.
Although Cu(l)n*C:H4 systems have been prepared previously [7, 8,itLl8jas only in 2001
that the first sulfur-ligated Cu(fj?-C,H4 compound was reported with the macrocyclic ligand
1,4,7-trithiacyclononane, 9S3 [14]. The Cu(l)-9S8ies of compounds bind MeCN, CO and
ethylene and are remarkably stable species to tixidar loss of the ligands in the solid state.
Other macrocyclic ligands have reportedly been gmegh in an effort to extend the existing
knowledge in this field. The 1,4,7-triazacyclondigand, 9N3, and ittN-methylated derivative,
9NMe3, show an enhanced ability to bind CO, ethyjemnd other ligands [15]. The macrocyclic
ligands mentioned will be discussed further inisecB.2.

Cu(l) complexes have also been prepared as modepaunds to study the mechanisms of
copper monooxygenases, by which atmosphegidsQused to hydroxylate hydrocarbons both
regio- and stereoselectively [16]. Cu(l) systemthwhe ligandsa,a’-bis(4,7-diisopropyl-1,4,7-
triazacyclonan-1-ylp-xylene and its mxylene analogue have been studied in their reictiv
towards dioxygen. The ligands employed both stabihe Cu(l)-carbonyl species and the stable
dinuclear dicarbonyl species has been obtained thidim-xylene derivative which is shown in
figure 3.1.4.



Figure 3.1.4. Structure for the dinuclear dicatiocarbonyl compound with the
o,a’-bis(4,7-diisopropyl-1,4,7-triazacyclonan-1-y-xylene ligand.

Synthetic models for the study of deoxyhemocyanid @arbon monoxyhemocyanin have
previously been prepared with ligands containingziraeidazole units [17]. Such ligands bind
Cu(l) to form dinuclear compounds that are emploiechodel the binding site in Cu(l) proteins
like that of Panulirus interruptushemocyanin, in which three histidines are cooridao the

dinucelar Cu(l) atoms [17]. Other model compounidtamed include histamine ligands (figure
3.1.5), which form dinuclear Cu(l) compounds thiatdbCO [18]. Table 3.1.2 shows Cu-CO and
CO bond distances andCO frequencies for some of the CO bound model camg®

mentioned.

Figure 3.1.5. Structure of the dicationic dinucleeriety [Cu(CO)(histamine)]*".

Blue copper proteins in which the Cu(l) coordinatgphere has been determined to consist of
three strongly binding ligands (His, His, Cys) angveak interaction to methionine [17, 19-21]
show only mononuclear coordination of Cu(l). Theorclination geometry around the Cu(l)
centre has been described as a distorted tetrahempproximating an elongated trigonal
bipyramid (figure 3.1.6). In this regard severgjalids containing S, N and O atoms have
previously been prepared to model the site of Cin(Iblue proteins so as to investigate the
Cu(l)/Cu(ll) redox potentials dependence both andbordination geometry and the nature of the
donor atoms [2, 22-32].
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Table 3.1.2. Cu-CO and CO distances in A 88® frequencies in cthfor some Cu(l) carbonyl model
compounds.

Compound Cu-CO CcO v CO Reference

[(M-XYL PHCu(COYX 1.773(6) 1.125(7) 2079 16
1.783(6) 1.119(7)

[Cux(hm)y(CO)](BPhy), 1.80(2) 1.12(3) 2066, 2055 18
1.79(2) 1.13(3)

a Bond distances shown are for the compoumeXyf L *"*)Cuy(CO)](CF:S05),2CH,Cl,; LICO frequency
shown is for the compound with X = GJGor which only one CO stretching frequency isaeed.

N N
Xir, . . N
""“Cu S—Cu\
A [~
(a) (b)

Figure 3.1.6. Basic structural models for the hige | active site. In both models
two of the coordinated N atoms are from imidazotaugs of histidine residues
and the S atom from a cysteinate group. For strag¢ga) X = N, S or O [24].

The need to determine the effects of the diffeligands on the Cu(l) site aimed at rationalizing
their probable role in the activity of the Cu(l)ssgms is the main purpose of the following
sections, where DFT modelling, calculation of HSp&ameters and labelling studies allow for a
better understanding of these systems.

3.2. A theoretical study of 1,4,7-trisubstituted cglononane Cu(l) carbonyl systems
Cu(l) systems with macrocyclic tridentate ligahadse been previously prepared (figure 3.2.1)

X X
\Tu
X:

Figure 3.2.1. Structure of [CUA(9X2X*)Eompunds where A = CO,B;;
X=X"=S,NH,NMe; X=Sand X’ =NHor X=NH ahX' =S
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and are remarkably stable species when bound tar@d;H, [14, 15]. The macrocyclic ligands
1,4,7-triazacyclononane, ité-methyl derivative and the 1,4,7-trithiacyclonondigand, together
with the mixed donor atom ligands 1,4-dithia-7-gzdanonane and 1-thia-4,7-diazacyclonane,
are the main aim of the current theoretical stddhe ligands all form cyclic nine membered rings
with three heteroatoms and three ethylene units; thill be referred to as 9X3 (X = N, S, NMe)
or 9X2X' (X, X’ = N or S) in the present discussion

Carbonyl andn*-ethylene complexes have been prepared for the 9NBle3 [15] and 9S3
ligands [14]. Several compounds have been prepaitbdthe mixed macrocyclic ligands, but
almost all are Cu(ll) species [33-36] and in somases the macrocyclic ligands have been
functionalized further to allow for pentacoordimatito the metal centre.

Klppers, et al [37] attempted the preparation of the [Cu(CO)(@B3compound but were
unsuccessful. They reported that at T = 293 K now&B bound to the Cu(l) moiety. Instead,
they were able to obtain the compound with coortgithdodide, [Cu(9S3)I], which is one of the
few monomeric Cu(l) compounds with this ligand vl been characterized by means of X-ray
diffraction. The other monomeric compounds thatehbeen determined by this technique are
[Cu(AsPR)(9S3)]CIO, [38] and species involving the 9S3 ligand bindingboth a tridentate
chelating and unidentate or bridging unidentatbitasto yield tetrahedral geometry [22, 23, 39]
in the mononuclear or binuclear Cu(l) species.

Hirsch et al [14] were able to prepare the carbonyl aidthylene derivatives by carrying out
the reaction at 195 K and obtained the compound#\(@S3)]Y; where A = CO¥CO, GH,,
C.D, and Y = Pk and BR. The authors pointed out that at room temperatlisplacement of
MeCN from the starting material [Cu(MeCN)(9S3)}Pir the presence of CO does not occur.
On the other hand, triamine macrocyclic Cu(l) cagd@ndn>*ethylene complexes can be readily
prepared at room temperature [15] and form a widgiety of [CUA(ON3)]BPh and
[CUA(9NMe3)IBPh compounds where A = CO,Jd,, cyclohexene, cyclooctene, cyclohexyl
isocyanide, 1,5-cyclooctadiene, norbornadiene apdediylacetylene. The carbonyl compounds
are stable to the loss of CO in the solid state @andolution and NMR analysis of these
compounds could be performed, whereas fast exchaitlygehe solvent is observed for the 9S3

compounds.
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Several interesting questions arise from thesereatens and they will be answered by means of
the results arrived at from DFT calculations faegl systems.

3.2.1. Computational details

Calculations were carried out using Spartan02 DETha B3LYP level for the compounds
[Cu(CO)(9X3)] where X = S, N and NMe, for [CuY(9S3)] (Y = Br afjdand for [CUA(9S3)]

(A = CO, MeCN, MgCO) and [Cu(CO)(9X2X)] (X =S, X’ =N and X = N, X' = S). The basis
set used for all calculations was 6-31G**. For toenpound with iodide, pseudopotentials were
used at the same level since the 6-31G** basihaetno basis for the iodine atom. Geometry
optimizations were performed and vibration frequesnavere calculated for all molecules and
fragments obtained by removal of one of the co@ttid A or Y ligands. lonization potentials,
electron affinities and other parameters were tafed as described previously in section 1.6.
Mulliken population analyses were performed on sgkcies. The optimized geometry for
[Cu(9S3)Br] rendered a significantly distorted &tedral geometry. The calculations were
performed again by taking the [Cu(9S3)agment obtained from the optimized geometrytar
[Cu(MeCN)(9S3)] species, replacing the MeCN ligand by Br and atgwfor a geometry
optimization from this initial geometry. A much bat fit was obtained (with lower energy)
which may point out the existence of several logmima for the latter compound. The same can
be said for fragments containing X, X’ = NH, whdoeal minima were obtained with different
orientations of the N-H bond. In all cases the Ioweergies obtained were those for the
fragments where the N-H bond is directed out of abdve the plane that joins the three
heteroatoms in the macrocyclic coordinated system.

For the compounds modelled to study the reactiothwesy, geometry optimizations were
performed at the same level and single point eneajgulations were carried out with the
optimized geometry. Vibrational analyses were tbamied out in order to establish the transition
state geometries.

Calculated parameters (ionization potentigl, electron affinities,A; electronegativities,y;
hardnessy, softnesss) and HOMO and LUMO values are shown in table 3.Eukui function
values for nucleophilic and electrophilic attacksthe donor atoms in the macrocyclic ligands
and in the A, Y species (CO, MeCN, Br) as wellles €u(l) atom are shown in table 3.2.2.
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Table 3.2.1. Calculated parameters for [CUA(9XZ, XA = MeCN, CO) and [Cu(9X2,X)Y] (Y = Br, I)
species and fragments obtained by removal of thad\Y ligands. All values in eV.

Compound | A X n S HOMO LUMO
CO(exp)* 14.0 -1.8 6.1 7.9 0.063

MeCN(exp)* 12.2 -2.8 4.7 7.5 0.067

[Cu(9S3)I] 6.93 1.22 408 286 0.175 2.9815 2.9828
[Cu(9S3)Br] 6.17 1.42 3.79 237 0.211 -4.46 90.1
[Cu(9S3)f 11.21 -3.92 3.64 756 0.066 -8.94 -5.63
"[Cu(9S3)] 11.28 -3.72 3.78 750 0.067 -9.20 -5.40
[Cu(9S3)I 11.26 -3.63 3.82 7.45 0.067 -9.18 -531
ICu(9s3) 11.23 -3.70 3.77  7.46 0.067 -9.15 -5.37
ICu(9s2N)f 11.09 -3.60 375 735 0.068 -8.75 -5.30
‘ICu(oN2S)] 10.80 -3.50 3.65 7.15 0.070 -8.39 -5.23
ICu(ON3)I 10.56 -3.37 3.60 6.96 0.072 -8.01 -5.13
‘ICu(oNMe3)f 10.15 -3.29 343 6.72 0.074 -7.85 -5.01
[Cu(MeCN)( 9S3)] 10.49 -1.87 431 618 0.081 -8.80 -3.37
[Cu(CO)(9S3)] 11.94 -3.02 446 748 0.067 -10.21 -4.78
[Cu(CO)(9S2N)] 11.88 —-2.77 455 733 0.068 -10.11 -4.63
[Cu(CO)(9N2S)] 11.76 -2.61 457 719 0.070 -9.92 -4.54
[Cu(CO)(ON3)T 11.72 -2.34 468 7.03 0.071 -9.81 -4.38
[Cu(CO)(ONMe3)] 11.25 -2.31 447  6.78 0.074 -9.54 -4.36

*From reference 40.

a Fragment obtained from [Cu(9S3)1] with the frozgrtimized geometry obtained for PP, 6-31G** basis

set.

b Fragment obtained from [Cu(9S3)Br].
¢ Fragment obtained from [Cu(MeCN)(9S3)]

d Fragments obtained from [Cu(CO)(9X33nd [Cu(CO)(9X2,X)].

Table 3.2.2. Fukui function values for the atomghisa [CUA(9X2X)]" (A = MeCN, CO) and
[Cu(9X2X)Y] (Y = Br, 1) compounds (right columngnd [Cu(9X2X)T fragments (left columns)
obtained by removal of the A ligand.

Compound Atom fr fr f- f-
S 0.009 —0.026 0.139 —0.031
S 0.009 -0.028 0.084 —0.002
[Cu(9S3)]] S 0.009 ~0.044 0.139 0.048
Cu 0.656 1.335 0.267 -1.855
| 0.055 —0.076
S 0.007 0.110 0.138 0.089
S 0.007 0.191 0.083 0.085
[Cu(9S3)Br] S 0.006 0.148 0.148 0.064
Cu 0.629 0.075 0.241 0.137
Br 0.094 0.290
S 0.007 0.081 0.142 0.124
S 0.007 0.067 0.144 0.126
[Cu(MeCN)(9S3)] S 0.007 0.144 0.085 0.068
Cu 0.630 0.186 0.243 0.201
N -0.003 ~0.062
C 0.091 0.096




Table 3.2.2. (cont.).
Compound Atom fr fr f- f-
S 0.014 0.024 0.106 0.086
S 0.001 0.096 0.099 0.105
[Cu(CO)(9S3)] S 0.013 0.078 0.160 0.171
Cu 0.622 0.287 0.244 0.138
C 0.099 0.045
©) 0.103 0.093
S 0.019 0.049 0.131 0.150
S 0.017 0.080 0.158 0.151
[Cu(CO)(9S2N)] Ny -0.044 -0.034 -0.032 -0.024
Cu 0.654 0.366 0.297 0.170
C 0.103 0.050
®) 0.110 0.097
S 0.027 0.085 0.150 0.190
N —0.042 —0.048 -0.018 —0.007
[Cu(CO)(9N2S)] N -0.049 -0.024 -0.034 -0.025
Cu 0.695 0.413 0.369 0.211
C 0.108 0.058
O 0.114 0.106
N3 —0.042 -0.043 -0.023 —0.003
N, -0.041 -0.043 -0.011 0.017
[Cu(CO)(9N3)[ N3 -0.047 -0.031 -0.034 -0.024
Cu 0.718 0.517 0.435 0.262
C 0.112 0.068
O 0.122 0.118
N3 -0.031 —0.026 -0.030 -0.016
N, —0.032 -0.027 —-0.029 —0.009
[Cu(CO)(9NMe3)[ N3 -0.030 -0.034 -0.011 0.020
Cu 0.695 0.461 0.376 0.210
C 0.132 0.058
®) 0.131 0.105

The pseudopotential calculations provide anomalduliiken charge values for the atoms in the
[Cu(9S3)I] compound and hence parameters calcukech highly unreliable. For that reason,
only the geometry obtained will be discussed inftiewing section.

3.2.2. Geometry of [Cu(9S3)I] and calculated geonmis of [CUA(9S3)] (A = MeCN, CO)
and [Cu(9S3)Y] (Y =1, Br)

Klperset al. obtained the [Cu(9S3)l] species by reaction ofahanolic Cul suspension with the
9S3 ligand [37]. The white powder obtained was theas recrystallized from MeCN. The
[Cu(9S3)I] compound proved to be extremely stablgards oxygen both in solution and in the
solid state.
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Geometry optimizations were performed for the [@&®Y] (Y = Br, 1) and other [CuA(9S3)]
species (A = MeCN, CO). The geometries obtainedifercompounds modelled were compared

to the structure obtained by means of X-ray ditiac[37, 41].

The numbering scheme for the [Cu(9S3)l] compoundfits ORTEP diagram [41] is shown in
figure 3.2.2. Selected bond lengths and anglestzoen in table 3.2.3 and plotsfic — rexp VS

lexp &S Well afhac— Bixp VS Gexp are shown in figures 3.2.3 and 3.2 4.

Figure 3.2.2. ORTEP drawing of [Cu(9S3)I] [37, 41]

Table 3.2.3. Selected bond lengths (A) and andlegrées) for [Cu(9S3)I] and calculated species
[CUA(9S3)] (A = CO, MeCN) and [Cu(9S3)Y] (Y = Br, I).

Bond Observed Calculated
length/angle  [Cu(9S3)I] [Cu(9S3)l]] '[Cu(9S3)Br] [Cu(CO)(9S3)] TCu(MeCN)(9S3)]
Cul-L* 2.4900 2.5301 2.3033 1.7999 1.8528
Cul-s1 2.3309 25174 2.3505 2.3535 2.3506
Cul-S2 2.3430 25174 2.3517 2.3269 2.3495
Cul-S3 2.3292 25174 2.3530 2.3920 2.3504
L*-Cul-S1 128.64 126.62 123.82 124.49 123.07
L*-Cul-S2 121.34 126.62 123.99 124.11 122.86
L*-Cul-S3 118.70 126.62 123.54 121.84 122.68
S1-Cul-S2 92.64 88.07 91.97 93.00 93.34
S1-Cul-S3 93.09 88.07 92.14 91.03 93.29
S2-Cul-S3 93.94 88.07 92.11 93.38 93.37

* L =1, Brin the neutral species and C and N extjwely in the cationic species with CO and MeCN.

t Orientation of the [Cu(9S3)Y] or the [CuA(9S3jhoiety was the one that yielded the best R vdioes
B.ac Vs B linear regression analyses (see text).

R values forr caic VS Texp aNd Gaic VS Gixp respectively were 0.99324, 0.94874 (Y = 1); 0.99325304 (Y =
Br); 0.99808, 0.97194 (A = CO); 0.99937, 0.9608(MeCN). Cu-L (L = Br, CO, MeCN) bond distance

values not included in linear regression analyses.
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The pseudopotential calculations performed for[@&9S3)I] compound yield the poorest fit to
the experimental values, with R values of 0.99384 @.94874 respectively for thigyc VS rexp
and B VS B linear regression analyses. This calculation piswides a molecule witl;
symmetry and consequently all bond angles andd Hengths to similar atoms that fall within a
Cs; symmetry operation are equal. This oversimplifaratn the calculation procedure does not
occur in the calculations performed where thereisieed for application of a pseudopotential. In
the case of the [CUA(9S3){A = CO, MeCN) and [Cu(9S3)Brkpecies, the symmetry for the
complex cations i€; and a better match to experimental values is étailn comparing the
optimized structures obtained in the calculatiomshie experimental values for [Cu(9S3)1] [41]
three possible orientations of the calculated mdésc are possible. Regression analyses
performed on each of the orientations show thatiaomgles appear to be a better measure of the
model than bond lengths, which vary only slighfihe chosen orientation of the calculated
molecule was that for which the best values ofdbielation coefficient were obtained for the

B.ac VS Oexp regression analyses.

Fairly good matches are obtained for all experimkebbnd lengths and angles and calculated
values, especially for the cationic moieties. Thkwations consistently provide values of bond
lengths and angles which are slightly greater thase observed, with negati®e values for the
Cu-A, Cu-Y bond (A = CO, MeCN; Y = Br) as would kgpected in terms of the difference in
the radii of the coordinated atoms with that of tleom with which the value is compared (the
Cu-A bond distances were not considered in the bemgth regression analyses).

Table 3.2.4 shows average bond distances and dogl€si(l) compounds with chelating 9S3. It
can be seen that despite the different coorainaénvironment in these compounds, the bond

Table 3.2.4. Average bond distances (A) and ar(degrees) for Cu(l) compounds containing the 9S3
ligand. Cu-L is the distance to the coordinatedad@tom in ligand L in [CuL(9S3)].

Compound *Cu-S Cu-L *S-Cu-S *S-Cu-L
[Cu(9S3)I] 2.33 2.49 93.22 122.89
[Cu(AsPh)(9S3)] [38] 2.30 2.32 94.48 122.03
[Cu(9S3)(9S2S=0)]|PA23]* 2.30 2.21 93.65 12254
[Cu(9S3)|PFs [22]" 232,231 222,225 93.43,94.03 122.53,6122.37
{Cux(9S3)(SACH,)4}(PFe)2 [23]* 2.32 2.22 94.28 122.10
[Cux(9S3)](BF.),H,;0 [39] 2.320 2.24 94.21 122.11

T Average values.
* Distances and angles from CSD.dat file for eaalncture.
T Unit cell contains two different molecular units
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distances and angles vary only slightly, and heheecomparison with the modelled systems
seems justified.

3.2.3.Interaction energies for species [Cu(9X2X7)Jeacting with a ligand B.

To understand the reactivity of these systems[Eg9X2X)]" fragments can be assumed to
react with another B ligand in a first approximatid@he fragments obtained by removal of the A
ligand in the [CUA(9X2X)[ (X =X =S, N, NMe and X =S, X’ = N or X = N, X= S) species

can hypothetically be considered to react accorttirte following equation

[Cu(@X2X)]* + B — [CuB(9X2X)]".

The interaction energy using the local softnesscamh, between two species A = [Cu(9X2X’]
and B can be approximated by equation (62), desdrifo chapter 1, section 1.4.,

1 (pp— 1) 1A
(AEint )Ak __M SBSA fAk T A e £ o (l)
25AfAk-'-SB 25AfAk-'-SB
where s and s are the electronic chemical potentigla (= —xa and (s = — xg) of species

[Cu(9X2X)]" and B;Sy andSs are the global softness values, dndis the condensed Fukui
function for thekth atom in the A species, namely the copper atonthe [Cu(9X2X)[
fragment. The value used for the condensed Fukgitifon is thef *c, for nucleophilic attack, as
in both cases the Cu atom reacts with the nucléepl@O and MeCN [42]. The first term in
equation 1 corresponds to a charge transfer pratessnstant external potentigt) (yielding
AE)), whereas the second term corresponds to a réapudff charge distribution which takes
place at constant chemical potential(yielding AE,) and is strongly related to the hardness
principle. The value of the constahthas been obtained as described by ChandrakumaPand
using the reacting atom approximation [48], A = N JCu(CO)(9X2X)]" — NeJCu(9X2X)]",
where N, is the number of electrons on the Cu atom obtasediescribed in section 3.2.4.
Values forA and QEiy)c, for all of the [Cu(9X2X")] species modelled are shown in table 3.2.5.
As can be see\E; values between the different fragments and COcispeare larger (more
negative) as the number of S atoms in the macreciyutreases. For the N systems, the
interaction seems to be favoured with betrefonor atoms. ThAE, values obtained show that

the charge transfer process is favoured the morenfithed the macrocycles, as would be



expected from the chemical potential values obthfoe the fragments, the observed trend being
established by\u. However, the charge redistribution term follows inverse trend, with major

stabilization being attained the more S atoms emthcrocyles.

Table 3.2.5. Interaction energies for [Cu(9X2Xjlagments and CO and MeCN. All values in kcal/mol
exceptd in a.u.

Compound p) AE, AE, (AEin)cy

[Cu(CO)(9S3)] 0.284 —1.74 —31.20 —32.94
[Cu(CO)(9S2N)] 0.239 ~1.66 —25.57 —27.23
[Cu(CO)(9N2S)] 0.183 ~1.90 ~18.85 —20.75
[Cu(CO)(9N3)f 0.140 —2.45 ~14.04 ~16.49
[Cu(CO)(ONMe3)] 0.150 —2.56 ~15.08 ~17.64
[Cu(MeCN)(9S3)] 0.121 ~0.23 ~12.81 ~13.04

As can be seen from table 3.2.5, the values 6br the interaction between [Cu(9S33nd
MeCN and CO are quite different, which warns agathe use of interaction energies at a

qualitative leveli(e., using a constant value [44]) in these reactions.

There seems to be no reason for the compounds {QES2N)]Y and [Cu(CO)(AN2S)]Y (Y =
PFs, BF, or BPh) not to be prepared successfully, as their intenaenergies fall bewteen those
obtained for the 9S3 and 9N3 ligands. Reaction itiond utilized in the preparation of
[Cu(CO)(9S3)]Y, (Y = PE, BFy) should sulffice.

3.2.4.c-bonding andtebackbonding in [Cu(CO)(9X2X")]* compounds

The [Cu(CO)(9X3)] (X = S, N and NMe) cationic maést showvCO frequency values that vary
significantly: 2123 cr for 9S3 [14] and 2030 and 2020 twespectively for 9N3 and 9NMe3
[15]. Experimental and calculated values are showtable 3.2.6 and optimized structures are
shown in figure 3.2.5. Unfortunately, the carblagmplexes with the mixed ligands 9S2N and
9N2S have not been prepared and a comparison hétbaticulated values cannot be done. Hirsch
et al [14] assigned a small intensity band at 334"cin the Raman spectrum of
[Cu(CO)(9S3)]PF6 to theCu-CO frequency due to its lower energy shift upahstitution with
%C0. 1ICu-CO frequencies have not been assigned for idmatcompounds so it remains to be
seen if the calculations performed accurately mgrethe systems in the solid state. The CO
stretching frequencies decrease the more N atortieitigand,i.e, in the order 9S3 > 9S2N >
9N2S > 9N3, hence Cu-CO backbonding is expectétctease in the same order. For the triaza
ligands, the CO stretch depends on the donor eptiep of the coordinated amine: the better
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Table 3.2.6. Observed and calculat€D andvCu-CO stretching frequencies (¢jrin
[Cu(CO)(9X2,X)]" compounds.

Compound VCOexp VCOcaic VCOw'  UCU-CQyp  VCU-CQuaid
3Cu(CO)(9S3)] 2123 2205 2122 334 457
[Cu(CO)(9S2N)] 0 2196 2090 0 472
[Cu(CO)(9N2S)] 0 2188 2061 0 484,506
P[Cu(CO)(ON3)f 2030 2182 2040 0 485,519
’[Cu(CO)(ONMe3)] 2020 2174 2011 0 492,508

T Calculated values are for the [Cu(CO)(9X2X")]ieaic species.

1 Rescaled values from regression analysis®ey, and VCOg,c (R = 0.98674)

a Experimental value for [Cu(CO)(9S3)]PEompound [14].

b Experimental value for [Cu(CO)(9N3)]BRand [Cu(CO)(9NMe3)]|BPH15].

c Raman intensity [14] observed at 334 tfor compound with CO and lower energy shifti60
isotopomer.

L=9S3 L =9S2N L =9N2S

L =9N3 L = 9NMe3

Figure 3.2.5. Optimized geometries for the [Cu(CIOXlompounds
modelled showing Cu-L and CO distances. All borsiatices in A.
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donor 9NMe3 produces a shift to lower energy of @@ stretch which is consistent with more

backbonding from the Cu ion to the CO ligand. Theénd has been observed in this work (section
3.3.4.) for the triamine compounds [Cu(C@NN3)]" where the lower CO stretching frequencies
are obtained for the more basic amines coordirtat€uli(l).

The CO frequencies for the cyclic triamines hawe \@lues of 2030-2020 chwhen compared
to the compounds obtained with the linear triamggstems which fall in the range 2080-2060
cm™. Compounds with the triamine ligandsNCH,),NH(CH,)nNH., wheren = 2, 3 andn = 2,

3, 4 f1,MN3) [45] show values of CO frequencies that fathivi the range mentioned, the highest
value observed for the less basic 2,2N3 triamisé. [Basicity of the triaza macrocycles is greater
than that of the linear triamines studied and thieaecedo-donor ability may account for the

lower CO stretching frequencies.

As a first approximation [40, 46, 47] to eluciddte bonding in these systems, the number of
electrons transferred from the metal to the COnlibean be calculated as

ﬂ: XNco ~ Xw
N 2 +nmy)

wheren is the number of CO ligands bound to the metalezem describes global hardness and
describes electronegativityhis equation has been shown to correlate weh #ie mean bond
energy De) in metal carbonyls [46]. It is important to pomt that this is only an approximation
that considers the hardness of the species invaged constant. It must be mentioned as well,
that the chemical potentigl/& —x) is a function of external fields, and hence wdly with the
distance. Despite these shortcomings, the equeasinrbe used and has been used to explain the
binding of CO to metal centres. Interestingly, tree of this equation relies on the fact that
electron transfer will occur from the species watlsmall electronegativity value to the species
with a larger value. For all of the species calmdathe metal-9X2X' fragments have a smajter
value than the CO ligand, hentsBl measures the number of electrons transferred frartoGhe

CO ligand acting aFacid acceptor.

Alternatively, the AN equation can be expressed in terms of the locednpeters for the

interacting Cu(l) species with the CO ligand yialgli
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© _ Xco ~ Xeu +
AN ==~~~
SCO+S;;U SCOSCU

whereS is the global softness for CO asd, = S, f¢, is the condensed local softness for the

Cu(l) atom in the [Cu(9X2X")] fragment. TheAN’ values obtained by means of this equation are
smaller than thé&N values obtained by use of the global propertigsfdliow the same trend.
However, an excellent correlation is observed betw&N' and LCO and by means of the
regression analysis faCO vs AN’ the vCO frequencies have been calculated for the sptwies
have not yet been prepared. It must be pointedhaitthe difference in electronegativities is
indicative of the extent of an electron transfemnirthe Cu atom to the CO ligand while the local
softness value calculated for the Cu atom makesofistne condensed Fukui function for
nucleophilic attack which may seem a contradictias, electrons will flow from Cu to CO
according to the electronegativity equalizatiompiple. The results obtained would indicate that
the 7zinteraction measured is weighted by thnteraction for these systems, which corresponds
to the local softness used for the Cu atom innitsraction with CO as a base. It is well known
that 7zbonding ando-bonding have an inverse relation, so it seem#iggtto use this equation

to calculate the number of electrons transferratiérCu— CO interaction.

The values obtained by use of both equations, begetith other values obtained from the
Mulliken population analysis for these compounds,shown in table 3.2.7. Figure 3.2.6 shows a
graph of'COvs. AN'.

Table 3.2.7AN, AN’, Nco, Ncy and Np; values for [Cu(CO)(9X2X’)] compounds/COey, and VCOcar
values in crit. UCO, values obtained from linear regression analysigiide,, vs AN'.

Compound AN AN Nco Ney Noi. VCOexp VCOcaic
[Cu(CO)(9S3)] 0076 0059 0.142 0284 -0153 2123 2123
[Cu(CO)(9S2N)] 0077 0061 0121 0239 -0104 [ 2109
[Cu(CO)(9N2S)] 0081 0067 0100 0.183 -0052 [ 2080
[Cu(CO)(ON3)[ 0084 0078 0083 0140 -0.010 2030 2031
[Cu(CO)(ONMe3)]  0.091 0.080 0079  0.150  0.000 2020 2019

From theAN values obtaineds=back-bonding is greater for the triaza compourah tfor the

trithia compound and, within the triaza compourttis, N—-methyl derivative shows more-M
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CO electron transfer which is consistent with tkpegimental values obtained and what would
be expected in terms of increasiogdonor strength. It is generally agreed thgtiackbonding
debilitates the CO bond and reduces the value efdite constarfco for the CO bond [46].
There is also an inverse relation betweetonding andr=backbonding, and—bonding would
hence be more important in the trithia compounds tim the triaza derivatives. In terms @f
bonding it is the CO ligand that acts as a basetladnetal centre that would act as an acid.
Unfortunately, values ofCu—CO have not been reported for the compoundsedEexcept for
the trithia derivative, and no conclusions can fzawth through experimental evidence. Calculated
VCu-CO frequencies support the idea that the Cu-@@l Istrength increases in the inverse order

to theCO stretching frequency.

2160

2140

2120- [Cu(CO)9S3)

] [Cu(CO)(952N} *
2100+

2080 [Cu(CO)(N2S)}

v CO incmit

2060
2040

) [Cu(CO)©ON3)t
2020 Cu(CO)(ONMe3)t

2000

180+——F—"—F—F—F—T—F——F—T—T—"—]—"—T—T— T
0.050 0.055 0.060 0.065 0.070 0.075 0.080 0.085 0.090

AN for [Cu(CO)(9X2X)} compounds

Figure 3.2.6. Graph afCOvs AN'. Values with * were obtained
by regression analysis afCO.,vs AN’ (R = -0.9999).

Mulliken population analyses for AO occupancy wesed in order to determine the total number
of electrons transferred from the CO ligaNdo, after binding to the [Cu(9X2X)]species. In all
caseNco = 14 — (¢ + No), whereNc + No is the sum of the orbital occupations for C anthO
the [Cu(CO)(9X2X")] species, yields a positive number. On the basikeopossibility of bothr
and 7=bonding in these systems, this value can onlhakernt as one that basically represents the

overall number of electrons transferred from CQhm Cu(l) atom viao—bonding. However, M



- CO rrbackbonding in these systems would increase thebeu of electrons in the
coordinated CO ligand decreasing the differeNge = 14 — ¢ + No). o~bonding would hence
play a significant role in the trithia compound tteould have very little contribution frorre
backbonding, whereas the inverse effect is expdbiadnore N enriched the macrocyle and the
more basic the N atoms on the macrocycle. Thiseiddmems to be the case, for the lowexd

frequency occurs for the NMe derivative while thghtest is obtained for the trithia derivative.

The vCO frequency occurs at 2143 ¢rin the free ligand. In the linear molecule CI-CG-C
obtained by co-condensation of CuCl and CO in gorarmatrix [48], thevCO stretching
frequency was observed at 2157camd the bands at 362 ¢rand 356 cil were assigned to the
highly coupled ®CI-Cu-CO andV*'CI-Cu-CO stretching frequencies. Isotopic labelliwith
%c0o and ¢%0 and ab initio calculations further confirmed themssignments. The authors
described the Cu-C bond as mainly of theype with little Cu-C7erbackbonding and determined
by means of a Mulliken population analysis that@e- CO transfer of electrons in thespace
was about 0.4 while CuCO 7r=backbonding amounted only to about 0.2 electronsthe
polymeric tetrahedrally coordinated [Cu(CO)CI] campd [49] theuCO frequency occurs at
2127 cnt and, although theCu-CO frequency was not determined, it would beeesgd to
occur at a lower value than that for C-Cu—CO dutné increase in coordination number for this
compound. However, the fact that t€0O frequency obtained is lower, accounts for more
Cu- CO r=backbonding that would increase the relative Cu4@d strength. Although the
VCO frequency is similar to the value obtained fbe trithia species, the compounds are
remarkably different in that the polymeric [Cu(CQ))Guickly undergoes decarbonylation while
[Cu(CO)(9S3)]Pkis a remarkably stable species in the solid state.

The values oNco obtained by means of the Mulliken population asadyq values employed in
section 3.2.3.) are consistent with the aforemestiovalues obtained for the linear CI-Cu-CO
species in that—bonding must be significantly smaller for the namgrclic compounds on the
basis of theirrCO frequenciesAN values for the Cu CO interaction andNco values for the

Cu~CO interaction follow the expected trend.

From the calculated frequencies, it is apparerttttt@Cu-CO bond becomes stronger the more N

enriched the macrocycle and the more basic the iérdatom in the macrocycle. Th&€u-CO
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frequencies appear at higher values in some ofridi@ine systems studied in this work as will
be discussed later.

Analysis of the electronic AO occupancy for the iLafom and the donor atoms in these systems
yields interesting results. The number of electronghe Cu atom due to its interaction with CO
was calculated aNc, = Ne [Cu(CO)(9X2X")]" = NcJCu(9X2X")]* and the number of electrons
on the donor atoms that are transferred due tontieeaction of the [Cu(9X2X')] system with
CO was calculated dsp = Z( Npi[Cu(9X2X)]" — Npi[Cu(CO)(9X2X)]"). The values obtained
are shown in table 3.2.7. From these values itb@aseen that the number of electrons on the Cu
atom increases in the following order 9N3 < 9NMeS9N2S < 9S2N < 9S3, hence lowering the
positive charge of the Cu(l) atom in the carbongmpound in the same ordeMp; values
decrease (become more negative) in the order INMEHS3 > 9N2S > 9S2N > 9S3, and account
for strong S- Cu interactions in the carbonyl derivatives anctdp reshuffling of charge on the
S enriched compounds due to interaction with COwasld be expected in terms of the
possibility of orbital interaction between the Guniand the S atom. It is interesting to note that
the number of electrons on the N atoms from the Nid@vative, is negligibleNp; = —0.00047).
Although it seems to be an apparent contradictioritfe ability of a bettec—donor to enrich the
electron density on the Cu(l) atom, the inductiffea of the methyl groups has to be taken into
account. It is expected that the number of elestron the C atoms from the methyl groups
decreases from the [Cu(9NMe3)pecies to the [Cu(CO)(9NMe3)$pecies, hence increasing
the number of electrons on the N atom, which aem tinansferred to the Cu(l) atom, as would
seem apparent from the fact tHé4, is larger for the 9NMe3 compound than for the 9N3
compound.

3.2.5. The HSAB approach

A low value for the ionization potentidlis usually associated to a large polarizabilitg.(a
softer species) whereas a high valud ¢b a low polarizability (a harder species) [50].91
follows from the calculations performed and theotietical parameters obtained, that within the
9S3 species the softest one would be the neutrdglcumle with the coordinated bromide ion. It is
this one that has the lowest value of hardnessraatefor all other species. Within the cationic
derivatives with the 9S3 ligand the MeCN speciesadfter than the CO species. The values
obtained forl of these species are consistent with the hardressneters obtained. The fact that
interaction of MeCN with the [Cu(9S3)is favoured, is in agreement with Jargensen’s sytiah
principle [51] as MeCN is a slightly softer spediean CO.



In the cationic species with the CO ligand, [Cu(@3RX)]" (X =X=S, N, NMe; X =S, X' =

N and X = N, X' = S)| andp values obtained decrease as the number of N ddoors in the
macrocyclic ligand increase, the lowest value bedimgthe 9NMe3 derivative. This trend is
maintained in the fragments obtained by removahef CO ligand. The hardest species would
hence be [Cu(CO)(9S3)]Pearson’s maximum hardness principle [52-54pstéthere seems to
be a rule of nature that molecules arrange themesedo as to be as hard as possible” [54]. It can
be seen from the hardness values in table 3.2at interaction with CO for all the fragments

studied (except the 9S3 fragment) increases thdnkas of the resulting carbonyl species.

Mulliken has stated that covalent bonding will x®sg if the electron affinityA of the electron
acceptor is large and thef the electron donor is low [50, 55-57]. In thkegyard, the Cu(l) atom
in the different fragments would form more covalebhbnds the more similar the
electronegativities of the species involved. Altbbiuthe y values are by no means similar, the
one that is closest to the CO value is thealue for the 9S3 fragment. It is this fragmentaH
that has the largest value for electron affinity, for |A]. However, thé\ y values are sufficiently
large to consider that ionic bonding or ion-dipblending play a significant role, especially for

the species that have a lardgr value.

In view of the results obtained, it is likely tithe presence of soft sulfur atoms in the macrocycle
ligands reduces the charge on the Cu(l) by an &se@ donation of electron density from the CO
ligand to the metal centre and an efficient redimgffof charge in the system. This in turn has an
effect on the charge on the metal centre. Thicefecreases with increasing number of N donor
atoms in the ligand and better-donor atoms on the macrocyclic ligands. FromAhevalues
obtained, the Cu(l) species would all act as eecttonors by means gf-backbonding to the
CO ligand (in addition to therbond interactions). Backbonding is thus enhancedhe

presence of N atoms on the macrocyclic ligand [50].

At a local level, the Fukui function has been agged with reactivity at a certain site in a
molecule [44, 58, 59]. Figures 3.2.7 and 3.2.8 shbwnd local softness;, values for the Cu(l)
atoms in the fragments and compounds modelled.eLagjues of the Fukui function favour
reactivity at a site when a reagent R approachesbsatrate S. In this regard, the largest values
for the Fukui function for nucleophilic attadK,, occur both in the fragment and the CO cationic
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species for the Cu(l) atom. In the species modelét the 9S3 ligand, reactivity towards
nucleophiles would increase in the order BrMeCN < CO; the greatest reactivity being for the

CO species. The reactivity for the iodide speciesild be expected to be lower than that of the
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bromide species, which in turn explains the appastbility of the [Cu(9S3)I] compound. Of the
cationic CO complex species, it is interesting bsarve that the lowest value obtainedffgy is

for the 9S3 ligand while the greatest value obthiisefor the 9N3 ligand. In this respect, the
Cu(l) ion in the latter compound is the most raactne towards other nucleophiles, which is
consistent as well with the interaction energy galabtained for the compounds modelled, while
the less reactive site in nucleophilic attack wdadcthe Cu(l) atom coordinated to the 9S3 ligand.
The same trend is observed in the [Cu(9X2Xffhgments and the [Cu(CO)(9X2X")kpecies,
wheref * increases with an increasing number of N atoms.

3.2.6. The effect of the counter-ion

The calculation of the parameters employed indigsussion cannot be performed on the anions
mentioned (BE, PR~ and BPl) due to the fact that their second electron dféieiyield values
that are greater (less negative) than the firste affinities. Still, on a qualitative level, ritay

be expected that the tetraphenylborate anion isftarsspecies than the tetrafluoroborate and
hexafluorophosphate anions. It must be noted tbaiparisons between experimental values
obtained for the species [Cu(CO)(9S3)[Cu(CO)(9N3)] and [Cu(CO)(9NMe3)] do not take
into account the effect of the counter-ion employelth the triamine compounds
[Cu(CO)(2,2N3)]BPh and [Cu(CO)(2,2N3)]BF which will be discussed in the following
section,ICO values occur at 2080 Enfor the former and 2078 chfor the latter, so it seems

such a comparison would be allowed.

In terms of HSAB, it seems likely that the Cu(l) enacyles with N donor atoms will be better
stabilized by soft counter-ions like BPhas the cationic moieties are softer than the cermpl
cation with the trithia macrocycle, which in turrowd bind preferably with harder anions like
BF; and Pk It would be interesting to see if the trithia quoand can indeed be obtained as the
tetraphenylborate species. From a search perforomedhe CSD for Cu(l) cationic species
containing the 9S3 ligand, not one single crystalicture was found to contain the
tetraphenylborate anion as counter-ion, but rathertetrafluoroborate, hexafluorophosphate or
perchlorate anions occur instead.

3.3. Cu(l) triamine carbonyl compounds
The vast majority of Cu(l) carbonyl complexes thate been characterized by means of X-ray
diffraction studies are tetrahedrally coordinatedhitrogen donor atoms and the CO ligand [6, 8-



13, 15, 17, 45]. It has long been stated that #sicity of the N donor atom plays an important
role on the stabilization of the Cu(l) species wheand to arracid ligand like CO and?C,H,

[3, 15, 45]. However, there exist few systematicsts that attempt to relate the stabilities of the
Cu(l) carbonyl species to the electronic propenighe ligands themselves [60].

As Cu(l) forms stable carbonyl complexes with triaen ligands, the cationic species
[Cu(CO)f,mN3)]" were investigated spectroscopically in the solatesand by means of DFT
calculations. The triamine ligandsM(CH,)-NH-(CH2)m-NH2 wheren = 2,m = 2, 3 anch =3,

m = 3, 4 will be referred to as,mN3 in the present discussion. The structure ofctirapounds
prepared is shown in figure 3.3.1.

Figure 3.3.1. Structure for [Cu(C®)(N3)]" compounds,
wheren=2,m=2,3anch=3,m=3, 4.

3.3.1. Computational details

Calculations were carried out using Spartan02 DFtheéB3LYP level for the complex cations
[Cu(CO)f,mN3)]" wheren = 2, 3 andn = 2, 3, 4. The calculations were performed usivey@-
31G* and 6-31 + G* basis sets in order to esthiblibe performance of both. Geometry
optimizations and vibrational analyses were peréainfor all the complex [Cu(CQ)mN3)]*
cations. In all cases studied, the vibrational yse yielded all real frequency values. Vibrational
assignments employed were those performed withethdts obtained with the 6-31G** basis set,
as a better match between experimental and obséeguencies was obtained. Parameters and
HSAB descriptors were obtained for the [Cu(QQ)N3)]" species as well as for the
[Cu(n,mN3)]" fragments as was described in chapter 1, sectén 1
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3.3.2. Structure of the [Cu(CO)(2,2N3)] species

In order to establish the reliability of the caltibns performed by DFT on the complex triamine
carbonyl cations, a comparison of calculated basthdces and angles with observed values was
made for the compound wheme= m = 2. The [Cu(CO)(2,2N3)]BRicompound is the only one

of the species studied for which the crystal stmecthas been determined by means of single
crystal XRD studies [45].

Bond distances and angles in the calculated spec&esn good agreement with the observed
values and standard deviation values of 0.0097&icR4a71° respectively, were obtained for the
6-31 G** basis set, and of 0.00934 A and 3.90° tte 6-31 + G* basis set. These results
considerably improve previous attempts in this watrknodelling the triamine systems by means
of molecular mechanics calculations using semi-eéogi methods, where it was observed that
ligand distances and angles were adequately estimatit the Cu-L distances and angles varied
significantly from the reported experimental values

Graphs of calculated minus experimental bond d&8Ar = reac — rexp and anglesh 6= Gac—

B VS the experimental values are shown in figures23aBd 3.3.3. It can be seen that both the
H.N-Cu-NH, and HN-Cu-NH angles are overestimated in the calculatidrhis trend was also
observed in the Cu(l) carbonyl Schiff base compdetkat will be discussed in section 3.4.

The structures obtained from the geometry optiriopatalculation performed for the different
[Cu(CO)f,mN3)]" species are shown in figure 3.3.4. Selected aatietilbond lengths and angles
are shown in table 3.3.1.

3.3.3. Infrared spectra of [Cu(CO)(2,2N3)|BPh

A full assignment of the bands occurring in theanéd spectra of [Cu(CO)(2,2N3)]BPand the
labelled analogues [CHCO)(2,2N3)]BPh and [Cu(CO)(2,2N34)]BPh,, was carried out by
means of the vibrational analyses performed withT Déalculations. The spectra for the
[Cu(CO)(2,2N3)]BPh and [Cut®CO)(2,2N3)]BPh species are basically identical in the mid ir
region, except for the shift obtained for tHeO stretching frequency. However, the spectrum of

[Cu(CO)(2,2N3ds)|BPhyvaries significantly as deuteration of the N ataasgses a shift in all of
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the bands below the 1600 ¢megion due to extensive coupling in the systerhas been
observed for other diamine, triamine and tetraanspstems [61-65]. Clearly, the extent of
coupling experienced by these systems encumberasgignment problem. A theoretical study
including vibrational analyses for the prepareddpomers, was carried out in order to arrive at a
better understanding of their vibrational spectra.

The theoretical aspects relevant to the assignmesiblem will be discussed prior to the
assignment of the experimental spectra.

Table 3.3.1. Selected bond lengths (A) and anglegrées) for [Cu(CO)(2,2N3)]BRf45] and calculated
[Cu(CO)(,mN3)]* complex cations.

Bond
distance/angle 2,2N3 (exp) 2,2N3 2,3N3 2,AN3 3,3N3 3,4N3
Cu-CO 1.776(5) 1.7891 1.7908 1.7888 1.7921 1.7896
Cu-NH; 2.073(4) 2.0736 2.0885 2.0964 2.0835 2.1068
2.085(4) 2.0755 2.0825 2.0619 2.0769 2.0640
Cu-NH 2.123(3) 2.1079 2.0810 2.0728 2.0702 2.0673
C-O 1.123(6) 1.1445 1.1449 1.1452 1.1459 1.1459
Cu-C-0 176.57 (54) 171.83 172.46 177.13 175.80 1577,
H,N-Cu-NH, 108.90(15) 119.77 119.58 110.47 111.55 108.64
NH-Cu-CO 125.38(21) 132.40 130.79 122.87 122.93 1218

3.3.3.1. Calculated frequencies

Vibrational analyses were performed on the cationaieties [CUAL], where A = CO®CO,
C"®0 and L = NH-CH,-CH,-NH-CH,-CH,-NH, (2,2N3 = 2,2N3ds), NH,-CH,-CH,-ND-CH,-
CH»NH, (2,2N34d;), ND,-CH,-CH,-NH-CH,-CH»-ND, (2,2N34d,), ND»CH,-CH,-ND-CH,-
CHx-ND, (2,2N3ds), NHxCHo-CHx""NH-CHx-CHx>""NH,,  NHx"*CHx"*CH,-NH-"*CH,-
¥%CHx-NH,, NHxCD-CHz-NH-CHx-CDx-NH,,  NH2-CHz-CDp-NH-CD2-CH,-NHz,  NH2-CDs-
CD,-NH-CD-CD»NH;; and the Cu-65 isotopomer>°Gu(C0)(2,2N3)]. Vibrational analyses
were performed for all of the aforementioned A dntigands in the [CuAL] compound by
modifying only one isotopically labelled ligand attime. For all isotopomers the optimized
geometry obtained for the unlabelled [Cu(CO)(2,JN8ympound was employed.

The geometry-optimized compound obtained by DFTcuwations has €symmetry, and is
consistent with the structure obtained by meanX-0ay single crystal studies, as has been
discussed previously. A total number of 63 normaldes of vibration was obtained for the
[Cu(CO)(2,2N3)] complex cation and all other isotopomers.



In their study of [Pd(2,2N3)X]X compounds (X = @r, I) and assuming a;Gymmetry for the
square planar compound, Watt and Klett carriedioassignments by means of the expected
number of vibrations for each of the groups in toerdination compound [61]. They hence
expected 12 vibrations arising from the Ngtoups (&' + 6A”), 3 from the N-H group (&’ +

A”), 24 from the CH groups (12" + 12A"), and 12 vibrations from the N-C chainA6+ 6A").

A total number of 9 Pd-L vibrations were expected the PdNX framework, including three

wPd-N, onevPd-X and five bends, adding up to the total nundf&0 expected normal modes.

By means of a similar analysis, the 63 vibratiorpegeted for the [Cu(CO)(2,2N3)with a
distorted tetrahedral geometry can be split intavib2ations arising from the NHyroups, 3 from
the NH group, 24 from the GHjroups, 12 from the C-N skeleton, and 12 vibratiarising from
the [Cu(CO)N] unit which include theCO vibration, oneXCu-CO Q') and onerCu-CO @A").

Although this oversimplification in the assignmgmoblem allows for an initial understanding of
the systems studied, significant limitations arecemtered due to the extent of coupling observed
in such low symmetry systems. Assignments for &ll dalculated frequencies and the shifts
obtained upon labelling for some of the isotoponsttglied are shown in table 3.3.2. For NH
ANH, refers to diplacements in the plane constitutedhgythree NH atoms €.g, scissoring
mode) whereasiNH; refers to those out of plane.§, twisting mode). However, for the N-H
group, N-H refers to displacements in the plane of theemdke (in which the Cu atom, CO

ligand and both the N-H atoms lie), whereisH refers to displacements out of this plane.

Comparison between the calculated normal moddseifiGu(C0O)(2,2N3)] and [Cu(CO)(2,2N3-
ds)]* compounds, yields 5 vibrations withAa > 930 cn (11-1s), 2 with aAv ~ 430 cnt (s,
Vie, Vao), 3 With aAv ~ 330 cnit (vay, Vag, Va3), 1 with aAv ~ 260 et (1x1), 1 with aAv ~ 190
cm? (vs6), 3 with aAv ~ 105 o (Vas, Vas, Ws), 1 with aAv ~ 70 cni (va) and others with
smallerAv values. If only those vibrations with shifts gesathan or equal to 105 ¢hare taken
into account, a total number of 15 vibrations s@resito d-labelling of the N atoms is obtained,
out of the 15 vibrations expected.
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Table 3.3.2. Calculated shifts for the differenti[CO)(2,2N3)[ species modelled by means of DFT

vibrational analyses. All frequencies in ¢rand allAvvalues correspond W napeled— Yabelled -

unlabelled "CO C*O N -0y -0y -Gs °C ®Cu  Assignment
v 356167 O -0.25 9.6 -0.38 938.83 93852 0.01 0 V.NH>
v, 356152 0 029 961 -033 93875 93851 001 O  uNH,
vy 352751 O 0.36 7.89 947.44 -0.01 947.45 0.02 0 WNH
v, 348831 0 012 546 011 9622 96227 001 0  uNH,
w  3487.89 0 002 547 -007 96094 96191 001 0  uNH,
v 312026 O 0.06 0.01 -0.59 -0.15 -0.75 1159 O V.CH,
v 311836 O 0.08 0.01 -0.13 -0.18 -033 1171 O V,.CH,
v 310552 O 0.04 0.01 -0.22 -0.12 -0.35 1166 O V,CH,
% 310313 0 001 0 0 009  -009 1168 O  uCH,
ho 306528 0 0.03 0 0 0 001 64 O VCH,
v, 306253 0 0.09 0 016 0 015 656 O VCH;,
v, 306054 0 0.1 0 003 -001  -004 654 0  uCH,
hs 3056.84 0 003 0 001 -001  -002 641 0 VCH,
ma 2176.15 50.79 49.05 0 -0.05 0.08 0.02 0.01 0.01 ,}CcO
vs 167339 O 0.05 3.76 0.12 439.86 43998 0.31 0 ANH,
he 1669.15 0 0 376 -003 44007 43997 031 0  NH,
v, 152084 0 006 041 231 -038 198 408 0 &CH,
v 151862 0 004 011 -002 -042  -04 41 0 XH,
Lo 1514.81 0 0.08 018 017 -021  -01 426 0 XH,
Ve 150028 0 0.04 011 176  -023  1.44 392 0 &y
» 1468.71 O -0.08 4.5 220.7 0.65 259.43 3.35 0 TNH
vy 144258 O 0.08 1.14 0.47 6.82 7.58 1368 O 2 @EgY
Vs 142879 O 0.05 1.49 -1 15.06 15.01 13.3 0 2 GHEg
s 1417.25 0.01 0.19 0.81 0.43 7.78 8 1191 0.01 , @&y
s 1381.3 0 0.2 0.14 -3.14 -0.03 -3.16 11.24 O 2 Gidg
e 1360.78 O 0.21 3.59 .77 19.87 35.59 5.27 0 o (BHbt
vy 133276 O 0.19 3.7 -5.1 67.45 39.46 6.91 0 2 @Hst
g 132542 O 0.1 3.62 3.24 20.08 22.51 4.64 0 2 @Hbt
Ve 130166 O 0.05 1.21 -6.05 1.93 -3.02 6.72 0 2 @Hst
vy 1264.28 0 0.07 3.58 21.29 41651 423.6 1487 0 NH; twist
vy 115886 O 0.27 0.68 208.82 333.56 334.07 3.23 0 NH twist
vp 113183 0 0.12 574 0.23 330.06 329.32 5.46 0 NH wag
v 111741 O 0.16 5.66 -0.76 319.61 320.29 7.81 0 NH wag
v 109216 0 0.1 1377 -2049 -2446 10449 1321 0  uC-C +UC-NH,
s 1081.87 0 0.22 5.87 11.91 10.25 23.09 1232 O VC-NH,
e 1054.89 0.01 0.22 1.24 13.19 -152.02 -132.241351 0.01 uC-C
v, 104771 001 014 786 -1407 10.1 321 2055 0 VC-NH,+ aC-C-N
g 999.11 0 0.09 489 1.9 -47.96 -47.4 1653 O CH; rock +aC-N-C
b 99619 0O 0.11 091 -18.75 -9194 -9249 86 0 gC-C-N + Chrock
Vo 969.83 0 0.08 531 7135 -7.27 78.93 9.38 0 C-N-C + N-H
viy 9031 0 -0.24 3.92 7.6 -56.38 -27.18 17 0 CH; rock
v, 868.35 0 0.21 6.75 7.47 10.16 16.89 1263 O CH, rock
Vi3 867.46 0 -0.27 7.26 175 -12.91 -943 135 O CH, rock
Vi 828.7 0.03 -0.21 7.17 108.84 -0.15 110.13 5.85 0.02 ANH + LIC-N-C
Vs 634.32 0.15 0.03 4.56 0.31 102.49 103.55 1.97 0.02H, rock
Vg 613.27 0.07 -0.02 4.04 1.02 186.17 187.08 3.3 0.0MdH, rock
vy 507.73 0.06 -0.04 1.59 1.72 -43.83 -41.44 6.15 0.(Ring def.
g 499.9 0.09 0.11 1.72 3.23 49.29 54.38 9.47 0.06 g Reéf.




Table 3.3.2. (cont.)

unlabelled “CO C®O N -d; -d, -5 Bc ®Cu  Assignment

Vag 47722 473 8.21 0.82 0.51 -3.23 -1.06 0.16 2.29 uvCu-CO

o 436.89 1.33 1.71 10.25 12.65 209 30.98 0.5 0.01 uCu-NH + 1 Cu-N,
+ XCu-C=0

sy 40162 254 0.47 7.7 0.82 20.09 20.49 0.91 0.21  y,Cu-N, + Cu-C=0

k, 39584 06 024 362 359 36 6.91 46 003 CHH(A) +
JHN-Cu-CO

3 330.62 5.06 0.37 3.35 5.67 7.97 11.7 0.56 0.17 yCu-N, + VCu-NH
+ XCu-C=0

s 32387 5.01 -0.1 1.83 0.59 19.05 19.39 1.52 0.09 7ZHN-Cu-N, +
7Cu-C=0°

Vs 285.3 35 0.55 3.15 0.37 8.94 9.93 0.810.78 JCu-C=0 + V.Cu-N,
+ VCu-NH

g 277.37 2.31 -0.4 1.89 0.52 7.59 8.4 1.531.11 mCu-CO+
JTEHN-Cu-N,

v, 241 008 -072 1.82 056  10.67  10.84 315  0.0EC'H, (A) +
JHN-Cu-N,

kg 21629 048 -04 096 -037 212 1.68 3.37  0.64HN-Cu-CO +1C'H,
(A") + TCH, (A")+
7EHN-Cu-N,

sy 187.15 0.52 1.04 0.88 0.17 2.19 2.38 2.121.02 4Cu-N,

Vo 1176 006 -019 128 -031 6.26 5.98 0.87  0.44Cu-N,+ IC*H; (A)

Vo 7037 0 -0.7 067 -1.18 3.79 2.65 0.65  0.03C?H, (A") + 7ZHN-
Cu-N; + Cu-CGz0

Vs D56.41 0.02 0 0.3 -0.89 1.14 0.26 0.26 0.13HN-Cu-CO +
1C?H, (A) +
XCu-CG0

Vs 45 004 -009 004 -116 025 -0.9 054  0.0%C™H, (A") + 1CH,

(A) + THN-Cu-CO

a SinceAv corresponds tOunanelea— Viavelles N€Qative values reflect shifts to higher frequenc
b In the assignments performed in the low energipregnodes 49-63, Nfgroups are represented by N

and the secondary amine by NH.

c Modes 54 and 56 are coupled to #@H, (A”) and 7C°H; (A”) modes.

The MNH; vibrations {415 and vi6) are the less coupled of all the Nbending vibrations s/ Vo

ratios of 0.74 for both vibrations). The Miwisting vibrations (50 and v51) occur before the

wagging vibrations, and are the most coupled afha&lINH; vibrations {45/ vy ratios of 0.66 and

0.71 respectively). In fact for both thdy-and d; isotopomers,s9 occurs at quite a similar

frequency. Howevernys; shifts 208.82 ciito lower energy upord; labelling due to the fact that

the NH, twisting vibration for this isotopomer couplestite 7N-H models,,, as can be seen from

the displacement diagrams shown in figures 3.3cb38.6. The NH twisting vibrations have

usually been assigned as occurring at lower endrgy the wagging vibrations [61-65]. This

seems not to be the case, as despite the extamipding observed for this mode, the twisting

mode occurs at a higher energy than the waggingerfarcthe €, -d, and €s isotopomers. The
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analysis of the displacement diagrams obtainethi®{Cu(CO)L] isotopomers, where L = NH
CD,-CH>NH-CH,-CD>-NH;, NHx-CH,-CD,-NH-CD,-CH,-NH;, NH,-CD,-CD,-NH-CD,-CD,-
NH, is consistent with the aforementioned observatanmd further supports the trend in energy
obtained for the NHKtwisting and wagging vibrations. For the L = NBD,-CD,-NH-CD,-CD»
NH, compound, the first seven vibrations after &0 mode are calculated to be exclusively
NH, and NH vibrations, and again the Ntwisting mode is obtained at a higher energy tthan
NH, wagging mode. However, the twisting mode coupiteresively to CH vibrations, as can be
seen from the values obtained for these vibratiorthe L = NH-CD,-CH,-NH-CH,-CD>-NH;
and NH-CH,-CD,-NH-CD,-CH,-NH; labelled compounds. Figure 3.3.7 shows the displaoé
diagrams obtained for the twisting modeg and 15, for the 4, labelled CH groups and figure
3.3.8 shows the frequency values of some of the &tldl NH vibrations obtained for the €D
labelled compounds.

The shifts obtained for all 63 vibrations with pregsived-labelling of the N atoms do, -di, -ds
and ds) are shown in figure 3.3.9 (A, B and C). The Nihgging vibrations iz, and vs3) shift
~320 cm' to lower energy upod-labelling of the NH groups and haveys/ vy ratios of 0.71 sy,

a C-C and C-N vibration due to its N-15 and C-18séwity (Av ~ 14, 13 crif to lower energy
respectively) is coupled to the NMkymmetrical wagging vibrationyss, in the €y and €,
isotopomers, but the coupling is lost for tdgand ds compounds as can be seen in figure 3.3.5.
However,vs, is obtained at a considerably lower energy for-thehan for the d, isotopomer, as

Va4 couples to theiN-H modes; for the ds labelled compound.

The NH rocking vibrations s and vie) have vgs /vy ratios of 0.84 and 0.69 respectively. The
very low value of 0.69 obtained fors can be explained in terms of coupling betweenvthand

V47 vibrations. In fact, for thedy and €, isotopomers, both vibrations are identical. Tihe
vibration occurs some 40 ¢hat higher energy in thel; and ds isotopomers. Coupling between
modes 46 and 47 in thdy-and d; isotopomers would hence increase the energy falerd® and
reduce it for mode 47, as can be seen in figureédX3 This increase in energy fogs is

responsible for the very lowys/ vy ratio obtained.
The analysis for the Nivibrations is complicated by the fact that deuteraof the NH groups

produces a noticeable variation in those vibratissociated to the C-N stretch, and hence some
vibrations shift to higher energy in thel,-and ds isotopomers. Assignments have been
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performed on the basis of the displacement diagemisthe calculated shifts for the vibrations
obtained shown in table 3.3.2.

As regards the 2,2N8; system, withd-labelling only on the secondary amine in the 2,2N3
ligand, a comparison between the [Cu(CO)(2,2Na)jd [Cu(CO)(2,2N3k)]" species provides
two vibrations with largé v values, {v ~ 950 cni for 1 andAv ~ 220 cnit for 1»1). The next
largest calculated shift occurs fex; with aAv ~ 210 cni. However, other sensitive vibrations
are v, (Av ~ 110 cr) and vy with a Av ~ 70 cmit. The first two vibrations mentioned
correspond to two of the three modes predictedHerN-H group as mentioned by Watt and
Klett [61], but coupling within the system is exsére and the next mode with a large sensitivity,
Va1, the asymmetric NEtwisting mode, is not an N-H moger se as both the atoms comprising
the N-H bond shift in the same direction for thdy and €, isotopomers, and in opposite
directions for thed; and ds isotopomers, which explains the lower energy sipftn deuteration
of the secondary amine. It has also been mentipnedously, that this mode couples to the
mode for thed; labelled compound. It igy, that corresponds to thdN-H bend, the third mode
expected for the N-H group, with almost half thasstvity obtained forvs. This latter mode is
highly coupled to vibrations from the C-N-C sketetand shows Av~ 7 cmi* and aAv~ 6 cni*
upon N-15 and C-13 labelling respectively, withire t2,2N3 ligand. Displacement diagrams for
some of the N-H vibrations previously mentioned strewn in figure 3.3.6.

The asymmetric stretch and the scissoring moeg€H, and dCH,, are obtained at a higher
energy for the -CHNH, groups than for the -CGHNH,-CHx- groups. All other CH vibrations
are highly coupled and all C-H bonds are displanetthe ligand. They do however, despite the
coupling experienced to other modes in the ligae&m to occur in small frequency ranges, as
can be seen from table 3.3.2. No trend can be Is$tat as regards the frequency values
obtained for the two different GHyroups in the 2,2N3 ligand. The gHivisting mode, for
example, is highly coupled for all of thedNiabelled compounds € 0, 1, 4, 5) and they, 1,7,

g and Ve modes, all twisting modes, occur mainly for -&¥H-CH,- (156 and 1,g) and for -
CH,-NH; (17 and 1,g). The trend is maintained for the g€@belled compounds, wherg; and
goccur in the L = NRHCH,-CD,-NH-CD,-CHx-NH;, labelled compound at the same frequency
value forv,; and 14 cii to higher energy for,s. Both 1,7 and 1ug are -CH-NH,, vibrations in the

-CD,-NH-CD,- labelled compound and it iss and 1»g that shift to lower energy. A study of the
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Figure 3.3.5. Projections on tikgplane for the Nksensitive vibrations,

V30— V34, Obtained for thedy, -d;, -ds and s N-labelled isotopomers.
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Figure 3.3.5 (continued). Projections on fyglane for the Nk sensitive vibrations,
Vss, Vag, @and Vs — Va7, Obtained for thedy, -di, -d4 and €s N-labelled isotopomers.
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Figure 3.3.6. Projections on tlgplane for the N-H sensitive vibrations,, Vi
and vy, obtained for thedy, -d;, -ds and €5 N-labelled isotopomers.

variations experienced upoud,-labelling of the CH groups is currently underway, and will
possibly in future shed some light on the vibragiczoupling experienced by these systems.

Extensive coupling is observed for the C-C and @iNations. Out of the twelve vibrations

expected for the N-C ligand fragment, six are elgobto be C-C and C-N stretching vibrations.
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In a very rough approximation, the six stretchiilgrations correspond to 2C-C, 2 LC-NH, and

2 VC-NH-C vibrations [61]. Thé v values shown in table 3.3.2, obtained upon C-13 Nuidb
labelling, are indicative of how highly coupled skemodes are. Mode;, the vibration with the
highest C-13 sensitivity\ ~ 20 cnit to lower energy), also shows high sensitivity toagaN-15
labelling Av ~ 8 cni" to lower energy). From the displacement diagraimgined, the mode
corresponds to &C-NH, stretching mode coupled to a C-C bending mode. eVl has been
assigned to a coupled Glbck and aC-N-C mode, where the rocking mode is the predontina
vibration, hence its high sensitivity to C-13 Idlvg). Mode 39 has been assigned as a coupled
aC-C-N + CH rock due to its C-13 sensitivity. Modes 40 anda4d coupled/C-N-C + INH
modes, with the former mode predominantly tb€-N-C vibration and the latter mode
predominantly thedNH vibration as can be seen from thgk and €s sensitivities. The CH
torsional vibrations occur at low energy and aghhji coupled to the metal-ligand vibrations.

They occur predominantly as modes 52, 57, 58 and/@tles 62 and 63 are highly coupled to
the torsional vibrations.

D H H D D

u O H, H P, D

Fl'/g( | H D ! D D ! D

N N

H H H H H

}4 , A / , A/ D \/ , N D D ’\{ , N D
N ~— —

co " /o O\ /T N\

\ H H H H \ H

i i

o (6] o (6]

ﬁ( W
Figure 3.3.7. Projections on tlg plane for the Nktwisting vibrations,
V3 and sy, obtained for the CPlabelled isotopomers.
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Figure 3.3.8. Calculated frequencies for some efNh, and NH vibrations in CRlabelled
compounds. Y fragments shown are for the [Cu(CONEY-Y)] " isotopomers.

The analysis of the vibrations expected to occuth& low energy region follows the notation
employed by Nakamoto for tetrahedral X\WZYcompounds [66], where X = Cu, W = CO, Z =
NH and Y = NH in the present molecule. In the following discossthe nitrogen atoms from
NH, groups will be represented by N. The tetrahedkaleton Cu(CO)(NH)N hasC; local
symmetry and the modes can better be defined estpeact to the mirror plane of the molecule, as
in plane A" symmetry) or out of planeX’ symmetry) vibrations.
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Figure 3.3.9.A. Calculated frequencies for vibrasio, — V14 for the
N-di-labelled [Cu(CO)(2,2N3})]* isotopomersi = 0, 1, 4, 5.
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Figure 3.3.9.B. Calculated frequencies for vibnagiors — Va4 for the
N-d-labelled [Cu(CO)(2,2N2h)]* isotopomersi, = 0, 1, 4, 5.
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Figure 3.3.9.C. Calculated frequencies for vibragias — Vs for the
N-d-labelled [Cu(CO)(2,2N2h)]* isotopomersi, = 0, 1, 4, 5.
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Fifteen vibrations of interest £0 + 6A") are expected to occur in the low energy regibhe

fundamental vibrations of interest below 500°dfaill into three categories.

1. Two Cu-GO bending vibrationsgCu-C=O (A’) in the mirror plane of the molecule and
7€ u-C=0 (A”) out of the mirror plane.

2. Four torsional modes for the @Hroups in the triamine ligand. Methylene groupe ar
labelled as €and € according to their position in the triamine ligaas shown in the 2,2N3
ligand, HN-C'Hx>C*H>-NH-C?Hx-C'H-NH,. Two 7CH, (A') and two rCH, (A”) vibrations
are expected. The former vibratios §ymmetry) involve the in-phase torsional modes of
both the ¢ and C methylene groups, and the latter vibratioAs §ymmetry) the out-of-
phase torsional modes of both thea®d G methylene groups.

3. Nine vibrations (8 + 3A") for the tetrahedral XWY¥Z skeleton, with the ligands viewed as a
point mass. Table 3.3.3 shows the expected mgtaidi vibrations and their symmetry.

A high degree of vibrational coupling is expectedhiese vibrations, the extent increasing as one
moves into the far ir (the number of fundamentdla given symmetry having similar energy is
greater, in addition since bends are defined bydegrees of freedom perpendicular to the bond
whereas stretches are defined only by one alongotimel, bends are more likely to be best
described by several Symmetry Adapted Linear Coatluins in contrast to stretchegiz bends

are typically more coupled than stretches). Thelltés that in progressing into the far ir the
bends in particular experience greater couplindpvitreasing number of other fundamentals so
that it becomes increasingly more difficult to gssia particular vibrational frequency to a
specific fundamental. This is particularly expectettween théd” modes 58, 61 and 63, and is
similarly expected between tiié modes 57, 59, 60, 61 and 62.

Given this, the assignments below 500 cpresented here reflect the recognizable dominant
fundamental contributors to the highly coupled atiims. Here) refers to a displacement in the
mirror plane,7to a displacement out of the mirror plane, supsaito symmetrical displacement
of the two primary amine nitrogens (mirror imagglbscript a to asymmetrical displacements
(non-mirror image).

The xy projections of the fifteen vibrations occurring latver energy ¥ — Us3) for the

[Cu(CO)(2,2N3)] compound are shown in figure 3.3.10. Trprojections along the OC-Cu-
NH bonds are shown in figure 3.3.11 atxprojections for the tetrahedral framework are sthow
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in figure 3.3.12. Table 3.3.4 shows the assignmtrtshe low energy vibrations together with
the dominant fundamental occurring for that mode.

Table 3.3.3. Fundamental vibrations expected fory¢d/molecules. In the present study, X = Cu, W =
CO,Z=NHandY =N.

Symmetry Nakamoto [66] This work
A Vs (XY 2) VCu-N,
vV (XW) v Cu-CO
v (X2) VCu-NH
A (XY 2) oLCu-N;
& (WX2Z) AHN-Cu-CO
& (ZXY ) OHN-Cu-N; (umbrella mode)
A Va (XY 2) VaCu-N,
0(WX2) 7HN-Cu-CO
& (ZXY ) T7EHN-Cu-N,

Of primary interest regarding the vibrational canglwithin the molecule in this region is that
involving the carbonyl moiety. There is a lot ofnfwsion in the literature regarding the order of
assignment of theM-CO, dM-C=0 and7M-C=0 vibrations of metal carbonyls. The intuitive
order in decreasing frequency, as just presentedften destroyed as a result of vibrational
coupling of one or more of these fundamental vibret The extent of the coupling is influenced
by the symmetry of the molecule, the nature ofrttetal and the nature of the other ligands. The
complexity involved is illustrated by the variedsggmments found in that other geometry
associated with a coordination number of fouiz. square planar. Some studiesg( for
[Pt(CO)X:]” [67]) present the assignments as above, but atyari alternate assignments can be
found in the literature. Resolution of the confusia the literature required normal coordinate
analysis [68-70] and isotope labelling [71-73] $&sd(Hence the present study of the tetrahedral
geometry). Thus, for theigRh(CO)LX] system the sequence 8Rh-C=O > /Rh-C=O = vRh-

CO (the stretch is close to the out-of-plane band, may even be accidentally degenerate with it,
depending on the ligand L) [68, 71, 74, 75]. In tcast, for the platinum analogue
Cig[Pt(CO)LX] " the sequence igPt-C=0 > JPt-C=0 > VPt-CO [69], with the stretch close to the
in-plane bend. Yet in the complexes [Pt(Cg)X[70] and trangPt(CO)LX;] [72, 73] the
sequences reflect that ciSfRh(CO)LX], i.e., Pt-C=0 > Pt-C=0 = WPt-CO (again the stretch

is close to the out-of-plane bend, and may sacsidental degeneracy with it, depending on the
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Figure 3.3.10. Projections on tkgplane for the low energy modes
(va9— Ve3) calculated for the [Cu(CO)(2,2N3)¢omplex cation.
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ligand L). The assignment variations observed uimdethe importance of both isotope labelling
studies and of molecular modelling studies in vibral analysis.

The coupling of these modes in the present tetrahesystem and its significance to the
assignment issue can now be considered. The olserder is significantly different than those
determined for the square-planar systen®y-CO> dCu-C=0 > nCu-C=0, with the stretch at a
significant distance from the bends and which sthquhlike that experienced by square planar
systems) allow for the unambiguous assignment efut-CO in similar tetrahedral systems.
Rather than the result of the stretch, this diffieeeis due to the behaviour of the carbonyl bends
both of which are found some 150 to 250 'dawer than their square-planar counterparts. Both

of these lower frequency fundamentals individualxperience significant coupling, a

consideration of which raises a caution to the ipiditg of a reversal of their assignment (similar
to that noted witltis[Pt(CO}LX] ) in other tetrahedral systems.

Table 3.3.4. Assignments for the low energy vilomadi V4 Vs, and dominant fundamental occurring for
each mode in the XWX molecule where X = Cu, W = CO, Z = NH and Y =#NH,). Calculated
frequencies in ciare for the unlabelled [Cu(CO)(2,2N3gompound.

Vibration Frequency Symmetry Assighment Domirfandamental(s)
Vao 477 A VCu-CO vV (XW)
Vso 437 A Cu-NH + 1Cu-N, + &Cu-C=0 v (X2)
Ver 401 A V:Cu-N, + Cu-C=0 Va (XY 2)
Vs2 396 A 1C?H; + HN-Cu-CO 1C?H; (A), & (WXZ2)P
Vs3 331 A VCu-N, + ICu-NH + Cu-C=0 Vs (XY )
Vsa 324 A 7EHN-Cu-N, + Cu-C=0 & (ZXY )
[+ TCle + TC2H2]
Vss 285 A IXu-C=0 + VCu-N, + VCu-NH Xu-C=0
Vss 277 A’ 7CU-C=0 + 7ZHN-Cu-N, mCu-C=0
[+ TCle + TC2H2]
Ve 241 A 1C™H, + AHN-Cu-N, 1C'H, (A), & (ZXY )
Vsg 216 A’ 7HN-Cu-CO +1C'H, J(WXZ), 1IC'H; (A")°
+ 7BHN-Cu-N, + 1C°H,
Vio 187 A ACu-N, & (XY2)*
Veo 118 A ACu-N, + 1CH, &(XY2)
Vel 70 A 1C°H; + 75HN-Cu-N, + 7€Cu-C=0 C?H, (A)©
Ve2 56 A AMHN-Cu-CO +1C?H, + &Cu-C=0 & (WXZ), 1C?H, (A)°
Vo3 45 A’ 1C'H, + 1C'H, + IHN-Cu-CO TC'H, (A")°

a Mode 59 is a strongly coupled mode. The princi@éKY ;) mode from isotopic shifts and displacement

diagrams is mode 60.

b Mode 52 is strongly coupled to mode 62.
¢ Modes 58 and 61 are strongly coupled to mode 63.
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Two highly coupled modes in particular show sigrafit SCu-C=O contribution, these being
modes 53 (331 ci) and 55 (285 cff). Based on their displacements and isotope seitisii the
former is predominantly thesCu-N, (greater N-15 sensitivity, and while it has a &r§’CO
sensitivity than mode 55, its smaller?0 sensitivity suggests that there is sma&u-C=0
contribution). For the same reasons the lower tVitmabetter describes the bend, and has a larger
metal displacement associated with the bend, asvidenced by the greater metal isotope

sensitivity.

Similarly, two highly coupled modes show signifitamCu-C=O contribution; modes 54 (326
cm?) and 56 (277 cif). Based on their displacements and isotope seiisii these are
significantly coupled. The former is consideredbis predominantly thezHN-Cu-N, based on
the much greater NH/D sensitivity of this lower duency vibration. Furthermore, the
displacement of the CuZD bend in this mode is within a plane containing off the Cu-NH
bonds (so accounting for its metal and C-13 isogmesitivity) rather than being perpendicular to
the molecular plane. It is in mode 56 that the G@Cdisplacement is perpendicular to the
molecular plane, and the mode is thus a betterigésicfor 7Cu-C=0. The out-of-plane bend is
coupled to several additional vibrations, but irdiidn to the evidence in the displacement
diagram, it is best identified as mode 56 on thsisaf its possessing a larger metal isotope
sensitivity. A point of interest with mode 56 isstdecoupling experienced by this vibration on
C™0 labelling (seen by a shift of 0.4 ¢mo higher wavenumber). This indicates that the
coupling experienced by this mode is particuladgceptible to its environment. It is this fact,
and that thelCu-C=0 and7Cu-C=0 are observed only 7 ¢hapart that raises the possibility that
they may be found in reverse order in similar systevere the coupling experienced &3u-
C=0 to be slightly greater such that its frequendgvgered, or were the coupling experienced by
7CU-C=0 be altered so as to be better described by méde 5

An additional assignment complicated by vibratiomaupling is that ofoHN-Cu-CO. The
displacements of two modes show substantial bendfitige N-Cu-C angle so as to be assigned
predominantly to this fundamental, namely mode35(cm') and mode 62 (56 ch The other
vibration is anA’ CH; torsional vibration to which it couples. The highleequency might be
considered too high for the bend (being merely®0 lower than the stretch), however the lower
frequency is particularly too low in the far infrad for consideration. In comparing the

assignment of this vibrationd] (WXZ)} for a variety of simpler penta-atomic sysie [66] its



location varies substantially between 150 and 38B. cThis no doubt reflects the disparate
influences of the reduced mass and the bond farostant (itself a balance of the bond order,
difference in electronegativities, etc.) for theleonle. Both thedHN-Cu-CO and7C’H, are
strongly coupled, with mode 52 having large N-15d ad; sensitivities as well as large
sensitivities to C-13 and“@, labelling of the 2,2N3 ligand. The displacemertgdam for mode
62 showsdHN-Cu-CO character. However, although Cu-65 saeritsitis high, C-13 and O-18
sensitivities are negligible, a common feature olestin very low energy modes. Both modes 52
and 62 are better described as strongly coudd-Cu-CO +7C°H, vibrations.

Finally, the mode that best describes the uniquensstric umbrella bend involving all three
nitrogens is clearly observed from the displacendé@gram shown in figure 3.3.12 to mode 57.

3.3.3.2. Mid and far ir spectra for [Cu(CO)(2,2N3)BPh, and its isotopomers

The mid and far ir spectra of the [Cu(CO)(2,2N3)i&P [Cu(**CO)(2,2N3)]BPh and
[Cu(CO)(2,2N36s)|BPh, compounds have been assigned on the basis ohdloeetical study
performed and the expected calculated shifts. llicades, regression analyses provided straight
lines with a good fit between experimental and waled frequency values. Rescaling of the
frequencies was deemed necessary as, contraryabisvbbserved for organic molecules where
all calculated vibrations are obtained at highentrencies, some M-L modes are calculated at
slightly lower than observed values. The rescatihfrequencies hence decreases the calculated
frequency values for high energy vibrations, arnightly increases the frequencies of those
vibrations occurring at lower energies. Assignmemitsbe discussed separately for the different

groups involved in the complex Cu(l) cations.

The mid and far ir spectra for these compoundsshosvn in figures 3.3.13, 3.3.14 and 3.3.15.
Assignments for the experimental and rescaled &rgjes are shown in table 3.3.5.

3.3.3.2.1. N-H vibrations

Two frequencies are calculated for the N&ymmetric stretch, as the MNHjroups vibrate
symmetrically in-phaseA) and out-of-phase A’) with each other. These frequencies are
calculated to have Av value of 0.42 ciiand are observed as only one band in the expetdien
spectrum. This is also the case with tiNH, vibrations, where the scissoring mode occurs in-
phase &) and out-of-phaseX’) and theA v, value is of 4.24 cihbut observed as a single band
in the ir spectra for the compounds. The N-H shietg vibrations (x—1s) occur in the 3500 cth
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region and shift some 860 ¢nto lower energy upon deuteration. A weak intensignd is
observed at 3160 ctrin the spectra for [CUA(2,2N3)]BRhA = CO,*CO and at 2353 crfor
[Cu(CO)(2,2N3ds)|BPh,. It has been assigned to the N-H bend overtoriecasresponds to 2 x
ANH, The NH scissoring vibrations fs and 1) at 1592 crii shift to 1185 cril upon
deuteration and a medium intensity band at 1435 cfmx) in the spectra of
[Cu(CO)(2,2N3)|BPh and [Cu’CO)(2,2N3)]BPh slightly masked by the intense BPh
absorption at 1428 chdisappears upon deuteration and shifts to 1150inrnthe spectrum of
the deuterated compound and is indicativefdfH. This last band is masked by another intense
absorption of the BRhanion occurring at 1154 ¢hbut was observed in a concentrated
spectrum of the deuterated sample at 1150" @nd also appears in the spectrum of
[Cu(CO)(2,2N3ds)]l at 1156 crit. The assignment for these bands is consistent thitih
proposed by Watt and Klett [61] who observed baaids589 crit and 1439 cihin their study of
Pd(Il) compounds with diethylenetriamine. The awmthpointed out that théND, vibration was
observed as an intense band at 1181 buot did not mention the shift obtained for trd-D
band. Although their assignment for this particulration was not totally satisfactory to them,
the calculated values and observed experimentts shither support the previously performed
assignments.

[Cu(CO)(2,2N3)]BPh

[Cu(®C0)(2,2N3)]BPh

s
[Cu(CO)(2,2N3¢l)]BPhy

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cri)

Figure 3.3.13. Mid ir spectra for NaBPénd [CuAL]BPh compounds,
where A = CO;°CO; L = 2,2N3, 2,2N3s.
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Figure 3.3.14. Mid ir spectra for [Cu(CO)(2,2N3jB and [Cu(CO)(2,2N3}s)]BPh.
Numbering scheme follows the assignments showtahiles 3.3.2 and 3.3.5. Tetraphenylborate
bands are shown with a dot and bold numberinges s indicate bands from the
[Cu(CO)LJ" vibrations that are masked by BPhbsorptions.

Watt and Klett [61] assigned the Biwagging modes as occurring before the twisting esod
This seems not to be the case in light of the vitmal analyses performed by means of DFT
calculations. The authors assigned the waggingatidors atca. 1310 and 1150 cthand the
twisting vibrations atca. 1150 and 990 cth The band occurring at 1312 ¢nize) has been
assigned in the present work as a,Q@wlisting mode in good agreement with the calcalate
frequency values. Its shift to lower energy upontdeation is due to the coupling experienced
with the NH twisting mode as seen from the displacement diagrabtained for these
vibrations. The band occurring a&. 990 cm' assigned as a twisting vibration by the authors
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occurs at too low a frequency value for an,Nttisting vibration. It has been assigned in this
work as a CHrock, coupled to a vibration of the C-N skeleton.

NaBPh

[Cu(CO)(2,2N3)]BPh

[Cu(*C0)(2,2N3)|BPh

[Cu(CO)(2,2N365)]BPhy

600 500 400 300 200 100
Wavenumber (cri)

Figure 3.3.15 . Far ir spectra of NaBRimd [CuAL]BPh compounds (A = CO*CO;
L =2,2N3, 2,2N3ds). Numbering scheme refers to assignments showabies 3.3.2,
3.3.4 and 3.3.5. Bold numbers represent bands mdskBPh™ absorptions.

Tetraphenylborate absorptions are shown with a dot.

The NH; twisting mode Vs, is observed as a medium intensity absorptionrioguat 1220 cm
for [CuA(2,2N3)]BPh, A = CO andCO. This band shifts to 815 ¢hin the spectrum for thels
analogue. The remaining twisting moda;, is observed as a shoulder bandaatl1166 cn to
the intense BPh absorption at 1155 and 1149 tnin the ds labelled it shifts to 804 cm
compound. In the spectrum for [Cu(CO)(2,2N3)]I, tends occurring at 1220 and 1170 v

andvs,) are absent in the spectrum for thelabelled compound and shift to 821 and 807.cm
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Table 3.3.5. Experimental and calculated rescakgliencies (6-31G**) for [Cu(CO)(2,2N3)]BRand
130 and 2,2N3Js isotopomers. All frequency values in ¢ém

Vibration [Cu(CO)(2,2N3)]BPh [Cu(**CO)(2,2N3)]BPh  [Cu(CO)(2,2N3ds)]BPh;  Assignment
Observed Calculated Observed Calculated i®bde Calculated

v 3344 3353 3344 3353 2489 2488 VaNH;
v 3334 3353 3334 3353 2489 2488  UNH,
V3 3311 3322 3311 3321 2453 2448  NH
Va 3283 3285 3282 3285 2434 2397  UNH,
Vs 3283 3285 3282 3284 2417 2397  UNH,

3160 3160 2353 2 X ANH;
Vo 2956 2945 2956 2944 2953 2954  uCH,
v 2956 2943 2956 2942 2953 2952  uCH,
Vg 2946 2931 2945 2930 2945 2940  uCH,
Vo 2946 2929 2945 2928 2945 2938  yCH,
Vio 2896 2894 2896 2893 0 2902 V{CH,
Vi1 2880 2891 2879 2891 2877 2899  uUCH,
Vip 2880 2889 2879 2889 2877 2898  UCH,
Viz 2880 2886 2879 2885 2877 2894  UCH,

2080 2070 2080 2079 2070  1CO
Vig 2032 2032 2022 2032 Veco

1984* A3t

Vis 1592 1605 1592 1604 1185 1187  NH,
Vi 1592 1601 1592 1600 1185 1183  ANH,
Vi7 1467 1463 1465 1463 1465 1455  &CH,
Vi 1457 1461 1456 1461 1456 1455  CH,
Vio 1457 1458 1456 1457 1456 1451  &CH,
Voo 1451 1444 1451 1444 0 1436 CH,
Vo 1434 1415 1434 1415 1156 1164 7NH
Vo 1387 1391 1386 1390 1376 1376 Okhg
Vo3 1381 1378 1379 1378 1363 1356 Okhg
Vo 1362 1367 1362 1367 1348 1352 Okhg
Vos 1342 1334 1342 1334 0 1329 CH wag
Vog 1312 1315 1311 1315 1287 1273 CH,twist’
Vo 1297 1289 1296 1289 1284 1243 CH twist
Vog 1280 1282 1280 1282 1284 1252 CH twist
Vog 1270 1260 1269 1260 1284 1254 CH twist
Vao 1220 1226 1220 1225 815 820 hitist
Va1 1164 1128 1166 1128 804 805 Biist
Vs 1113 1103 1113 1103 779 784 hivlag
Vaz 1083 1090 1082 1089 779 779 hivlag
Vaa 1057 1066 1057 1066 967 957 VC-C + VC-NH;,
Vas 1057 1057 1057 1056 1017 1024  LC-NH,
Vas 1031 1032 1031 1031 1084 1144  wc-C
Va7 1031 1025 1031 1025 1017 1016  VC-NH,+ aC-C-N
Vag 982 980 982 980 996 1012 CH,rock +aC-N-C
Vas 978 977 977 977 1045 1052  aC-C-N + CH rock
Vao 938 953 938 953 879 867 VC-N-C +N-H
Vay 891 891 891 891 908 903 GFock
Vaz 860 859 860 859 842 830 GroCk
Vaz 860 858 860 858 852 854 GFock
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Table 3.3.5. (cont.).

Vibration [Cu(CO)(2,2N3)]BPh [Cu(**CO)(2,2N3)]BPh  [Cu(CO)(2,2N3ds)]BPh;  Assignment
Observed Calculated Observed Calculated Wbde Calculated

Vag 798 822 797 822 689 705 ONH + VC-N-C

Vis 627 642 627 642 517 529 Nbirock

Vas 614 623 614 622 436 432 Nbirock

Va7 572 525 572 525 530 547 Ring def.

Vag 520 518 520 517 462 450 Ring def.

Vio 498 497 0 492 0 480 VCu-CO

Vso 437 459 437 458 419 413 VCU-NH+ VCu-N,

Vs1 405 427 405 424 390 389 V:.Cu-N, + Cu-C=0

Vs 405 421 405 421 390 397 1CH, + HN-Cu-CO

Vs3 371 361 364 356 354 331 VCu-Ny + LICu-NH +
Cu-C=0

Vsa 345 355 335 350 327 318 J76HN-Cu-N; +
Cu-CG0

Vss 328 319 318 316 290 290 Xu-C=0 + VLCu-N, +
VCu-NH

Vs 303 312 304 311 279 284 7CU-C=0 +
7EHN-Cu-N,

Vs7 290 278 291 278 262 248 1ICH; + oHN-Cu-N;

Vsg 250" 255 250 254 228 233 THN-Cu-CO +1CH, +
TEHN-Cu-N,

Vo 225 228 0 227 205 206 ACU-N,

Vso 150 164 149 164 133 137 ACu-N, + 1CH,

Vs 113 120 O 120 98 9 ICH, + 7ZHN-CU-N, +
Cu-CG0

Veo 0 107 98 107 90 85 JHN-Cu-CO +1CH,

Vs 92 97 92 96 O 76 1CH, + 7HN-Cu-CO

* Harmonic oscillator approximation yields a ratibvCO/V**C*®0 = 0.95311.
t Masked by BPAband at 1154 cthband appears at 1156 ¢im spectrum of [Cu(CO)(2,2N8s)]I.

¥ CH, twisting vibrations are very coupled to the Niwisting vibrations in the 2,2N3 compounds.
a Masked by BPfiband at 1264 cih

b Masked by BPfibands at 627 and 615 ¢m

¢ Shoulder band.

d Masked by BPfi absorption at 461 cmOccurs at 466 crhin the spectrum of [Cu(CO)(2,2N&)]!.

e Occurs in the spectrum of [Cu(CO)(2,2N3)]BF

f ICu-CO band is masked in all three isotopomers byBh™ bands at 481 and 461 Zroccurring in this
region. A weak intensity band appears at 498 omthe spectrum of [Cu(CO)(2,2N®)]I. No band was
observed in the spectrum of [Cu(CO)(2,2N3)]l asue-CO bands possibly overlaps with the intense
band observed fowgs at 504 crit.

g Masked by BPfiabsorption at 279 cmOccurs at 285 crhin the spectrum of [Cu(CO)(2,2N&)]!.

h Masked by BP}i absorption at 250 ¢ The band occurs at 252 ¢iin the spectrum of
[Cu(CO)(2,2N3)]I.
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The NH wagging modesys; and vz, are observed as two bands occurring at 1113 @88l dnt
in the spectra for [CuA(2,2N3)]BRIA = CO,*CO) and as one intense band at 779" amthe
-ds isotopomer.

The AN-H vibration, v, is coupled to the/C-N-C vibration and occurs at 798 ¢nin the
spectrum for [CuA(2,2N3)]BRh(A = CO, *CO) and at 689 ctin the ds analogue. This
vibration was not assigned by Watt and Klett [61].

The NH, rocking vibrations were previously assigned [64 pacurring ata. 730 and 690 cih
They have been assigned at a lower frequency valtlee present work. Although both bands
(vss and va) in the [CuA(2,2N3)IBPh (A = CO, *CO) are masked by the intense BPh
absorptions occurring in the 630—600tregion, they occur at 650 and 600 tim the spectrum
for the [Cu(CO)(2,2N3)]l compound and at 633 and) 5€mi' in the spectrum for the
[Cu(CO)(2,2N3)IBR compound. The NHrocking vibrations are the most sensitive of h t
NH; vibrations to a change in anion.

3.3.3.2.2. CO vibrations

The vCO stretching frequency occurs at 2080"and a weak shoulder band occurring at 2032
cm? can readily be assigned t&°CO. The spectrum of the [CACO)(2,2N3)]BPh isotopomer
shows a very weak band at 2080°cand two intense bands at 2032 camd 1984 cri. The first
one corresponds to thé*CO stretch and the second one to €0 stretch on the basis of the

ratio obtained by means of the simple harmonicodiéd oscillator approximation.

Cu-CO bends are highly coupled vibrations that pacihe 300-400 cihregion. They will be
further discussed in section 3.3.3.2.5.

3.3.3.2.3. CHvibrations

The VC-H stretching vibrations occur in the 2950 and ®89ri* region and are basically
impervious to deuteration of the triamine systetme Talculated frequency values for these eight
vibrations show that they occur very close in egeagd the bands overlap in the experimental
spectra for the different isotopomers prepared.mxagtric and symmetric stretches occur in the
2940-2950 cr region for the former and at 2880-2890 cfor the latter. The CHscissoring

modes (1) are the less coupled of the bending modes, aadohserved as absorptions
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occurring in the 1450-1460 ¢hregion. The Chlwagging modesb-1»s) occur in the 1340-
1390 cnt region and the shifts obtained upon deuteratiorthef compound increase as the
coupling to the N-H vibrations increases. The 113@0 cri' region shows considerable
coupling occurring between the gHhvisting vibrations (149 and the NH twisting vibrations
as well as theN-H bending mode. The GHocking vibrations ¥ss, Va1—V43) occur in the 800-
980 cm' region, but couple extensively to the C-C and @bdes as well as the NHocking
modes.

3.3.3.2.4. C-C and C-N vibrations

Twelve normal modes of vibration are expected far €-N skeleton [61], of which six are
stretching modes and six are bending modes. OétterC-C, 2 VC-NH-C and 2UC-NH, are
expected. The vibrations occurring in the 940—-1680 region are very coupled and cannot be
assigned exclusively to one vibration in particudar was previously discussed. Bands-Vio
(excludingsg, a CH mode) have been assigned to the C-N and C-C ighgabn the basis of the
isotopic shifts obtained for the C-13 and N-15 dépaimers (table 3.3.2) and the displacement
diagrams obtained. Lower energy modes assignethgsleformations are,; and v4g and the
CH, torsion modes occur predominantly as modgsand vs1—Vs3 but are highly coupled to other

Cu-L low energy vibrations.

3.3.3.2.5. Cu-N and Cu-CO vibrations

The 1Cu-CO stretching vibrationy,s, is masked by absorptions due to the tetrapheratbo
anion. The band is expected to occucat490 cni" and a band is indeed observed at 498 tm
the spectrum for the [Cu(CO)(2,2N3)]BEompound. However, the intense BPabsorptions
occurring at 481 and 462 &nmask the absorption for all the isotopomers studiérreerCu-N
frequencies are obtained for the compourd, 151 and vss. The first of theseyso, occurs as a
shoulder band ata. 437 cm' where a weak absorption is also obtained for tlzBmRh
compound. It is the principalCu-NH vibration but is strongly coupled to tgCu-N, from the
displacement diagrams obtained (figures 3.3.1Qt3)&and the calculated isotopic shifts obtained
upon N-15 andd,, -ds and ds labelling. Mode 50 has been assigned as occuatid@7 crit and
shifts to 419 cri on s labelling. Mode 51p4Cu-N,, occurs at 405 cthand shifts to 390 ¢
upon €s labelling of the triamine systenvlode 53 is the third Cu-N vibratiom,Cu-N,, which is
strongly coupled to théCu-C=O vibration, as can be seen from the displacem&grams
(figures 3.3.10-3.3.12) and the calculated shiftsws1 on table 3.3.2. This band occurs at 371
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cm® in the far ir spectrum for the unlabelled compowamtl shifts to 364 cthupon *CO
labelling and to 354 cihupon ds labelling, further supporting the extent of conglioccurring in
the low energy region as previously stated. Mod&&s been assigned as the predomid&uik
C=0 vibration, which' in the spectrum for the unlabelled compound ocati828 crhand shifts

to 318 cm upon**CO labelling. It is, however, highly coupled to tieCu-N, and vCu-NH
vibrations and shifts to 290 ¢hon ds labelling. The out-of-plane bendCu-C=0, is strongly
coupled to thegHN-Cu-N, vibration and occurs as modes 54 and 56. Modd B4mcnt in the
unlabelled compound, shifts to 335 trmnd 327 ci upon™*CO and ds labelling respectively.
Mode 56 in the unlabelled compound occurring at 898 is obtained at 304 chandca. 280
cm’ respectively in the spectra for tH€O and-ds isotopomers. Assignments for the low energy
modes 56-63 are complicated by the fact that atisogpfor the [CUAL]BPh compounds (A =
CO, ¥CO; L = 2,2N3, 2,2N3¥k) are extremely weak and masked by tetraphenylborat
absorptions occurring in this region, as can ba gedigure 3.3.15. The assignments performed
for these fundamentals rely strongly on the spedb#ained for the iodide derivatives
[Cu(CO)L]l (L = 2,2N3, 2,2N3Hs), which are shown in figure 3.3.16. Table 3.3.6vgh the
experimental frequencies obtained for the low epeifrations in the [Cu(CO)L]Y (L = 2,2N3
and 2,2N3ds; Y = BPh, I) compounds. In the spectrum for the unlabeitetide derivative the
symmetric umbrella bendXHN-Cu-N,, occurs at 282 cthand shifts to 274 chmupon ds
labelling. Mode 58, assigned as tiéN-Cu-CO bend, occurs at 252 ¢rand shifts to 238 cth
upon 4s labelling for the iodide derivatives. This mode@ipled to a Chitorsional mode and a
7EHN-Cu-N, vibration, and is masked by a medium to weak #itgntetraphenylborate
absorption occurring at 250 &nin the [CuA(2,2N3)]BPh(A = CO,*CO) derivatives. Mode 59,

a &Cu-N, coupled mode, occurs at 224 tin the unlabelled iodide derivative and shift2i8
cm® upon ds labelling. Mode 60, the principaliCu-N, vibration in the unlabelled iodide
derivative, occurs at 167 ¢hand shifts to 153 cfrupon s labelling. The remaining modes, 61
to 63, correspond to highly couple@H, vibrations.

3.3.4. [Cu(CO)f,mN3)]" compounds

As was previously mentioned, the [Cu(CANN3)]" complex cations and [CufrN3)]"
fragments were modelled by means of DFT using t81®** and 6-31 + G* basis sets.
Calculated parameters (ionization potentiaklectron affinitiesA; electronegativitiesy; global
hardness,;, and global softness) are shown in table 3.3.7. Fukui function values f

nucleophilic and electrophilic attacks for the domtoms in the triamine ligands, in the CO
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species as well as the Cu(l) atom are shown iretald.8. Although the differences are subtle, it
can be seen that the compound with the largestlue is that with the 2,2N3 ligand and the one

with the lowest value is that with the 3,3N3 ligand

[Cu(CO)(2,2N3)]I

[Cu(CO)(2,2N3dg)]l 4

49 46 5

52 51 53

60
48

T T T T T
600 500 400 300 200 100
Wavenumber (cri)

Figure 3.3.16 . Far ir spectra of [Cu(CO)L]l compds (L = 2,2N3, 2,2N8k).
Numbering scheme refers to assignments shown iest&x3.2, 3.3.4 and 3.3.5.

Table 3.3.6. Experimental frequencies and assigtsrierthe low energy region for [Cu(CO)L]Y
compounds, where L = 2,2N3; 2,2M3and Y = BPh, I. All frequency values in cth

Vibration [Cu(CO)(2,2N3)Y [Cu(CO)(2,2N3k)Y Assighment
Y = BPh Y=I Y = BPh Y=I
Vag 498 0 0 496 VCu-CO
Vso 437 439 419 416  VCu-NH+ UCu-N, + &Cu-C=0
Vs 405 411 390 395 V,Cu-N, + ICu-C=O
Vep 405 411 390 395  ICH,+ HN-Cu-CO
Vs3 371 370 354 361 VCu-N; + LICu-NH + ZCu-C=0
Vsa 345 354 327 325 TEHN-Cu-N, + 7€Cu-CG=0
Vss 328 327 290 317 ACu-C0 + v{LCu-N, + LCu-NH
Vs 303 293 279 285 7CU-C=0 + 75HN-Cu-N,
Vs 290 282 262 274 ICH; + OHN-Cu-N;
Vsg 250° 252 228 238 7HN-Cu-CO +1CH; + 75HN-Cu-N,
Vio 225 224 205 218  ACu-N,
Veo 150 167 133 153  ACu-N,+ 1CH,
Ve 113 115 98 98 ICH, + 7ZHN-CU-N; + 7Cu-C=0
V2 O 98 90 88 MHN-Cu-CO +1CH,
Ve3 92 80 O 71 TCH, + 7THN-Cu-CO

aValue obtained in the spectrum for [Cu(CO)(2,2N3)|B
b Masked by tetraphenylborate absorption.



Table 3.3.7. Calculated parameters for [Cu(@MI3)]* complex cations and [Co(mN3)]* fragments
obtained with the 6-31G** and 6-31 + G* basis sAfvalues in eV.

Compound 6-31G** 6-31 + G*
[ A X n S [ A X n S
[Cu(CO)(2,2N3)] | 11.67 —-2.50 459 7.09 0.0706 |11.86 -2.96 4.45 741 0.0675
[Cu(2,2N3)f 1069 -3.08 3.81 6.88 0.0727 11.00 -344 3.78 2 7.D.0693
[Cu(CO)(2,3N3)] | 11.59 -2.42 458 7.00 0.0714 1176 -2.93 4.41 7.3650681
[Cu(2,3N3) 1055 -3.03 3.76 6.79 0.0737 1086 -3.39 3.74 7.120702
[Cu(CO)(2,4N3)] | 11.61 -2.36 4.62 6.99 0.0714 1179 -2.89 445 7.340681
[Cu(2,4N3)T 1069 -2.93 388 6.81 0.0734 1107 -330 3.88 7.100696
[Cu(CO)(3,3N3)] | 11.40 -2.35 453 6.87 0.0723 1157 -287 4.35 7.220693
[Cu(3,3N3) 1031 -2.86 3.73 6.58 0.076( 1065 -3.22 3.72 6.980721
[Cu(CO)(3,4N3)] | 11.46 -2.30 4.58 6.88 0.0727 1165 -2.85 4.40 7.260690
[Cu(3,4N3) 1032 -2.89 3.72 6.61 0.0759 1072 -3.29 3.72 7.@0714

An interesting feature of the triamine systems greg, is the variation of theCO stretching
frequencies, the highest of these values obtainedhke 2,2N3 species and the lowest for the
3,3N3 species. These are also the compounds fahwhe largest and lowest valuesspivere
obtained by means of both basis sets employed.nitiar spectra of these compounds in the
UWNH and 1CO regions is shown in figure 3.3.17 and the valobtained for some of the
vibrations occurring in this region are shown irbl¢éa 3.3.9. The [Cu(CONmMN3)]BPh
compounds were prepared due to the enhanced tstabilvards oxidation that appears to be
linked to the very voluminous tetraphenylborateoaniThe [Cu(CO){,mN3)]BPh, compounds
are very insoluble and basically quantitative yseldere obtained. Successful preparation of
[Cu(CO)(2,2N3)]I and [Cu(CO)(2,2N3)]BFwas achieved, however, the compounds were
obtained in very poor yields, and are difficultisolate and extremely moisture and air-sensitive,
with fast oxidation to Cu(ll) observed.

From the experimental and calculated values itlmseen that the 2,2N3 system has the highest
value associated to the CO stretch. The frequefmigbe 2,3N3, 3,3N3 and 3,4N3 systems vary
only slightly between 2070 and 2064 tnThe calculated CO stretching frequencies follbe t
same trend as the experimental values, despitiath¢hat the differences are subtle, especially
between the 3,3N3 and 3,4N3 systems. Interestinbly,trend observed for the CO stretching
frequencies is the same as that obtained forthealues, suggesting its employment as a good

indicator of global hardness.

20¢



Table 3.3.8. Fukui function values for nucleogh(fi ) and electrophilicf(") attack for the Cu, C, O and
N;, (i=1, 2, 3) atoms in the triamine systems obtainid the 6-31G** and 6-31 + G* basis sets.
Columns on the left show the values obtained ferftagments after removal of the CO ligand.

Compound Atom 6-31G** 6-31 + G*
f* f~ f* f~
N -0.054 -0.065 -0.029 -0.014|-0.191 -0.435 -0.020 0.008
N> -0.049 -0.032 -0.009 0.008 -0.094 -0.050 0.050.004
N3 -0.054 -0.065 -0.029 -0.014 -0.191 -0.434 -0.020.008
[Cu(CO)(2,2N3)] =N; -0.157 -0.162 -0.067 -0.025 -0.476 -0.919 0.010.012
Cu 0.730 0.533 0.480 0.306 0.080 0.51@.422 0.474
C 0.109 0.075 0.347 -0.134
O 0.117 0.124 0.078 0.127
N1 -0.061 -0.068 -0.032 -0.020 | -0.169 -0.528 -0.057 -0.001
N> -0.047 -0.033 -0.014 0.000 -0.092 -0.088 0.020D.028
N3 -0.054 -0.062 -0.032 -0.014 -0.235 -0.433 -0.038.006
[Cu(CO)(2,3N3)] =N; -0.162 -0.163 -0.078 -0.034 -0.496 -1.049 -0.074.0230
Cu 0.716  0.529 0.480 0.302 0.018 0.54D.445 0.470
C 0.105 0.076 0.319 -0.144
O 0.113 0.122 0.074 0.125
N -0.062 -0.071 -0.025 -0.016 | -0.166 -0.667 -0.005 0.027
N2 -0.045 -0.036 -0.043 0.001 0.037 -0.099 -0.02D.017
N3 -0.052 -0.063 -0.025 -0.026 0.086 -0.477 -0.010.015
[Cu(CO)(2,4N3)] =N, -0.159 -0.170 -0.093 -0.041 -0.043 -1.243 -0.046.025
Cu 0.719  0.537 0.485 0.302 -0.180 0.78D.418 0.414
C 0.098 0.070 0.319 -0.170
O 0.111 0.120 0.072 0.118
N1 -0.053 -0.074 -0.032 -0.018| 0.072 -0.700 -0.047 0.018
N> -0.045 -0.038 -0.020 -0.001 0.054 -0.030 0.0%8.006
N3 -0.066 -0.057 -0.037 -0.022 -0.118 -0.533 -0.038.025
[Cu(CO)(3,3N3)] =N; -0.164 -0.169 -0.089 -0.041  0.008 -1.255 -0.070.037
Cu 0.725  0.540 0.464 0.281 -0.322 0.82®.434  0.387
C 0.096 0.070 0.401 -0.152
O 0.111 0.116 0.068 0.117
N1 -0.055 -0.070 -0.027 -0.008 | -0.243 -0.722 -0.026 0.038
N2 -0.048 -0.036 -0.025 0.002 -0.034 -0.024 -0.030.005
N3 -0.059 -0.062 -0.043 -0.036 -0.061 -0.556 -0.076.002
[Cu(CO)(3,4N3)] =N; -0.162 -0.168 -0.095 -0.042 -0.338 -1.302 -0.13R.035
Cu 0.705  0.546 0.478 0.286 -0.195 0.93®.468  0.348
C 0.095 0.068 0.324 —-0.144
O 0.111 0.115 0.068 0.110




[Cu(CO)(2,2N3)]|BPh
VCO = 2080 crit

[Cu(CO)(2,3N3)]BPh
VCO = 2070 crit

[Cu(CO)(3,3N3)]BPh (W

VCO =2064 cm'

[Cu(CO)(3,4N3)]BPh
VCO = 2066 crit

Figure 3.3.17. Mid ir spectra showing tiidH and LCO
regions for the [Cu(CON,mMN3)]BPh, compounds.

AN, Nco, Ncy andNp; values were calculated as was described in se8tihd and are shown in
table 3.2.7. In general, the systems follow theeekgd trend of more backbonding (largi) is
experienced the more basic the triamine systemdaowithe Cu(l) atom. LargedN values are
obtained for the 2,3N3, 3,3N3 and 3,4N3 ligands tnedlowest value is obtained for the 2,2N3
ligand. The values are consistent with the trengeoled for the CO stretching frequency and
would point to the factrbackbonding from the metal to the CO ligand ightly larger for the

systems that have the most basic amines boune tGufl) ion, as would be expected. However,
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AN values must be taken with caution, as they areljnean approximation, as has been stated
previously [40, 46, 47].

Table 3.3.9. Experimental and calculated frequesadyes (crif) for some of the vibrations appearing in
the mid ir spectra for the [Cu(C@)(N3)]BPh (n=2,m= 2, 3 anch = 3,m= 3, 4) compounds prepared.
Calculated values (unadjusted) are for the catispécies [Cu(CON,nN3)]" from vibrational analyses
using the 6-31G** basis set.

2,2N3 2,3N3 3,3N3 3,4N3

Vibration | Exp. | Calc. Exp. | Calc. Exp. | Calc. Exp.] Calc.
VaNH; 3344 3561 3335 3563 3335 3548 3314 3549

3334 3561 3335 3554 3335 3539 3277 3533
WN-H 3311 3527 3318 3513 3317 3505 3262 3480
VeNH2 3283 3488 3286 3500 3275 3487 3262 3480

3283 3487 3277 3486 3275 3479 3246 3473
1co 2080 2176 2070 2173 2064 2165 2066 2166
ANH; 1592 1673 1581 1673 1582 1669 1586 1668

1592 1669 1581 1672 1582 1669 1586 1664
VCu-CO* | 498 477 474 462 462

a Experimental frequencies for t€u-CO vibration have been left unassigned. Althoweghk intensity
bands appear in the 450-500tnegion in the far ir spectra for these compoundsmbiguous
assignments could not be performed.

b From [Cu(CO)(2,2N3)|BF

The number of electrons transferred from the C@rldyto the Cu ionNco, is greater for the
2,2N3 system, where-bonding is expected to be more significant thartlie other more basic
triamines. The number of electrons on the Cu atamtd its interaction with CO was calculated
by means of a Mulliken population analysisNgs = Nc JCu(CO)L]" —NcJCuL]" and the number
of electrons on the donor atoms that are transfedtee to the interaction of the [Cul3ystem
with CO was calculated asp; = Z( Npi[CuL]” — Np[Cu(CO)L]") as was discussed in section
3.2.4.Nco and Ng, exhibit a linear dependence, and both quantitegedse with increasing
basicity of then,mN3 ligands. The results are in good agreement thithexpected trend of less
electron transfer from the CO ligand to the Cuf®na the more basic the triamine ligand
employed. It is interesting to note that the caltedl LCu-CO frequencies decrease with
increasing basicity of the,mN3 ligand, with the same trend being observedHerexperimental
CO stretching frequency. Graphs Mo vs. Ncy and Nco, Neu VS average pKare shown in
figures 3.3.18 and 3.3.19.

At a local level, employment of the Fukui functiealues as a reactivity index at the metal centre
in both the triamine fragments and the carbonghgounds, reveals no significant differences
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Figure 3.3.19. Graph ®co (squares) anbl, (circles) for [Cu(COX,mN3)]*
compoundws.average pKvalue forn,mN3 ligands.
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and values vary very little from one another. Fug triamine fragments, [CofmN3)]", f "¢,
values follow the trend 2,2N3 > 3,3N3 > 2,4N3 >N&33> 3,4N3 although differences are quite
subtle (values obtained with the 6-31G** basis lsate been employed). ¢, values in the
carbonyl compounds, [Cu(C@)(N3)]", vary in the following sequence, 3,4N3 > 3,3N3 >
2,4N3 > 2,2N3 > 2,3N3. No stronger conclusions bandrawn from these results except that
interaction with the CO ligand modifies the elenimdistribution around the Cu(l) ion and alters
the reactivity of the atom in the compound towadsicleophile.

Ambundo et al. [2] studied the influence of the coordination gebmmm upon Cu(ll/l) redox
potentials for twelve copper tripodal ligand conxgle. Their results showed that Cu(l) stability
constants are relatively invariant and that thel)da( exhibits little preference for one type of
donor atom over another or for ring size of thelateel systems. Few studies have been
performed on the redox potentials of Cu(l) triamgsbonyl systems. Zanello and Leoni [60]
studied the electrochemical behaviour of the comgswwith the 2,2N3 ligand and the N-methyl
derivative of the 3,3N3 ligand, ,N-(CH,)s-N(CH,)-(CH,)s>-NH,. Their results revealed that the
carbonyl compound with the N-methyl derivative lod¢ 3,3N3 ligand can be more easily oxidized
to the Cu(ll) species than the 2,2N3 carbonyl cammgoand more easily reduced to the Cu(0)
species as well. In an oxidation reaction the, values could be employed if electron loss is
considered as a reaction with an electrophile. éavglues of "¢, would be expected for the N-
methyl derivative of the 3,3N3 ligand over the 232Nhyand. Unfortunately, no data could be
found for the [Cu(CO)(3,3N3)]compound. The values obtained in this work woutinp
towards oxidation being simpler for the 2,2N3 datfiive than for the 3,3N3 derivative.

3.3.5. Interaction energies for the [Cu(CO){,mN3]" compounds

Interaction energies between the [@ufN3)]" fragments and CO were calculated for the
compounds modelled and are shown in table 3.3.T@e values obtained are indicative of
increasing stability in the reaction between the(fQmN3)]" as an electrophile and CO in the
following order: 2,2N3 > 2,3N3 > 2,4N3 > 3,3N3 =4R3, as would be expected in terms of
increasing basicity of the ligands employed. Theargectron enriched the Cu(l) atom, the less
the interaction energy with the CO ligand. It iseiresting to note thatAEn)cy follows the trend
established by the average jpkalues for the ligands, with the less basic liga&2N3 having a
greater interaction energy with CO than the othatesns. Althougho-bonding from the CO
ligand to the Cu(l) ion is not the only feature g@,t in the Cu-CO bond in these systems, it
seems that the average electronic properties dfiimine ligands are actually transmitted to the
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Cu(l) ion in terms of its reactivity towards nugdles. As the Cu(l) atom becomes more
electron enriched due to its interaction with adyet-donor, it will become a poorer electrophile.
The A values calculated abs= Ncy = N JCu(CO)f,mN3)] — N [Cu(n,mN3)], are also consistent
with the Cu(l) species becoming a poorer electiepas its electron density is enriched by
interaction with the different,”N3 ligands. A graph of average interaction energgesverage

pKa values for the triamine systems is shown in figR@&20.

Table 3.3.10. Interaction energieSE(y)c,, for the interaction between [Qu(N3)]* fragments and CO.

Values in kcal/mol.

Compound A AE, AE, (AEny)cu
[Cu(CO)(2,2N3)] 0.096 “1.74 —9.51 ~11.26
[Cu(CO)(2,3N3)] 0.088 ~1.82 _8.74 ~10.56
[Cu(CO)(2,4N3)] 0.082 _1.64 _8.14 —9.78
[Cu(CO)(3,3N3)] 0.074 —1.91 _7.21 912
[Cu(CO)(3,4N3)] 0.069 ~1.89 _6.82 871
| B [Cu@3.4N3)}
9.0
® [cu3,3N3)}
9.5
g 1 B [Cu@ 4N3)}
3
2 -10.04
-8 |
x
)
-10.5-]
B [Cu@ 3N3)}
-11.0-]
1 = [Cu@ 2N3)}
-11.5 ' T ' | ' T ' | ' | '
40 45 5.0 55 6.0 6.5 7.0
PK

Figure 3.3.20. Interaction energieAF(;)c., between [Cu{,mN3)]" fragments

and COvs. average pKvalues for the,mMN3 ligands.
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3.4. Cu(l) carbonyl compounds with Schiff bases

Cu(l) carbonyl compounds with Schiff base ligandsf stable compounds and several of these
have been characterized by means of XRD studie¥§479]. Schiff base derivatives were
prepared in the present study by reaction of tABI2 ligand withp-substituted benzaldehydes to
determine the effect of the substituents on thenatiw ring on the CO stretching frequency. The
structure of the [Cu(CO)2,2N3¢E.X).}|BPh, compounds is shown in figure 3.4.1. Single
crystals were obtained and the crystal structuteraéned for the compound where X = H. The
compounds were modelled by means of DFT calculatainthe B3LYP level with the 6-31G**
basis set and HSAB descriptors were calculated &s pveviously described. Unfortunately,
vibrational analyses could not be performed sudalgdor the simplest of the systems studied,
[Cu(CO){2,2N3(GHs)2}] ¥, perhaps due to the large number of electronseirsystem.

O
1
C

(/

2

Figure 3.4.1. Structure for the [Cu(CO){2,2N3KGX)2}] * derivatives,
X =NO,, Me, MeO, F, Cl, Br, H, NMg

3.4.1. Crystal structure of [Cu(CO){2,2N3(GHs)2}1BPhy
{N-BenzylideneN’-[2-(benzyilidene-amino)-ethyl]-ethane-1,2-diaminedarbonylcopper(l)
tetraphenylborate

Crystallographic data for the title compound iswshan table 3.4.1. Crystal structure parameters,

bond lengths and angles, and average isotropitagisment parameters are shown in appendix 3.
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Table 3.4.1. Crystallographic data for [Cu(CO){2&8sHs)2}|BPh4

[Cu(CO){2,2N3(GHs)2}]BPh4

Empirical formula C4H41BCuN;O
Fw 690.14
Crystal system monoclinic
space group P21/n (no. 14)
a(A) 10.295(2)

b (A) 23.869(5)
c(A) 14 .474(3)

a (deg) 90.00

£ (deg) 91.07(3)

y (deg) 90.00

V (A3 3556.3(12)

z 4

Pealca (9CNT) 1.2890(5)
Temp (K) 193(2)

A (Mo Ka) (A) 0.71073

4 (Mo Ka) (cm?) 6.52

min-max 2/ (deg) 2.55-26.72

R 0.1088

WR 0.1412

The structure and labelling scheme for the compasistdown in figures 3.4.2 and 3.4.3. Selected
bond lengths and angles for the compound are slotable 3.4.2.

Table 3.4.2. Selected bond lengths (A) and bondear(degrees) for [Cu(CO){2,2N3¢8s)-}]

Cu(1)-C(1) 1.797(4) Cu(1)-C(1)-0(1) 176.8(4)
Cu(1)-N(1) 2.102(3) N(1)-Cu(1)-C(1) 122.33(15)
Cu(1)-N(2) 2.067(3) N(2)-Cu(1)-C(1) 132.41(15)
Cu(1)-N@3) 2.078(3) N(3)-Cu(1)-C(1) 115.03(15)
C(1)-0(1) 1.121(4) N(1)-Cu(1)-N(2) 85.29(12)
N(2)-C(6) 1.269(4) N(1)-Cu(1)-N(3) 84.17(13)
N(3)-C(13) 1.271(5) N(2)-Cu(1)-N(3) 104.88(11)

The coordination geometry for the Cu(l) atom isistaited tetrahedron. Cu—N distances in the
compound are slightly shorter for the imino nitrogethan the Cu—NH distance, 2.067(3) and
2.078(3) A for the former and 2.102(3) A for théda Interestingly, the differences observed for
the Cu-N distances in the Schiff base carbonylvdéitie are minimal when compared to those
observed by Patclet al. [17] in their dinuclear dicarbonyls with benzimide chelates where

the Cu-N aromatic distances are close to 2 A wihiee Cu-N(amine) distance is almost 2.6 A.
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The Cu—C distance is 1.797(4) A and falls withie tralues usually reported for Cu(l) carbonyl
compounds [4, 17, 76-79]. Selected bond lengthselated compounds are shown in table 3.4.3.

Table 3.4.3. Selected bond lengths in A for Cuéfbonyl Schiff base compounds.

Compound Cu-N Cu-CO Cu-Y C-O
[Cu(CO){2,2N3(GHs)2}1BPh4 2.067(3),2.078(3) 1.797(4) 2.102(3) 1.121(5)
[Cux(COX(TC-5,5)][79F 1.940(4), 1.938(6) 1.771(7) 1.128(9)

1.922(5), 1.937(6) 1.749(9) 1.12(1)
[Cu(CO)(GNPh)I] [76]° 2.058(8), 2.077(9)  1.800(9) 2.624(2) 1.12(2)
[Cu(CO)(dad)(@SCFy)] [78]° 2.094(5), 2.070(4)  1.820(6) 2.64(1) -
[Cu(CO)(LBR)] [77]° 2.165(2), 2.163(2), 1.780(3) 1.112(4)
2.100(2), 2.108(2)
NEt[Cu(CO)(DFGB)][4T 2.135 1.780(5) 1.122(7)
[Cu(HL-Et)(CO)](CFsS0s),[17]" 2.01(1), 1.96(1) 1.82(2) 2.59(1) -

2.03(1), 2.00(1) 1.77(2) 2.31(1)
aTC-5,5 is the deprotonated tropocoronand ligand.
b C:N.Ph; is ethylenebis(benzaldimine); Y = I.
cdad is glyoxalbis(2,4-dimethylpentyl-3-imine); Y&-from GSCFs.
d LBF; is difluoro-3,3’-(trimethylenedinitrilo)bis(2-butene oximato)borate.
e DFGB is difluoro(glyoximato)borato.
f HL-Et is bis((1-ethyl-2-benzimidazolyl)methyl); ¥ N.

The N-Cu-N angles formed between the Cu atom aaed\tldonor atoms within the chelating
ligand are quite similar, 85.29(12) and 84.18(18)file the N2-Cul-N3 angle is considerably
larger and close to its value in an ideal tetratvedvith a value of 104.87(11)°. The structure is
similar to that reported by Pasquati al. [45] for the [Cu(CO)(2,2N3)]BPhcompound. Cu-N

distances in both compounds are similar, and tisdvasically no difference between the CuNH

distances in the diethylenetriamine compound an8¢hiff base derivative.



Figure 3.4.2. PLATON [80] drawing of [Cu(CO){2,2N34H5)2}]BPh4
showing the labelling scheme employed for all atoms

Figure 3.4.3. PLATON [80] drawing of the cationioisty
[Cu(CO)2,2N3(GHs)2}] * and labelling scheme.
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3.4.2. Molecular modelling of [Cu(CO){2,2N3(GH5)2)}]* and [Cu{2,2N3(GH4X).}]* species
Geometry optimization was performed on the [Cu(G)N3(GHs)2}] * moiety and the cationic
structure obtained closely resembled a conformati@omer of the cationic moiety obtained in
the X-ray diffraction study. Hence, a conformer lgsia of the optimized geometry obtained by
DFT calculations was performed using MM. The comrfers obtained through the molecular
mechanics calculations were then optimized by medr3FT calculations to yield two stable
species with identical energies. The structure athlzonformers, one of which resembles the
crystal structure, is shown in figure 3.4.4.

Figure 3.4.4. Stable conformers obtained by MM B3 calculations for
the cationic [Cu(CO){2,2N(€Hs)2}] * compound. The structure on the left
most closely resembles that obtained by meansgfescrystal XRD.

Calculated bond distances and bond angles for dhéoener that more resembles the crystal
structure of the compound obtained were comparedperimental values. The calculated values
are in good agreement with the experimental vahlgsined and graphs of calculated minus
experimental bond distances; = rcac — lexp and anglesid = Gac — G VS the experimental
values are shown in figures 3.4.5 and 3.4.6. Standeviation values are 0.0163 A and 4.493°
for bond lengths and bond angles respectivelyatt loe seen from figure 3.4.6, that the N-Cu-N
bond is most overestimated in the calculationss Tas also observed for the [Cu(CO)(2,2N3)]
species as was previously mentioned. Bond lengths sightly longer for the calculated

molecules in the gaseous phase than those obgertreglsolid state.
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Table 3.4.4. Parameters for [Cu(CO){2,2N3fleX)2}] " cations in eV for geometry optimizations with 6-
31G** basis set. First row for each X substituémhgs parameters for the [Cu(CO){2 2NIEGX)}] *
cations and second row for the [Cu{2,2N@aX),}] * fragments. All X substituents in position 4.

X o? | A X n S HOMO LUMO

NO, 0.78 11.02 —4.49 3.26 7.75 0.0645 -9.66 -5.78
10.36 -4.43 2.97 7.40 0.0676 -8.59 -5.75
F 0.34 1051 -3.54 3.49 7.02 0.0712 -9.18 -4.91
9.90 -3.63 3.13 6.77 0.0739 -8.11 -4.97
Cl 0.23 10.44 -3.71 3.36 7.08 0.0706 -9.19 -5.04
9.88 -3.63 3.13 6.76 0.0740 -8.16 -5.08
Br 0.23 10.36 -3.73 3.31 7.05 0.0710 -9.14 -5.03
9.83 -3.81 3.01 6.82 0.0733 -8.15 -5.09
H 0.0 10.45 -3.47 3.49 6.96 0.0719 -9.10 -4.83
9.81 -3.56 3.13 6.68 0.0748 -8.01 -4.90
CHs -0.17 10.23 -3.34 3.44 6.79 0.0737 -8.95 -4.67
9.63 -3.43 3.10 6.53 0.0766 -7.88 —-4.73
OCHs -0.27 9.90 -3.21 3.34 6.55 0.0763 -8.62 —4.54
9.42 -3.31 3.05 6.36 0.0786 —7.77 -4.60
N(CHj3), -0.60 8.93 -2.81 3.06 5.87 0.0851 —7.72 -4.06
8.69 —-2.94 2.87 5.81 0.0860 -7.33 -4.17

a Values taken from references 81 and 82.

Global parameters were calculated for all [Cu(CRNB(CGH.X)}]™ species and
[Cu{2,2N3(GsHX)2}] * fragments modelled and are shown in table 3.4 dan be seen that the
global hardness of a given molecule follows thedrestablished by the Hammett substituent
parameters. Global hardness increases for eleutitbirawing substituents and decreases with
electron-donating substituents (increasing globéhess) as would be expected according to the
HSAB theory. Figure 3.4.7 shows global hardnessieglfor the [Cu(CO){2,2N3(§E14X)2}] "
species and the [Cu{2,2N3§8.,X);}]" fragmentsvs. the Hammett substituent parameter. A
comparison between hardness values for the Culiptex cation with the 2,2N3 ligand and its
Schiff base derivative {2,2N3¢Es),} shows that the former is a slightly harder spedlean the
latter, with /7 values of 7.09 and 6.96 eV respectively. Intengdyi the difference between
values between the [Cu(CO){2,2N3§€X),}] * complex cations and the [Cu{2,2N3{CX)}]
fragments,An, increases for electron-withdrawing substituentsl & smaller for electron-
donating substituents. Hence, reaction of the [ZNB(GH.X)2}] * fragments with CO produces
increasingly harder species than the hypothetiegjnfients the more electron-withdrawing the
substituent is. According to Pearson’s maximum hesd principle [52-54] and &7 can be
considered as a driving force in the reaction ofCal]® fragment with CO to vyield the
[Cu(CO)L]" species, then the interaction of the [Cusfpecies with CO would be favoured when
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Figure 3.4.8A77 = r{[Cu(CO)L] "} — r{[CuL] '} vs n{[Cu(CO)L]"},
L =2,2N3(GH4X)2 and X = NQ, F, Cl, Br, H, Me, MeO, NMg



L contains electron-withdrawing substituents. ig3.4.8 shows a graph afy vss for the

Schiff base derivatives.

Condensed Fukui functions calculated for the Cu@nhd donor atoms in the
[Cu(CO){2,2N3(GH.X)2}] * complex cations and [Cu{2,2N3{8.,X).}] * fragments are shown in
table 3.4.5. condensed Fukui function values forcleophilic attack, f *c, for the
[Cu{2,2N3(GsH.X)2}] * fragments follow the trend NMe OMe > F > Me > H > Br > Cl > N©
The trend observed for the complex cations [Cu{CQ@N3(CsHaX)2} ™ is NMe, > OMe > F >
Me > H > Cl > Br > NQ. Condensed local softness values for the Cu(hatm the complex
cations and fragments,c, = S f’c,, are shown in table 3.4.6. Condensed local saftnakies,
S'cw VS. the substituent parameter for the compounds neiglte shown in figures 3.4.9 and
3.4.10. The trend obtained for the [Cu(CO){2,2N3{&X),}] “ compounds has a good correlation
with g except for X = F, for which a larger than expedischl softness is obtained. However,
calculations involving X = F and NGsubstituents have failed to yield the expectedesin the
past [59]. The trend obtained for the [Cu{2,2Ng{¢X).}] * fragments correlates well witkr
except for X = F and more noticeably for X = Clr fghich a very low value is obtained, where
one close to that for the X = Br derivative is estigd. No reasonable explanation could be given
to account for this abnormal value. With very fexceptions, the local softness values obtained
show that the Cu(l) ion becomes locally harder eigctron-withdrawing substituents and softer
with electron-donating substituents. These resailés in good agreement with what would be
expected from HSAB theory.

3.4.3. Infrared spectra of [Cu(CO)}{2,2N3(GH +X),}]BPh, compounds

The main aim of the study performed on Cu(l) cagthdsubstituted Schiff base derivatives was
to determine the effect of the different X substtts on the vibrational spectra of
[Cu(CO){2,2N3(GH5s)2}BPh, compounds and to determine the metal-ligand \itmmatwhere
possible. In order to facilitate this, labelling [@fu(CO)X2,2N3(GHs)2}|BPh, was performed by
deuterium-exchange of the NH group af@O labelling. The spectra are quite complex due to
the number of bands associated to the tetraphemagtbanion employed and the phenyl groups
from the Schiff base ligand. A full vibrational &gament is hence, out of the scope of this work.
However, some important conclusions can be arratdny means of the labelling studies and the
calculations performed for the triamine system [@D§(2,2N3)]|BPhL.
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Table 3.4.5. Condensed Fukui function values faleaphilic attack (") and for electrophilic attack 1)
for Cu and donor atoms in the [Cu(CO){2,2NgeX),}] * compounds (right columns) and
[Cu{2,2N3(GsHX)2}] " fragments (left columns) obtained with the 6-31®%sis set.

X atom fr f-
N1 0.018 0.020 -0.047 -0.031
N> -0.014 -0.012 0.005 0.005
N3 0.021 0.022 —-0.046 -0.030
NO, Cu 0.057 0.026 0.343 0.212
C 0.012 0.053
(0] 0.031 0.079
N1 0.004 0.015 -0.044 -0.019
N> -0.022 —-0.016 0.002 -0.002
N3 0.007 0.025 —-0.045 -0.022
F Cu 0.256 0.057 0.336 0.176
C 0.027 0.047
(0] 0.043 0.071
N1 0.019 0.017 —-0.042 -0.016
N, -0.016 —-0.015 0.000 -0.003
N3 0.026 0.026 —-0.043 -0.019
Cl Cu 0.070 0.046 0.320 0.157
C 0.020 0.043
(0] 0.039 0.064
N, 0.006 0.017 —-0.040 -0.013
N, —-0.020 -0.014 -0.001 -0.004
N3 0.009 0.026 -0.041 -0.016
Br Cu 0.222 0.044 0.306 0.140
C 0.020 0.039
(0] 0.038 0.059
N, 0.008 0.025 —-0.046 -0.025
N, -0.022 —-0.016 0.003 0.000
N3 0.004 0.017 —-0.046 -0.024
H Cu 0.247 0.053 0.341 0.193
C 0.024 0.051
(@] 0.042 0.075
N, 0.003 0.014 —-0.043 -0.015
N, -0.022 —-0.016 0.001 -0.003
N3 0.007 0.024 -0.044 -0.019
CHs Cu 0.251 0.055 0.325 0.161
C 0.025 0.045
(0] 0.042 0.067
N, —-0.001 0.010 -0.034 0.000
N, -0.022 —-0.016 -0.004 -0.007
N3 0.004 0.023 —-0.038 -0.007
OCH; Cu 0.275 0.062 0.287 0.103
C 0.029 0.032
(@] 0.044 0.051
N, —-0.005 0.009 -0.018 0.013
N, -0.022 —-0.016 —0.008 -0.009
N3 0.001 0.019 -0.023 0.008
N(CHa), Cu 0.284 0.063 0.205 0.038
C 0.031 0.015
(0] 0.043 0.031
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Figure 3.4.9. Condensed local softnesg, vs. Hammett substituent parameter for [Cu(CO)L]
compounds, L = {2,2N3(gH.X)2} and X = NO,, F, Cl, Br, H, Me, MeO, NMg
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Figure 3.4.10. Condensed local softne&s, vs. Hammett substituent parameter for [CUL]
fragments, L = {2,2N3(gHsX) 2} and X = NG, F, Cl, Br, H, Me, MeO, NMg
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Table 3.4.6. Global softness, condensed Fukui iom&nd condensed local softness values for thd) Cu(
atoms in [Cu(CO)L] compounds and [CulJragments; L = 2,2N3(g&1.X), and X = NQ, F, Cl, Br, H,
Me, MeO, NMe. Global softness and condensed local softnesevdlave been multiplied by a factor of
10.Sands’c, values in eV.

X [Cu(CO)2,2N3(GHaX)}] * [Cu{2,2N3(GH.X)} ™
S f +Cu S+Cu S f +Cu S+Cu

NO, 0.645 0.026 0.168 0.676 0.057 0.0385

F 0.712 0.057 0.406 0.739 0.256 0.1892
Cl 0.706 0.046 0.325 0.740 0.070 0.0518
Br 0.710 0.044 0.312 0.733 0.222 0.1627
H 0.719 0.053 0.381 0.748 0.247 0.1848
Me 0.737 0.055 0.405 0.766 0.251 0.1923
MeO 0.763 0.062 0.473 0.786 0.275 0.2162
NMe, 0.851 0.063 0.536 0.860 0.284 0.2442

Table 3.4.7 shows some of the bands that could bssigreed for the
[Cu(CO){2,2N3(GH5s)2}IBPh, compound by means of the isotopic labelling stigierformed
and comparison with [Cu(CO)(2,2N3)]BPhMid ir spectra for the labelled compounds are
shown in figures 3.4.11 and 3.4.12. Far ir spesteashown in figure 3.4.13.

A=CO
L ={2,2N3(CeHs)2}

L = {2,2N3(CeHs)2}

A=CO W
L= {2 ,2N3-d1(C6H5)2}

| ! | ! | ! | ! | !
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber ( cri)

Figure 3.4.11. Mid ir spectra for [CUAL]BRbompounds.
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The WIN-H stretching vibration occurs at 3292 tiim the [CuA{2,2N3(GHs)2}]BPh, (A = CO,
%C0) and shifts to 2448 chupon 4, labelling. TherdN-H vibration appears at 1436 ¢rin the
spectra for the CO arfdCO compounds, and appears in the spectrum ofdihebelled species
at 1150 crit. This band could not be observed in the spectthe®,2N3 system as it overlapped
with intense bands appearing in the region. Thegmestudy further confirms the assignment
performed previously. ThéN-H vibration appears at 802 €rin the spectra for the CO afCO

compounds and is absent in the spectrum ofdhiabelled species as it overlaps with the intense
absorptions due to the phenyl rings in the 680-ct8bregion.

| ! | ! | ! | ! | !
1600 1400 1200 1000 800 600

Wavenumber (crh)

Figure 3.4.12. Mid ir spectra for [CUAL]BRbompounds. Top spectrum A = CO, L = {2,2N3ff5)2};
dashed line A 2°CO, L = {2,2N3(GHz),}; bottom spectrum A = CO, L = {2,2N8(CeHs)5}.



The CO stretch appears at 2078"dmthe spectra for the unlabelled adglabelled compounds,
and shifts to 2031 cthupon®CO labelling. A medium intensity band at 1983 chras been
assigned to thé®C'®0 stretch. Close inspection of th€O band in the spectrum of th&€O
labelled species shows a very weak intensity basdrdng as a shoulder e&. 2007 crit. It has
been assigned to tH&CO stretch in good agreement with the value obtamedneans of the

simple harmonic diatomic oscillator approximatief°C'‘O/vCO = 0.96).

Table 3.4.7. Assignments for some of the bandsrebdén the spectra for [CUAL]BRhA = CO,*CO
and L = {2,2N3(GHs)2}, {2,2N3-d1(CeHs),}. All frequency values in ci.

A=CO A="Co A=CO
VibrationT L= {2,2N3(C6H5)2} L= {2,2N3(C{3H5)2} L= {2 ,2N3'd1(C6H5)2}
WN-H 3292 3292 2448
)CO 2077 2080 2077
VBco 2032 2031 2032
Vicl’o 2007
Vctio 1983
C=N 1640, 1634 1640, 1634 1640, 1634
JIN-H 1436 1436 1150
ON-H 802 803 0@
VCu-CO ob gb o
VCU-NH + v.Cu-N, + &Cu-C=0 430 427 430
V.Cu-N, + iCu-C=0 403 402 402
TCH, + AHN-Cu-CO 391 391 388
VCu-N, + VCu-NH + &Cu-C=0 366 363 368
76CU-C=0 + 7ZHN-Cu-N, 345 339 345
OCu-C=0 + vCu-N, + ICu-NH 323 321 322
JTEHN-Cu-N, + 7iCu-C=0 301 300 302
TCH, + AHN-Cu-N, 290 291 290
7HN-Cu-CO +71CH, + 7tHN-Cu-N, 256 257 256
OCu-N, 230 231 230

T Assignments are based on those performed fdCihECO)(2,2N3)]BPh compound.

a Masked by intense absorption bands due the phémgtions.

b Masked by intense bands at 498 and 491 due to absorptions from the phenyl rings in the
{2,2N3[CgHs] 2} ligand and the tetraphenylborate anion.

The C=N stretching vibration appears as a broad bdrich consists of two bands that overlap,
occurring at 1640 and 1634 ¢rfor all isotopomers.

The VCu-CO band is expected to occur between 500 ancc#Based on the study performed

for the [Cu(CO)(2,2N3] system. Two bands occur in this region, one at &®8 which is a
shoulder band to the intense absorption at 491 @vth absorptions are observed at the same
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frequency values for the CO afiCO compounds ruling out their assignment as theCOu-
stretch, which is expected to occur in the range-#80 cm'. The vCu-CO absorption is
expected to be of weak intensity, and is more thikely masked by the ligand and
tetraphenylborate anion absorptions occurring imrigagion.

| ACu-N,
ring def. Y "o o 7HN-CU-CO +1CH,
+ 7tHN-Cu-N,
ICH,+ AHN-Cu-N,
tHN-Cu-N, + TCuCO

ACuCO +yLCu-N,+1Cu-NH
CuCO +7HN-Cu-N,
VCuCO VCu-N, + VCu-NH +CuCO

7CH, + HN-Cu-CO
V:Cu-N; + 7ICuCO
VCu-NH + 15Cu-N, + &CuCO

! | ! | ! |
600 500 400 300 200

Wavenumber (cri)

Figure 3.4.13. Far ir spectra of [CUAL]BPtompounds. Top spectrum, A = CO, L = {2,2Ng&i5)2};
dotted line, A =*CO, L = {2,2N3(GHbs)2}; bottom spectrum, A = CO, L = {2,2N8x(CeHs)2}.
Tetraphenylborate and ligand (L) absorptions acswshwith a dotCu-CO vibration is expected to
occurca.498 cm' and is masked by phenyl absorptions in the 490e50region.

Three Cu-N vibrations are expected to occur infénér spectra, and have been assigned as the
modes occurring at 430, 403 and 3667chy comparison with the far ir spectra for the
[Cu(CO)(2,2N3)]BPh compound. The three Cu-N vibrations are couplethéoCu-GO bends,

as can be seen from the shifts obtained ufe® substitution. The band observed at 391" cm
has been assigned as a @btsional vibration coupled to the in-plane HN-C® bend and shifts

3 cni' to lower energy upord; substitution.
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The largest shift to lower energy obtained upt@0 substitution occurs for the band at 345'cm
which is obtained at 339 chfor the'*CO labelled compound. It has been assigned tofthe
C=0 vibration while the band obtained at 323 'dthas been assigned as #&u-C=0 vibration.
Most of the bands obtained in the 300-400'cragion show sensitivity td°CO labelling,
indicative of the extent of coupling expected fdrede vibrations, as obtained for the
[Cu(CO)(2,2N3)] system.

Cu-N bending modes and Gkbrsional modes are obtained at lower energiesaam@éxpected to
be very coupled modes as previously discussedéfGu(CO)(2,2N3)]system.

Mid ir spectra of the X-substituted Schiff baseivkgives are shown in figure 3.4.14. Table 3.4.8
shows some of the frequencies determined in theeptestudy for the series of [Cu(CO)L]BPh
compounds prepared, where L = 2,2N3{6X). and X = NQ, F, ClI, Br, H, Me, MeO, NMg

Neither the N-H nor the ©C=N vibrations appear to be X-sensitive and nodreould be
established for those vibrations. However, @O vibration is obtained at higher energies for
electron-withdrawing substituents and at lower gi@sr for electron-releasing substituents. In
fact, the LCO frequencies follow the same trend establishedhey global hardness values
calculated for the [Cu(CO){2,2N38.X),}] * complex cations, as is shown in figure 3.4.15.
Although merely an approximation, ti#eN values calculated are in good agreement with the
expected trend, as can be seen from the valuedbla 8.4.8. Figure 3.4.16 shows a graphf

valuesvs. experimental/CO frequencies.

The vCO frequencies are greater for those substituératiswould reduce the electron density
around the Cu(l) atom. Substituents that increbeestectron density would result in a pasr
bond interaction with the CO ligand and a low&O0 frequencyzbackbonding is expected to be
greater for those compounds with substituents dnatgood electron donors or that enrich the
electronic density for the Cu(l) atom. Hence, bariding would be greater for the NMe
derivative and smaller for the N@erivative.

Given the difficulty in identifying the/«Cu-CO and so preventing using it to interpret tfiect of
the substituent on therdonation andrzbackbonding within the [Cu(CO){2,2N3§8.,X)J}]"

system, other suitable bands showing X seitgitwere soughtvCu-N frequencies could be
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Figure 3.4.14. Mid ir spectra for X-substituted Bidhase
derivatives [Cu(CO){2,2N3(gHX) 2}]BPhy,
X =NO,, F, CI, Br, H, Me, MeO, NMg

assigned for the X-substituted Schiff base derrestiand are shown in table 3.4.8. The general
trend observed is that th€u-N frequency increases with electron-withdrawsadpstituents and
decreases with electron-donating substituents. Bdre occurring at 403 ¢hin the X = H
compound, appears to be the least coupled of tee tlEu-N vibrations. Its assignment in the X
= H compound as a coupledCu-N, + Cu-C=0 is consistent with the fact that substituent
effects should be more noticeable for the iminetdhe than the secondary NH group, as the
former are directly bonded to the X substitutednatic systems. Frequency values for the
aforementioned/Cu-N vibration show the same trend as that obseiaretthe LCO vibration as a

function of the calculated global hardnesfues as is shown in figure 3.4.17. In fact, adine
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Figure 3.4.15. Graph afCOvs 7 for [Cu(CO)L] compounds where
L ={2,2N3(CH4X)2} and X = NG, F, ClI, Br, H, Me, MeO, NMg
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Figure 3.4.16. Graph afCO vs AN for [Cu(CO)L] compounds where
L ={2,2N3(CsH4X)2} and X = NG, F, ClI, Br, H, Me, MeO, NMg
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Figure 3.4.17. Graph afCuNvs 7 for [Cu(CO)L]" compounds where
L ={2,2N3(CH4X)2} and X = NG, F, ClI, Br, H, Me, MeO, NMg
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Figure 3.4.18. ExperimentaCO vs. LCuN frequencies for [Cu(CO)Lompounds where
L ={2,2N3(CsHsX)2} and X = NG, F, CI, Br, H, Me, MeO, NMg (R = 0.9979).
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correlation is obtained forCuO vs. 1Cu-N (figure 3.4.18), with lowenCu-N frequencies
observed for electron-releasing substituents tbaeléctron-withdrawing substituents. The more
electron enriched the Cu(l) atom, the poorer theOQuo-bond interaction, and greater G€CO
7ebackbonding is expected. Consequently, high®@O frequencies are obtained for the
compounds with electron-withdrawing substituentsgd dower ones for those with electron-
donating substituents. The experimemn@l-N andvCO frequencies are in good agreement with
the expected trend. It is interesting to note thiaile VCO correlates with/Cu-N, there is no

correlation between the frequencies #d-H vibration andv/Cu-N.

Table 3.4.8. CalculateiN values for Cu- CO 7ebackbonding and selected experimental frequencies
(cm?) for the Schiff base derivatives [Cu(CO){2,2N3KGX),}]BPh..

X o2 AN N-H VCO VC=N VCu-N°

NO, 0.78 0.091 3208 2084 1640 439 412 382

F 0.34 0.087 3287 2080 1640 437 406 378

cl 0.23 0.091 3283 2074 1642, 1636 430 397 372
Br 0.23 0.093 3283 2075 1641, 1636 436 398 375
H 0.0 0.088 3292 2078 1641, 1633 431 403 367
CHs -0.17 0.091 3290 2076 1645, 1638 431 399 373
OMe -0.27 0.096 3292 2075 1644, 1633 423 3997 ¢
NMe, -0.60 0.110 3292 2069 1638, 1632 424 3890 ¢

a Values taken from references 81 and 82.

b Cu-N vibrations follow the assignment shown inl¢a®.4.7 for the X = H compound. Values taken from
references 81 and 82.

¢ Broad band.

d Very weak absorption not observed for these comgsu

The remaining twovCu-N vibrations (assigned at 431 and 367'dmthe X = H compound)
appear to be very coupled vibrations, and no caticel was obtained with the calculated global

parameters or the experimental frequencies forithél, LCO andyC=N vibrations.
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4. Experimental

4.1. Preparation ofN-oxide ligands
The preparation of thil-oxide ligands used in the syntheses of Zeiselsdslvatives follows
that described in the literature for these compseyhe3].

4.1.1. Synthesis of pyO and pgsO
The synthesis of pyO was carried out in small arteum order to optimize the yield of the
labelled derivatives. Due to the very hygroscog@ture of pyO, the compound was obtained as

the hydrochloride, pyO-HCI, which is easier to maitate in small amounts.

Distilled pyridine (0.5 mL; 6 mmol) was added tarf. of glacial acetic acid (85 mmol) in a
round bottom flask. A condenser was fitted to tlaeslkf and 0.7 mL of 30% J@, were added
slowly. The reaction mixture was heated to apprexety 75 °C for six hours and an additional
0.7 mL of 30% HO, were added (total #D./py molar ratio of 2). The reaction was left hegtin
overnight and the reaction mixture was concentrated water bath at reduced pressure. An
excess of solid N&€0O; was added to the concentrated reaction mixturiealkéline as measured
by pH paper. The mixture was concentrated to dsyiaesl the pyO extracted 3 times with 5 mL
fractions of dry, distilled CHGI The solution was concentrated in a water bathedticed
pressure and 5 mL of a diluted HCI solution (1:Hi®) were added to the concentrated fraction.
The mixture was concentrated in a water bath ataed pressure and isopropanol was added to
the remaining fraction. A white creamy solid formetlich was redissolved in hot isopropanol
and recrystallized twice to yield a white crystadliproduct. Approximately 0.52 g of pyO-HCI
was obtained.

The deuterated analogue, gy, was prepared as above, usingdp®9 % isotopic purity from
Aldrich.

Yields of 65 % were obtained for the pyO-HCI anddg®-HCI preparation reactions.

4.1.2. Preparation of quinO and quine-O

Quinoline (0.5 mL; 4 mmol) was added to 5 mL ofaigd acetic acid (85 mmol) in a round
bottom flask fitted with a condenser. To this migtu30 % HO, was added slowly (5 mL; 4
mmol) and the reaction was heated for 6 hours &C7#\n additional 5 mL of KD, were added



and the reaction was left heating overnight at @5The reaction mixture was concentrated in a
water bath at reduced pressure and soligCla was added until an alkaline pH was obtained as
measured with pH paper. The mixture was evaporatedryness in a water bath at reduced
pressure and the solid obtained was extracted&stimith 5 mL fractions of distilled CHEIThe
CHCI; fractions were mixed and evaporated to drynessvimter bath under reduced pressure. A
light brown solid was obtained and broken underdieghyl ether to remove unreacted quinoline.
The solid was vacuum filtered and dried in a degmc Approximately 0.44 g of product was

obtained.

The deutertated analogue, quif®, was prepared by the same method as describeg ailsing
quin-d;, 97 atom %D, from Merck, Sharp and Dohme.

Yields of 75 % were obtained for the quinO and egyi@ preparation reactions.

4.1.3. Preparation of py*?0 and quin-°O
The preparation of the O-18 labelled isotopomers warformed at microscale using'fD.
which was prepared in a discharge tube frofi®1(95 % O-18 purity, from Aldrich) [3-6].

The reaction was carried out several times withn@L1of regular water in order to optimize®b
production in the discharge tube before employrétabelled H™O.

The discharge tube design follows that describetefarence 4. A 2.0 m long glass tube was
fitted with aluminium electrodes connected to a 208ower supply. Four traps were fitted at 10,
30, 60 and 180 cm from the point of water entrye Highest yields in the preparation of(H
were obtained for trap 3, which was fitted to ahhigcuum pump (pressure readings varied from
0.075 to 0.18 mbar) to evacuate the system. Wader fed through a capillary at the point of
entry and reaction times varied as water intake atgerved to depend on room temperature (for
which reason a water bath at ~15 °C was used) apillary size. In a typical run, 0.1 mL of
water were totally evacuated in an 8 to 10 howerirgl. Recovery of kD, in the U-tube trap at
liquid N, temperature was of 90 %,®, content by titration with standardized KMp®as close

to 70 %. When yields were consistently obtained, L of H,"*0 were fed and the collected
H,'®0, was used immediately in the preparation of {-and quin®O.
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Platinum electrodes instead of aluminium electraglese initially employed in the preparation of
H.O,, but owing to the high work function of platinum sustainable discharge was not achieved
and HO, yields were extremely low. Aluminium electrodes grassivated by a layer of
hydroxide/oxide that may eventually lead to ‘40/*°0 H,0, mixture, as was obtained in this
work. O-18 enrichment would be expected to have lggeater, had a sustainable discharge been

obtained with the platinum electrodes.

4.1.3.1. Synthesis of py?O

Dry distilled pyridine (0.1 mL; 1.2 mmol) was addieda round bottom flask. Glacial acetic acid
(3 mL) was used to wash out the'#, obtained from the discharge tube. It was assumued f
yields in previous runs with @ that the amount of 0, collected was close to 2 mmol. A
condenser was fitted and the reaction was leftroght at 75 °C. The reaction mixture was
concentrated in a water bath at reduced presswresalil NaCO; was added until a basic pH
was obtained as measured with pH paper. The mixtaseevaporated to dryness and the product
was extracted into dry distilled CHQONhich was evaporated at a high vacuum to yield®py-
The product was obtained in a very poor yield ahdracterized only by means of its mid ir
spectrum which showed the bands expected for py08 @nrichment in the ligand could not be
measured due to insufficient sample. The appearahtwo bands for some of the vibrations
sensitive to O-18 labelling in the mid ir spectrindicate that a pyO/p}’O mixture was
obtained as is discussed in section 2.1. The ptodas used immediately in the preparation of
[Pt(CHa)(pyO/py O)IBr.

4.1.3.2. Synthesis of quino

Glacial acetic acid (3 mL) was used to wash outH}t80, obtained from the discharge tube and
added to quinoline (0.15 mL; 1.1 mmol) in a rouradtdm flask. A condenser was fitted and the
reaction was left overnight at 75 °C. The mixturaswthen concentrated in a water bath at
reduced pressure and the remaining fraction wasenbagic by addition of solid MaOs; as
measured by pH paper. The mixture was evaporatellyness and extracted into dry distilled
CHCI; which was evaporated to dryness under a high vacidid ir of the brown compound
obtained showed that it was contaminated with diriepso the product was separated by using a
chromatography plate with a CHleOH mixture (10:1, CHGIMeOH, on silica gel £4). The
purified product was obtained in a 50 % yield arid end far ir spectra were collected and mass
spectra were recorded for the labelled compoundsMpectra for the compound show two peaks
at 146.3 and 148.3 (m/z ratios) for the positive (QuinO/quin*®0 + H) and two peaks at 144.5
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and 146.4 (m/z ratios) for the negative ion (quin@i-°0O — H). From the relative abundance
values, a mixture of quinO/quiiO in a 3 to 2 ratio was obtained. The compounduwsasl in the
preparation of [Pt(gH,)(quinO/quin®O)Br,].

From the mass spectroscopy results obtained foquired/quin*®0 mixture, and the splitting of
some O-18 sensitive bands observed in the speotrahg [Pt(GHJ)(pyO/py-°0)Br;] and
[Pt(C.H,4)(quinO/quin?®0)Br;] compounds, it seems reasonable to assume thaimitars
enrichment was obtained for the pyO/3§ mixture.

4.2. Zeise’s salt derivatives

Zeise’s salt derivatives [PtALX (A = C;H,, CD4, CO,CO and L = pyO, pysO, pyO/py* 0,
quinO, quind;O, quinO/quin*®0) were obtained by reaction of K[PH&)Xs and
K[Pt(C.DgX3] (X = ClI, Br) with the L ligands.

4.2.1. Preparation of Zeise’s salt

Zeise’s salt derivatives were prepared in a sinmlanner to the synthesis described by Chatt and
Searle [7]. Potassium tetrachloroplatinateRtCl, (1.0 g; 2.4 mmol) was dissolved in 50 mL of
water and 1 mL of concentrated HCI| was added tadHesolution. The solution was transferred
to a two necked round bottom flask and glass valvere fitted to allow for the creation of a
vacuum and the introduction o%ld, into the flask. Ethylene was pumped into the flaskler a
vacuum strong enough to cause the red solutiorubblb. The reaction was left stirring for a
period of 5 to 10 days with a magnetic stirrer aiig the solution inside the flask. When the
C.H, pressure was negative (an indication of the readgking place) more £, was pumped
into the flask to create a positive pressure ireotd favour the production of Zeise’s salt. The
red solution slowly turned bright yellow, a cologhange indicative of the formation of
K[Pt(C-H4)Cl3]. The yellow solution was filtered through cottarool in a Pasteur pipette to
remove any platinum oxide that could have formednduthe reaction. Removal of this oxide
proved essential in avoiding the Pt(ll) in the Z&issalt solution decomposing to platinum oxide
during purification of Zeise's salt. The filteredlgtion was concentrated in a water bath at
reduced pressure with the water bath temperaturexeeeding 25 °C (at higher temperatures
oxidation to platinum oxide was observed). Distill@acetone was added to extract the
K[Pt(C,H4)Cl;] species formed. The precipitated KCI and unreh&tg”tClL, were removed by
filtration and the extracted K[Pt¢H,)Cl;] in acetone was concentrated in a water bath as
described above. More acetone was added to alloviufther removal of KCI and #tCl.
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Zeise’s salt was not obtained as a solid due tathidic conditions at which the syntheses were
performed. Instead, distilled water was added ¢ccttncentrated yellow solution making up to 20
mL total volume. This solution (~ 0.1 M) was usadhe preparation of the [PtALKderivatives.
The solution was stored under,H; and in a dark place to avoid decomposition of
K[Pt(C,H4)Cl3].

The bromide derivative was obtained by addition aof20-fold excess of KBr during the

preparation of the £1, derivative starting from ¥tCL. HBr was added instead of HCI and
when the solution turned a golden-yellow colourwis concentrated in a water bath not
exceeding 25 °C and the product was extracteddistilled dry acetone. The crystalline solid

(KBr and KCI) was filtered off and the extract wasncentrated to add water and a 20-fold
excess of KBr which was left stirring overnight engbositive GH, pressure. The procedure was
repeated several times to yield a solution of KJE{;)Brs] which was stored as mentioned

previously for the chloride derivative.

4.2.2. Preparation of K[Pt(GD4)X3]

Ethylened, (99.5 % isotopic purity from MSD Isotopes, Merakas used for the preparation of
the labelled compounds. Potassium tetrachloropltif1.00 g; 2.4 mmol) was dissolved in
approximately 50 mL of water and the solution wedeal to the sealed glass tube connected to
the flask containing D, and stopped with a septum. The glass seal sapatéi solution and
the GD, was broken with a magnetic stirrer and the satutieas left stirring until it turned
yellow indicating the formation of K[Pt@D,)Cl3]. It was removed using a syringe from the flask
which was then rinsed with water several timesd more KPtCl, in H,O with a 20-fold excess

of KBr to produce K[Pt(@D,)Br;] as described above. The solutions of K[BE{JX 3] were used
immediately in the preparation of the [Pi0Z)LX ;] compounds.

4.2.3. Preparation of [PtALXg]; A = CzH4, C:D4, L = pyO and py-dsO and X = Cl, Br.
The [PtALX;] derivatives were prepared following the methodsalibed for the
[Pt(C:H4)(pyO)CL] derivative.

6 mL of a K[Pt(GH,4)CI;] solution of approximate 0.1 M concentration weomcentrated in a
water bath not exceeding 25 °C at reduced presSheeconcentrate was removed with a Pasteur
pipette and taken to approximately 3 mL with distilwater. An excess of pylCl was added to

the solution (0.12 g; 0.9 mmol) and stirred witmagnetic stirrer in an ice bath. The solution was

245



neutralized with solid N&O; until a pH between 5 and 6 was obtained. As thenukbased a
bright yellow compound precipitated from the sadati The compound was filtered and washed
several times with cold water. Approximately 0.16fghe compound were obtained (65% yield).

Crystals suitable for XRD were obtained for the((RiH,)(pyO)CL] derivative by diffusion of
distilled dry hexane into a CHEL$olution of [Pt(GH4)(pyO)CL]. The crystal structure for this
compound is described in section 2.3.1.1. Crydtatiire parameters, bond lengths and angles,

and average isotropic displacement parameterdharensin appendix 1.

The derivatives were characterized ¥ and **C nmr, microanalysis and mid and far ir and
raman spectra. Nmr and microanalyses results arersim tables 4.1-4.3; vibrational spectra are

thoroughly discussed in section 2.3.2.

Compounds are light and moisture sensitive. Thesevilence stored in a desiccator kept in the

dark to avoid decompaosition.

4.2 4. Preparation of [Pt(GHJ)(py-'%0)Br]

The pyO/py*®0O mixture obtained from reaction with,¥D, was used immediately in the
preparation of the Zeise's salt derivative. 1 mLaod.1 M aqueous solution of K[Pt{€,)Br4]

was added to the pyO/g§© mixture in an ice bath which was neutralized bigition of solid
Na,COs; until a pH between 5 and 6 was reached. No ptatipivas formed so the product was
extracted with 2 mL distilled CHgIThe yellow CHCJ extract was evaporated to dryness under
a high vacuum and a golden yellow powder was obthilYields were extremely low and all of
the sample was used to run mid and far ir spedina. spectra obtained have a band to band
correspondence with the spectra for [BHE(pyO)Br,] except for the splitting of several bands
which are sensitive to O-18 labelling as is disedds section 2.3.2.

4.2.5. Preparation of [PtALXg]; A = C;H4, C:D4, L = quinO, quin-d;O and X = CI, Br.
The [PtALX;] derivatives were prepared following the methodsalibed for the
[Pt(C:H4)(quinO)C}] derivative.

6 mL of a K[Pt(GH,4)CI;] solution of approximate 0.1 M concentration weomcentrated in a

water bath not exceeding 25 °C at reduced presSheeconcentrate was removed with a Pasteur
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pipette and taken to approximately 3 mL with distllwater. An excess of quinO was added to
the solution (0.13 g; 0.9 mmol) and stirred witimagnetic stirrer in an ice bath. A pale yellow
precipitate formed immediately upon addition of thenO ligand. The mixture was stirred in an
ice bath and neutralized with solid JT&; until a pH between 5 and 6 was obtained. The yello
solid was vacuum filtered and washed several tiwits cold water. Approximately 0.20 g of the

compound were obtained (75 % yield).

The derivatives were characterized ¥ and **C nmr, microanalysis and mid and far ir and
raman spectra. Nmr and microanalysis results arenstin tables 4.1-4.3; vibrational spectra are

thoroughly discussed in section 2.3.2.

4.2.6. Preparation of [Pt(GH,)(quin-'°*0)Br ]

6 mL of a 0.1 solution of K[Pt(414)Brs] were concentrated to approximately 2 mL in a wate
bath not exceeding 25 °C under reduced pressure.qTinO/quinO mixture (0.08 g; 0.55
mmol) obtained was added to the concentrate andllawy solid formed immediately. The
mixture was neutralized with solid B&0Os; in an ice bath until a pH between 5 and 6 was
obtained. The yellow solid obtained was vacuunerfdtl immediately and washed several times
with cold water. Approximately 0.14 g of [PHds)(quinO/quini®0)Br,] were obtained (50 %
yield). The compound was characterized by nmmdt @man spectroscopy.

4.2.7. Preparation of [PtALX,]; A = CO, *CO, L = pyO, py-dsO, quinO, quin-d,0 and X =
Cl, Br.

All CO and™CO derivatives were prepared from the corresponfi@,H.)LX ] derivative by
exactly the same procedure which is described b@oWPt(CO)(pyO)CJ].

0.1 g of [Pt(GH4)(pyO)CL] were dissolved in approximately 5 mL of dry disd CHCE. The
yellow solution was filtered through a Pasteur pfigpeavith cotton wool and CO was bubbled
through the solution until a colour change fronghtiyellow to pale yellow was observed. The
[Pt(CO)(pyO)CH] derivative was precipitated by addition of distil dry hexane. Yields were
practically quantitative.

The *CO derivatives were prepared in the same way uS@8@ (99 % C-13 purity from
Aldrich).
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Crystals suitable for XRD were obtained for the((®)(quinO)Bg] derivative by diffusion of
distilled dry hexane into a CHE$olution of [Pt(CO)(quinO)B}. The crystal structure for this
compound is described in section 2.3.1.2. Crydtatgire parameters, bond lengths and angles,

and average isotropic displacement parameterdarensin appendix 2.

Carbonyl Zeise's salt derivatives are considerdedg stable than the ethylene derivatives and
must be prepared under anhydrous conditions ameldsio the dark as they are light sensitive and
decompose easily. The quinO carbonyl derivativegeap to be more stable than the pyO

derivatives.

All compounds were stored in a desiccator and ketite dark to avoid decomposition.

The carbonyl derivatives were characterizedHbyand**C nmr, microanalysis and mid and far ir
and raman spectra. Nmr and microanalysis resudtstaown in tables 4.1-4.3; vibrational spectra

are thoroughly discussed in section 2.3.2.

4.2.8. Nmr spectra

The experimental procedures followed were carrietdas follows. ThéH (400 MHz), and”C
(100 MHz) nmr spectra were recorded on an Avancek@&r 400 MHz spectrometer using
standard pulse sequences. Chemical shifts areteepior ppm and referenced to the residual
undeuterated solvent resonances (GBDBI7.25,°C 77.00) and coupling constants are reported

in Hz.

The chemical shifts obtained for all compounds preg (tables 4.1 and 4.2) are in good
agreement with reported values [1, 8, 9]. Integratof peaks in théH spectra obtained is
consistent with the expected structure.

All of the GH, derivatives show the olefin protonscat 4.4 ppm, a value that is consistent with
a square planar structure [9]. Pt-H coupling camstaf ca. 35 Hz were obtained for all.8,

derivatives.

C.H, signals are absent for all thgli; derivatives as expected.
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Table 4.1™H nmr spectra of Zeise's salt derivatives. Valueparenthesis correspond to the number of
protons obtained by integration of the observedkgea

Compound Chem. shift (ppm) Jetn) (HZ)
[Pt(C.H4) (pyO)Ch] 8.595, 8.580 (2); 7.920,7.901, 7.882 (1); 7.68669, 7.651 (2)

4.457, 4.366, 4.280 (4) 34.01
[Pt(C:D4)(pyO)Ch] 8.600, 8.597, 8.583, 8.580 (2); 7.923, 7.92119,97.902, 7.885,

7.882 (1);7.684,7.680,7.667,7.652,7.648 (2)
[Pt(C,H,)(py-dsO)Cl] 4.459, 4.374 4.288 34.01
[Pt(CO)(pyO)CH] 8.573, 8.559 (2); 8.002, 7.984, 7.965 (1); 7.71.901, 7.684 (2)
[Pt(**CO)(pyO)C}] 8.574,8.559 (2); 8.003, 7.984, 7.965 (1); 7.72002, 7.685 (2)
[Pt(CO)(pydsO)CL] Oc
[Pt(C.H4) (pyO)Br,] 8.592,8.577 (2); 7.920, 7.901, 7.881 (1); 7.74123, 7.705 (2)

4.59P, 4507, 4.422 (4) 33.61
[Pt(C.D4)(pyO)Br] 8.602, 8.587 (2); 7.924, 7.905, 7.886 (1); 7.6R876, 7.658 (2)
[Pt(C,H,)(py-dsO)Br;)] 4582, 4.497 4.410 36.73
[Pt(CO)(pyO)Bs] 8.540, 8.526 (2); 7.984, 7.966, 7.949 (2); 7.72105, 7.688 (1)
[Pt(**CO)(pyO)B#] 8.542,8.527 (2); 7.986, 7.968, 7.950 (2); 7.72106, 7.689 (1)
[Pt(CO)(pydsO)Bry] Oc
[Pt(C.H4)(quinO)Ch] 8.983, 8.959, 8.939 (2); 8.382, 8.361 (1); 8.08852, 8.031 (2);

7.854,7.836,7.816 (1); 7.668, 7.652, 7.633 (1)

4.431, 4.347, 4.264 (4) 33.61
[Pt(C,D4)(quinO)Ch] 9.007, 8.985 (1); 8.951, 8.937 (1); 8.374, 8.8548.085, 8.066,

8.048, 8.030 (2); 7.862, 7.844, 7.825 (1); 7.66848, 7.642,

7.626 (1)
[Pt(C:H4)(quin-d;0)Cl]  4.444, 4.35%, 4.278 34.01
[Pt(CO)(quinO)CJ] 8.937, 8.930, 8.908 (2); 8.499, 8.478 (1); 8.1R8617, 8.097 (2);

7.921,7.902,7.883 (1); 7.728, 7.713, 7.707, 7 (892
[Pt(**CO)(quinO)C}] 8.906, 8.904 (1); 8.895, 8.881 (1); 8.465, 8.44y48.106, 8.084,

8.065 (2); 7.890, 7.870, 7.852 (1); 7.694, 7.67673, 7.658 (1)
[Pt(CO)(quine,0)Cl) 0e
[Pt(C:H4) (quinO)BE] 8.977, 8.955 (1); 8.908, 8.906, 8.893, 8.890 81356, 8.335 (1);

8.088, 8.085, 8.071, 8.067, 8.063, 8.049, 8.0307(859, 7.866,

7.849,7.846,7.831, 7,828 (1); 7.671, 7.656, 78585 (1)

4574, 4.488, 4.403 (4) 34.41
[Pt(C.D4)(quinO)BE] 8.963, 8.941 (1); 8.910, 8.895 (1); 8.360, 8.8B98.072, 8.070,

8.052, 8.048, 8.030, 8.027 (2); 7.857, 7.838, 78)9

7.675,7.659, 7.654, 7.639 (1)
[Pt(CHJ)(quin-d;0)Br)]  4.574, 4.489, 4.404 34.01
[Pt(CHy)(quin®0)Br,]  8.938,8.918 (1); 8.813 (1); 8.202 (1); 8.0098B. (2); 7.825,

7.806,7.788 (1); 7.571 (1)

4582, 4.494, 4.408 (4) 35.21

[Pt(CO)(quinO)Bg]

[Pt(*CO)(quinO)Bg]

[Pt(CO)(quing;0)Bry]

8.868, 8.866, 8.853, 8.830 (2); 8.454, 8.433 81102, 8.099,
8.085, 8.081, 8.077, 8.068, 8.064, 8.062 (2); 78902, 7.878,
7.874,7.857,7.854 (1); 7.710, 7.694, 7.689, 7 @] 3

8.869, 8.866, 8.861, 8.855, 8.852, 8.839 (2)58,48.429 (1)
8.104, 8.101, 8.086, 8.082, 8.063 (2); 7.895, 7,898, 7.874,
7.857,7.855 (1); 7.705, 7.690, 7.684, 7.669 (1)

I:l C

a C;H, signal.
b Pt satellites.
¢ No peaks obtained.



Table 4.2°C nmr spectra of Zeise’s salt derivatives.

Compound Chemical shift (ppm) Jrrc) (HZ)
[Pt(C:H4) (pyO)Ch] 142.097, 136.934, 126.283; 61.072
[Pt(C,D4)(pyO)Ch] 142.080, 136.909, 126.293; 60.9680.720, 60.468, 60.22F
[Pt(C.H4) (py-ds0)Cl] 141.929, 141.640, 141.345; 137.017, 136.763, 336;
126.227,125.971, 125.703; 62.6681.576, 60.47F 109.17
[Pt(CO)(pyO)CH] 145.392; 142 547, 137.754, 126.543
[Pt(**CO)(pyO)C}] 154.834, 145.408, 145.378, 135.98%: 142 558, 137.759, 126.551 948.48
[Pt(CO)(pydsO)Ch] 145.413; 142.495, 142.202, 141.913; 137.585, 137.304 045].
126.326, 126.066, 125.806
[Pt(C.H4) (pyO)Br,] 141560, 136.462, 126.777; 59.573
[Pt(C,D4)(pyO)Br,] 141550, 136.438, 126.782
[Pt(C.H4) (py-dsO) B3] 142.201, 141.905, 141.614; 136.547, 136.266 9835
125.999, 125.742, 125.479; 59.5298.176, 57.153 105.25
[Pt(CO)(pyO)B#] 145.253; 142.603; 137.614; 126.446
[Pt(**CO)(pyO)B#] 154.418, 145.262, 145.226, 136.11%; 154.415, 136.112, 126.453 921.00
[Pt(CO)(pydsO)Br;] 145.272; 142.534, 142.251, 141.957; 137.436, 136,784 1336.
126.250, 126.001, 125.726
[Pt(C.H4)(quinO)Ch] 142.448,139.281, 137.958, 134.137, 129.913 568.119.556
119.372;61.10%
[Pt(C.D4)(quinO)Ch] 142.491, 139.427, 137.889, 134.157, 129.971 9IPQ 128 .545
119.542
[Pt(CHy)(quind;0)Cl]  142.440, 142.133, 141.796; 139.280; 137.913,76%,.137.627;
133.949, 133.685, 133.436; 129.775; 129.641, 179 B29.150;
128.315, 128.080, 127.802; 119.377, 119.113, 108 BX.311,
119.047, 118.768; 62.1861.094, 60.046 109.88
[Pt(CO)(quinO)C] 146.203; 143.714, 139.982, 139.388, 134.971, 130.590 4P20.
129.051, 119.840, 119.828
[Pt(**CO)(quinO)C}] 155.190, 145.797, 145.763, 136.409; 143.312, 139.589, 138.979, 945.15
134.566, 130.186, 130.095, 128.646, 119.435
[Pt(CO)(quing;O)Cl] 155.187, 145.812, 136.4486; 943.34
143.284, 143.006, 142.705; 139.431; 138.849, 138 588.330;
134.296, 134.050, 133.798; 129.904; 129.904, 189 529 .397;
128.457,128.212,127.962; 119.228, 118.974, 118.71
[Pt(C:H4)(quinO)BE] 142551, 139.414, 137.740, 134.131, 129.896 5728 .119.671,
119.467; 58.035
[Pt(C,D4)(quinO)Br] 142.604, 139.327, 137.842, 134.095, 130.254 81725 .128.580,
119571, 119.493; 57.72%7.462, 57.21F, 56.982, 56.726
[Pt(C:Ha)(quin-d;0)Br;] 142565, 142.265, 141.986; 139.339; 137.612,347.137.121;
133.898, 133.619, 133.414; 129.765; 129.619, 179 B79.128;
128.373,128.110, 127.868; 119.582, 119.201, 108 BH.296,
119.047, 118.724; 59.0858.076, 57.028 101.73
[Pt(C:H4)(quin®0)Br;]  128.463,119.731
[Pt(CO)(quinO)Bg] 145577; 143.231, 139.514, 138.891, 134.527, 130.189 0PA0.
128.665, 119.547, 119.310
[Pt(**CO)(quinO)B] 154.674, 145,566, 145525, 136.446; 143.213, 139.542,138.841, 917.08
134511, 130.177, 130.022, 128.636, 119.581, 169.27
[Pt(CO)(quing,O)Br;]  154.694, 145577, 136.48%; 917.38

143415, 143.135, 142.876; 139.486; 138.552, 128 ¥28.081;
134.248,133.979, 133.779; 129.892; 129.881, 179 549.371;
128.513,128.211,128.03; 119.434, 119.064, 118.841

a C;H, signal;
b Pt satellites;
¢ CO signal;

d **C™®0 signal (very weak)
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Table 4.3. Microanalytical data for [PtAl.Xcompound$.

Compound % C calc. (exp.) % H calc. (exp.) % N.o@grp.)
[Pt(CHa)(pyO)Ch] 21.61 (21.92) 2.33(2.26) 3.60 (3.48)

[Pt(C,D,)(pyO)Ch] 21.38 (21.58) 2.31 (2.28) 3.56 (3.39)
[Pt(C,H,)(py-dsO)Cl] 21.33 (21.52) 2.31 (2.25) 3.55 (3.65)
[Pt(CO)(pyO)CH] 18.52 (18.43) 1.30 (1.50) 3.60 (3.63)
[Pt(*CO)(pyO)C}] 18.47 (18.19) 1.29 (1.43) 3.59 (3.51)
[Pt(CO)(pydsO)Ch] 18.28 (18.34) 1.28 (1.10) 3.55 (3.43)
[Pt(C,HJ)(pyO)Br,] 17.59 (17.87) 1.90 (1.82) 2.93 (2.81)
[Pt(C,D.)(pyO)Br,] 17.44 (18.03) 1.88 (1.80) 2.91 (3.08)
[Pt(C,H,)(py-dsO)Br;] 17.40 (17.65) 1.88 (1.73) 2.90 (2.75)
[Pt(CO)(pyO)B#] 15.08 (15.37) 1.05 (1.12) 2.93 (2.99)
[Pt(*CO)(pyO)Bs] 15.05 (15.06) 1.05 (1.13) 2.92 (2.96)
[Pt(CO)(pyds0)Br;] 14.92 (15.00) 1.04 (0.90) 2.90 (2.82)
[Pt(C,H,)(quinO)Ch] 30.08 (30.69) 2.52 (2.43) 3.19 (3.63)
[Pt(C,D,)(quinO)C}] 29.81 (30.17) 2.50 (2.39) 3.16 (3.22)
[Pt(C,H,)(quin-d;0)Cl] 29.61 (29.99) 2.49 (2.38) 3.14 (3.07)
[Pt(CO)(quinO)CJ] 27.35 (27.62) 1.61 (1.57) 3.19 (3.05)
[Pt(**CO)(quinO)C}] 27.28 (27.99) 1.60 (1.51) 3.18 (3.15)
[Pt(CO)(quind;O)Cl] 26.92 (27.27) 1.58 (1.46) 3.14 (3.00)
[Pt(CHa)(quinO)BH) 25.02 (25.65) 2.10 (1.98) 2.65 (2.52)
[Pt(C,D,)(quinO)Br)] 24.83 (25.12) 2.09 (2.32) 2.63 (2.61)
[Pt(C,H,)(quin-d;0)Br,] 24.69 (25.05) 2.07 (1.95) 2.62 (2.65)
[Pt(CO)(quinO)Bg] 22.75 (22.86) 1.34 (1.39) 2.65 (2.73)
[Pt(*CO)(quinO)Bg] 22.70 (23.61) 1.33 (1.44) 2.65 (2.69)
[Pt(CO)(quind;O)Br;)] 22.45 (22.49) 1.32 (1.02) 2.62 (2.63)

a Microanalyses were performed by Mr. P. Benincasayéisity of Cape Town and by Ms. T. Naidoo,
University of Natal.

The bromide Zeise’s salt derivatives show a welirgel single GH,4 signal at a slightly higher
value than the corresponding CI derivatives. This wsed as evidence that full conversion of
K[Pt(C,H4)Cl3] to K[Pt(C,H4)Brs] was achieved before reaction with the L ligands.

% nmr spectra are particularly interesting for @8., py-dsO, quind-O and**CO analogues.
In the ethylened, derivatives, due to coupling with the D nucleitwétl = 1 value, the number of
peaks expected for the ethylene carbons is cadmlikzd 2 + 1. The signal is extremely weak and
long runs have to be performed in order to obth3 expected’C signals. A cluster of peaks
was obtained for the [PtfD.)(pyO)ChL], [P(C:D4)(quinO)CE and [Pt(GD4)(quinO)Br]
compounds. They were not observed in the [tpyO)Br;] derivative which was run for a
shorter period of time.

The *C signals in the pgsO and quind;O derivatives split into three weak intensity peaks
according to R+1. They were observed in all of the compoundsaedarticularly interesting in
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the quind-O derivatives. Out of the niféC signals obtained for the quinO derivatives, seven
these appear as weak triplets and two (139.431902%9pm, values for tHéC nmr spectrum for
[Pt(CO)(quind;O)Cl]) as single peaks that correspond to the two @satim the fused quinO
ring system.

The™®C spectra for th&*CO derivatives yield an extremely intense signalaatl46 ppm which
corresponds to thECO ligand. Pt-C coupling was observed in the nnecsp for all the“CO
derivatives. An extremely weak shoulder band to @0 signal was obtained for affCO
derivatives. It has been assigned¥6'°0 signal, as the mid-ir spectra show that a sigaift

amount of this isotopomer is present in @0 used.

Pt-C coupling was also observed for some of thld,Compounds, especially those with gyd
and quind-O, due to the long runs performed.

4.2.9. Infrared spectra

Infrared spectra were recorded on a Perkin-ElImaxc®Bpm 2000 FT-IR spectrometer. Mid ir
spectra were recorded in the region 4000 to 400 with 4 scans and at a resolution of 4tm
Far ir spectra were recorded in the region 6500t@®* and the number of scans was typically
64, but varied for some samples like tNeoxide ligands and the some of the Zeise's salt
derivatives for which up to 200 scans were userhitimize noise signals occurring below 200
cm™. Spectra were recorded at a resolution of 4.cm

Mid ir spectra for pyO and quinO ligands were obédi on Csl windows. Due to the extremely
hygroscopic nature of these compounds, the samaéeadded to one of the Csl windows and
heated for approximately 15 minutes in an ovenC&t IC. The other Csl window was placed
covering the sample, heated for an additional 5utesy and allowed to cool in a desiccator
before ir spectra were recorded.

Far ir spectra for the pyO and quinO ligands wdrained as described above using polyethylene
windows.

All mid ir spectra for the Zeise’s salt derivativesre run in KBr pellets and all far ir spectra in
polyethylene pellets.
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The chloride derivatives show an intense absorpitara. 327 cni (V4t-Cl) which is absent in
the bromide derivatives and which in turn show rterise absorption at. 250 cni (vPt-Br).
Together with the nmr data, this further confirrhattfull chloride to bromide exchange was
obtained in the preparation of the bromide deniestiof Zeise’s salt.

4.2.1.0. Raman spectra
Raman spectra were collected by Prof. S. O. PduNdBA.

Raman spectra were collected in a Bruker RFS10&&Man spectrometer with a Nd-YAG laser
(1064 nm radiation) and a liquid nitrogen cooled dgéector. Samples were in a powdered form
in small Al holders. The laser excitation powerthé samples ranged from 3 to 30 mWw,
depending on the fluorescence of the sample. Tindseflscence also necessitated a large number
of scans: either 512 or 1064 scans were co-addidaraged.

The spectra were recorded at a resolution of 4 with a zero-filling factor of 2 in the region
3500 to 100 crm.

Raman spectra were recorded for all of the Zeisatsderivatives prepared, with the exception of
[Pt(C2H4)(pyO/py-0)Br].

4.2.11. Molecular modelling

Zeise's salt derivatives were modelled using mdiecunechanics with the Cerius2 and
Spartan02 program packages. DFT calculations werfonmed with Spartan02 at the B3LYP
level employing the basis set LACVP** for Pt(ll) @6-31G** for the remaining atoms.

4.3. Preparation of [Cu(CO)fH,mN3)]BPh, compounds
Preparation of the triamine carbonyl derivatives wahieved by the following method outlined
for the 2,2N3 compound. All other compounds weegppred accordingly.

Syntheses were carried out using distilled, drygadeed solvents employing Schlenk line
techniques. All triamine ligands were supplied bigrigh and used without further purification.
Reactions were performed under high purity nitroge® of oxygen by passage through an
oxygen trap (<30 ppb oxygen). CO was similarly fiedi by passage through an oxygen trap.
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0.5 g (2.6 mmol) of Cul were added to 5 mL of disti, dry methanol, under a stream of purified
N.. A Cu(0) coil was added to the suspension to mmtmnate any Cu(ll) species that could
form upon addition of the ligand. An excess of thiamine (300uL; 2.75 mmol) was added to
the Cul suspension under a stream of purified Q. Qul dissolved immediately yielding a pale
blue solution that turned colourless after stirrimgler a CO atmosphere. 0.83 g of NaB2v
mmol) were added to the colourless solution undgream of CO and a white solid precipitated
immediately. The white solid was vacuum filteredlena stream of purified CO by fitting a glass
frit to the Schlenk tube. The compounds are quétble when completely dry, but rapid oxidation
to Cu(ll) was observed when complete dryness hadbeen achieved or in the presence of
moisture. The compounds were stored under CO aderga decomposition slowly.

The 3,4N3 system was handled as a solid und@n B glove box as it melts quickly, is extremely
hygroscopic and has an overwhelming stench. Oramegdlin the Schlenk tube under tNis was
stopped and weighed. Dry distilled MeOH was addsdku a stream of Nogether with a Cu(0)
coil and, Cul was added to the solution under eastr of CO to produce a light blue solution
which turned colourless after stirring under a G@a@sphere. The product was precipitated by
addition of NaBPhas described above.

Yields obtained in the preparation of the [Cu(GQYN3)|BPh4 systems were quite high (85-
95%). Due to the facile oxidation to Cu(ll), themmounds were not purified any further.

Infrared spectra (mid and far ir) were run immeeliatafter preparation of the compounds.
Microanalyses are shown in table 4.4.

Table 4.4. Microanalytical data for [Cu(C@)iIN3)]BPh, compound$.

Compound % C calc. (exp.) % H calc. (exp.) % N .c@@gp.)
[Cu(CO)(2,2N3)1BPh 67.77 (67.62) 6.47 (6.43) 8.18 (8.04)

[Cu(**CO)(2,2N3)]BPh 67.64 (68.26) 6.46 (6.45) 8.16 (8.13)
[Cu(CO)(2,3N3)1BPh 68.28 (67.56) 6.69 (6.66) 7.97 (7.80)
[Cu(CO)(3,3N3)1BPh 68.73 (68.82) 6.89 (6.86) 7.76 (7.68)
[Cu(CO)(3,4N3)]BPK 69.01 (66.01) 7.07 (6.79) 7.56 (7.42)

a Microanalyses were performed by Mr. P. Benincalayersity of Cape Town and by Ms. T. Naidoo,
University of Natal.

T Contaminated with unreacted Cul. Calculated #0fe%C = 66.83, %H = 6.84, %N = 7.31 are obtained
for [Cu(CO)(3,4N3)]BPR0.1Cul.
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4.3.1. Preparation of [Cu{®*C0O)(2,2N3)|BPh

The compound was prepared as mentioned above, tettepa vacuum was generated in the
Schlenk tube with the Cul methanolic suspension thiedCu(0) coil under N The tube was
filled with **CO (99 % C-13 purity from Aldrich) and was leftrstig for 2 days until the blue
solution was colourless. NaBPlvas added under a stream of purifiedad described previously
and it was filtered under a stream of purified. Mid and far ir spectra were collected
immediately.

4.3.2. Preparation of [Cu(CO)f6,mN3-ds)|BPh, derivatives

To a dry Schlenk tube containing 150 (1.34 mmol) of C2,2N3 was added 1 mL of deutatate
methanol (monodeuterium methyl alcohol, 99.5 % Ditpdrom Aldrich). In order to obtain
complete exchange of the amine protons, the mekheam evaporated under a stream gflly
heating the Schlenk tube in a water bath at 5@ite the solvent evaporated, more MeOD was
added (0.5 mL) and the procedure repeated fomhdbb times. Cul and a Cu(0) coil were added
under a stream of CO. The compound was precipitayeaiddition of NaBPhunder a stream of
CO and was filtered under a stream of CO. Mid adirf spectra of the compound were run
immediately to prevent exchange of the deuterateides.

All compounds prepared are white but turn slighulye upon exposure to air or greyish brown
over time when stored under CO or &hd kept in a desiccator.

4.3.3. Preparation of [Cu(CO)(2,2N3)]l and [Cu(CO)2,2N3ds)]l

0.5 g (2.6 mmol) of Cul were added to 5 mL of disti, dry methanol, under a stream of purified
N2. A Cu(0) coil was added to the suspension to mmtmnate any Cu(ll) species that could
form upon addition of the ligand. An excess of thiamine (300uL; 2.75 mmol) was added to

the Cul suspension under a stream of purified (. Fale blue solution was left stirring until it
turned colourless. The solution was cooled in agtam/ice bath until precipitation of a white
crystalline solid was observed which was vacuunerld under a stream of purified CO by
fitting a glass frit to the Schlenk tube.

The ds derivative was prepared by D-exchange of the tigaith MeOD prior to addition of Cul
as mentioned above for the [Cu(CO)(2,2i6BBPh, derivative.
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The compounds are extremely unstable and fast tiotideo Cu(ll) was observed. Mid and far ir
spectra for the compounds were run immediately afteparation.

4.3.4. Preparation of [Cu(CO)(2,2N3)]BR

Preparation of the [Cu(CO)(2,2N3)|BFderivative follows that described for the
[Cu(CO)(2,2N3)]BPh compound except that NaBF0.26 g; 2.4 mmol) was added instead of
NaBPh. Precipitation of the compound was obtained bylingan an acteone/ice bath.

The compound is unstable and oxidation to Cu(llswaserved. Mid and far ir spectra of the

compound were run immediately after preparation.

4.3.5. Molecular modelling

Cu(l) systems were modelled using semiempiricalhods with the Cerius2 and Spartan02
program packages. DFT calculations were performétth Bpartan02 at the B3LYP level
employing the 6-31G** and 6-31 + G* basis sets.

4.4. Preparation of the Schiff base derivatives afiethylenetriamine,
[Cu(COX}{2,2N3(C6H4X)2}BPh, compounds; X = NQ, F, Cl, Br, H, Me, MeO, NMe..

All Schiff base derivatives were prepared followitige same reaction scheme that will be
outlined below for the reaction of diethylenetriami(2,2N3) with benzaldehyde. All other
substituted benzaldehydes employed have the Xisudogtin position 4.

1 mL of diethylenetriamine (9.16 mmol) was added tmL of dried distilled methanol. To this
solution were added 2 mL of benzaldehyde (20 mnidig reaction mixture was heated in an oil
bath and refluxed under,Nor a period of 2 hours after which the hot, sliglyellow methanolic
solution was added to a Schlenk tube containing #.6f Cul (9 mmol) under N The Schiff
base reacts immediately with the Cul to yield doyelcompound that may, for some of the Schiff
bases employed, turn orange or brick red. Additib@O to the Schlenk tube is followed by the
slow redissolution and precipitation of the creastoared carbonyl derivatives upon addition of
the NaBPh counter-ion (3.08 g; 9 mmol). As the reaction prctd are not totally soluble in
MeOH, the reaction was left stirring under a CO adphere for approximately two days in the
presence of a Cu(0) coil and then vacuum filtereden a stream of Nor CO. The dry
compounds slowly turn yellow when not stored ura@l€?O atmosphere. With electron-donating
substituents like NMg the compounds easily turn green due to oxidatiche Cu(ll) species.
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Yields for all reaction were close to 90 %.

Mid and far ir spectra for the compounds were medr immediately after preparation.
Microanalysis results for the Schiff base systemspared are shown in table 4.5. Most
compounds (X = CI, Br, Me, MeO) analyze satisfatofor the monohydrated compound
[Cu(CO){2,2N3(GH4X)2}IBPh4HO. Larger than expected values of N are obtainethf® X =

F derivative although results for C and H are fattsry. It is likely that the compound is
contaminated with unreacted 2,2N3 ligand, which Mfdncrease the N content in the compound.
In fact, a very weak intensity band is observethénmid ir spectrum for this compound (X = F),
at slightly lower frequency than the intengé-H band. The compound with X = NManalyzes
satisfactorily for the trihydrated compound [Cu(@22N3(CsHsNMey)}1BPh4BH,0.

Table 4.5. Microanalytical data for [Cu(CO){2,2N3HGX)2}BPh4B,0 compounds.

X % C calc. (exp.) % H calc. (exp.) % N calc. (§xp.
NO, 64.71 (62.93) 5.18 (4.87) 8.77 (9.17)

Fr 69.40 (69.80) 5.55 (5.67) 5.65 (6.21)
Cl 66.46 (66.66) 5.32 (5.24) 5.41 (5.48)
Br 59.64 (59.33) 4.77 (4.71) 4.85 (4.86)
H 72.93 (71.83) 6.12 (5.83) 5.93 (5.99)
Me 73.41 (72.46) 6.43 (6.39) 5.71 (5.76)
MeO 70.35 (70.35) 6.17 (6.10) 5.47 (5.56)
NMe,* 67.98 (68.07) 6.92 (6.65) 8.43 (8.59)

a Microanalyses were performed by Ms. T. Naidoo,vdrsity of Natal.
T Possibly contaminated with 2,2N3.
¥ Calculated values for [Cu(CO){2,2N3¢d.X)}]BPh4[3H;0.

The compounds decarbonylate over time, and logs@fin transit may have an effect on the
microanalytical results obtained.

Crystals suitable for XRD were obtained for the ([CO)X2,2N3(GHs)2}]BPh, compound by

cooling of the mother liquor in a Schlenk tubeefillwith CO in a freezer for several days. The
crystal structure for this compound is discusseddntion 3.4.1. Crystal structure parameters,
bond lengths and angles, and average isotropitagisment parameters are shown in appendix 3.

Infrared spectra for all Cu(l) compounds were rdedron a Perkin-Elmer Spectrum 2000 FT-IR

spectrometer. Mid ir spectra were run as KBr pelbd far ir spectra as polyethylene pellets.
Number of scans and resolution are the same as sta®d above for the Zeise’s salt derivatives.
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Appendix 1

Crystal structure parameters, bond lengths and angls, and average isotropic displacement
parameters for [Pt(C,H,)(pyO)Cl,).

Crystal structure parameters

Crystal Data
Formula

Formula Weight
Crystal System
Space group

a, b, ¢ [Angstrom]
alpha, beta, gamma [deg]
V [Ang**3]

z

D(calc) [g/cm**3]
Mu(MoKa) [ /mm ]
F(000)

Crystal Size [mm]

Data Collection

Temperature (K)

Radiation [Angstrom]

Theta Min-Max [Deg]

Dataset

Tot., Unig. Data, R(int)
Observed data [l > 2.0 sigma(l)]

Refinement

Nref, Npar

R, wR2, S

w = 1/[s"27(Fo"27)+(0.0224P) 2]
Max. and Av. Shift/Error

Flack x

Min. and Max. Resd. Dens. [e/Ang"3]

C7H9CI2N O Pt
389.13
Monoclinic
c2 (NB)
18.391(4).7850(14) 8.5432(17)
90 112.46(3) 90
985.2(4)
4
2.624
14.736
712
0.09 x 0.10 x 0.10

193

MoKa  0.71073

3.8, 28.3

-24: 245 -9: 9;-11: 11
4575, 2408, 0.028
2319

2408, 110
0.0230, 0.054.07
where P=(Fo"2"+2Fc"2")/3
0.00, 0.00
-0.016(10)
-1.08,1.19

- PLATON Reference : Spek, A.L. (1990), Acta Crys46, C-34



Bond lengths and angles

Bond Lengths (Angstrom). - (Bonds are ordered efitist label, left to right and top to bottomésd in last digit in ().

Pi(1) - CI(1)
Pi(1) - C(7)
C(1) - C(2)
ce) > C(7)
C(1) - H(1)
C(5) - H(5)
C(7) - H(7B)

2.2913(17)  Pt(1) -(B  2.2835(19)
2.115(8)  O(1) (1) 1.368(7)
1.375(10) C(2) 3¢  1.397(10)
1.391(13)

0.9501 C(2) 0.9501
0.9497 C(6) <6A) 0.9899
0.9898

Pt(1) -
N(L)
c(3)

c(3)
c(6)

- cQ)
- c4)

- HE)
- H(6B)

O(1) 2.047(5)
1.323(8)
1.362(9)

0.9506
0.9903

Pt(1) -
N(L)
C(4)

C4
c(@)

c(6)

- C(5)
- C(5)

- H()

- H(7A)

2.112(7)
1.348(8
1.395(9)

0.9902

Bond/Valence Angles (Degrees) - (Angles are orderethe middle label, left to right and top to lootf) - esd in last digit in ().

ci(L) -
ci(L) -
ci2) -

C(6)
o(1)
Cc(1)
N(L)

N(1)
C(3)
C(3)
C(4)
C(7)

c(6)

PY(1) -
PY(1) -
Pi(1) -
- Pt) -
- N(1)
- ¢(2)
- C(5)

- C(1)
- C(2)
- C(4)
- C(5)
- C(6)
PH(1) -
- C(7)

c(7)

cl(2)
c(7)
C(7)
C(7)

- C(5)
- ¢c@3)
- C(4)

- H(D)
- H(2)
- H(4)
- H(5)
- H(6A)
- H(7A)
- H(7B)

178.96(7)
90.0(2)
90.7(2)
38.4(4)

117.6(5)
118.3(6)
119.0(5)

119.69
120.81
120.40
120.52
116.51

116.57

116.56

& P1) -
@ - Pt(1) -
(- PY1) -
(Bt - O(1)
c(1) N(1)
c(2) C(3)
Pt(1 C(6)

C(2) c(1)
g2 C(3)
¢(E C(4)
Bi(- C(6)
C(n C(6)
Pt(1)C(7)
H(7A) C(7)

o(1)
o(1)
c(6)

- N(D)
- C(5)
- C(4)
- ()

- H()
- HE)
- H(4)
- H(6A)
- H(6B)
- H(7B)

- H(7B)

85.15(14)
93.90(14)
161.0(3)
120.5(4)
122.5(6)
120.2(6)
70.9(4)

119.66
119.95
120.28
116.51
116.55
116.57
113.52

CI(1)Pt(1) -
CI()Pt(1) -
O() Pt(1) -
O(3) N(1)
N(1) C(2)
C(3) C(4)
Pt(1)C(7)

C(H C2)
C(H C(3)
N(1) C(5)
Pt(1)C(6)
H(6A) G(6)
C(6) &(7)

c(6)
c(6)
c(7)

- C(1)
- C2)
- C(5)
- C(8)

- H@@)
- HE3)

- HE)
- H(6B)
- H(6B)

- H7A)

90.9(2)
90.1(2)
159.6(3)
119.7(5)
120.6(6)
119.3(6)
70.7(4)

120.91
119.88
120.48
116.52
113.52

116.55
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Average (an)isotropic displacement parameters

(An)isotropic, Equivalent and Main Axes Displacem@arameters - Unusual Values Marked with a # il Coordinate Split-

up]

Atom Label

1Pl

2C

1

3 CI2

10

11

12

13
14
15
16
17
18
19
20
21

C5

C6

Cc7

H1
H2
H3
H4
H5
H6A
H6B
H7A
H7B

U11 or Uiso

u22 33 uz23

uU13 12

Ueq(sUeq) Ul u2 U3 Ua/u

0.02084(12) 0.02165(12) 0.0218p(0.00012(12) 0.00880(8) -0.00160(9) 0.@Z35 0.0194 0.0229 0.0284 1.46

[

[

[

[

0.0493
0.0209(6)
0.1734
0.0277(7)
-0.0712
0.018(2)
0.0098
0.017(2)
-0.0703
0.032(3)
-0.1097
0.032(3)
-0.1886
0.026(3)
-0.2247
0.030(3)
-0.1831
0.026(3)
-0.1060
0.050(4)
0.1024
0.044(4)
0.1038
0.04000
0.04400
0.04400
0.04500
0.03900
0.06300
0.06300
0.06900
0.06900

0.0046 0.2914] [ 0.0478
0.0407(8) 0.0597(9)  0.0064(7)
-0.1346 0.3940] [ 0.1676
0.0293(8) 08¥9(10) 0.0003(8)
0.1410 0.2127] [ -0.0765
0.028(2) 0.062(3) -0.003(2)
02796 0.2682] [ 0.0034
0.020(2) 0.045(3) -0.0022(19)
-0.3154 0.2013] [ -0.0749
0.025(3) 0.044(3)  0.000(2)
-0.3434 0.0323] [ -0.1129
0.027(3) 0.043(3)  -0.002(2)
-0.3977 -0.0282] [ -0.1902
0.027(3) 0.051(4)  0.003(3)
-0.4188 0.0882] [ -0.2281
0.032(3) 0.056(4)  0.001(3)
-0.3880 0.2559][ -0.1881
0.032(3) 0.038(3)  0.002(2)
-0.3294 0.3073][ -0.1078
0.019(3) 0.095(6)  0.009(3)
0.2797 0.2760] [  0.0898
0.034(4) 0.090(6)  -0.025(4)
0.2578 0.4353] [  0.0950

0.0036 0.2840]

0.0150(6)  0.0030(60.0406(4) 0.0194 0.0389 0.0633 3.25

-0.1450 0.3672]

0.0078(6)  0.0065(6).0448(5) 0.0219 0.0347 0.0776 3.54

0.1438 0.1797]
0.009(2) -0.0(%)
-0.2778 0.2342]

0.0379(14) 0.0158 0.0300 0.0678 4.29

0.0096(18) -0.0013(180280(14) 0.0163 0.0202 0.0475 2.92

-0.3130 0.1785]
0.016(2) .0@L(2)
-0.3434 0.0191]
0.005(2) .0@D(2)
-0.3953 -0.0454]
0.008(3) .002(2)
-0.4212  0.0670]
0.021(3) .0aR(2)
-0.3892  0.2363]
0.011(2)  00D(2)
-0.3330 0.2981]
0.034(4)  04B(3)
0.2697 0.2228]
0.022(4)  45(8)
0.2774 0.3941]

0.0332(17) 0.0248 0.0308 0.0441 1.78

0.0368(17) 0.0266 0.0294 0.0543 2.04

0.0367(19) 0.0241 0.0285 0.0573 2.37

0.0380(19) 0.0250 0.0329 0.0561 2.25

0.0324(17) 0.0259 0.0314 0.0398 1.54

0.053(3) 0.0093 0.0526 0.0965 10.40#

0.057(3) 0.0203 0.0493 0.1016 5.00#

0.04000
0.04400
0.04400
0.04500
0.03900
0.06300
0.06300
0.06900
0.06900

The Displacement Factor has the Form of Exp(-T)re&h& = 8*(pi**2)*Uiso*sin(theta/lambda)**2, fordotropic Atoms,

T

Anisotr. Atoms
Ueq = 1/3 Sum(i,j) (Uij*as(i)*as(j)*a(i).a())

U1, U2, U3 are the three Main Axes Components of Ui
Reference U(eq): R.X. Fischer & E. Tillmanns, AGwyst. (1988). C44, 775-776

2%(pi**2) (U1 1*(h*as)*2+U22*(k*bs)*2+U33*(I*c s)*2+2*U23***bs*cs+2*U13*h**as*cs+2*U12*h*k*as* bs),for



Appendix 2

Crystal structure parameters, bond lengths and angls, and average isotropic displacement

parameters for [Pt(CO)(quinO)Br ).

Crystal structure parameters

Crystal Data
Formula

Formula Weight
Crystal System
Space group

a, b, ¢ [Angstrom]
alpha, beta, gamma [deg]
V [Ang**3]

z

D(calc) [g/cm**3]
Mu(MoKa) [ /mm ]
F(000)

Crystal Size [mm]

Data Collection

Temperature (K)

Radiation [Angstrom]

Theta Min-Max [Deg]

Dataset

Tot., Unig. Data, R(int)
Observed data [I > 2.0 sigma(l)]

Refinement
Nref, Npar
R, WR2, S

W = 1/[s"28(F027)+(0.0359P)"27+0.8517P]

Max. and Av. Shift/Error

Min. and Max. Resd. Dens. [e/Ang”"3]

C10H7Br2 N 02 Pt
528.05
Triclinic
P-1 (N2)
8.2115(16)8.3089(17) 9.4738(19)
85.14(3) 74.01(3) 81.90(3)
614.5(2)
2
348
17.902
476
0.20 x 0.250:30

193

MoKa  0.71073

3.4, 283

0:10; -10: 11;-12: 12
3048, 3048, 0.000
2785

3048, 146

0.0244, 0.662.07
where P=(Fo"2"+2Fc"2")/3
0.00, 0.00

-1.62,1.41

- PLATON Reference : Spek, A.L. (1990), Acta Crys46, C-34
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Bond lengths and angles

Bond Lengths (Angstrom). - (Bonds are ordered erfitist label, left to right and top to bottomésd in last digit in ().

PY(1) -
- N(2)
- C(3)
- C(10)
- C(10)

o)
C(2)
C(5)
C(9)

c2)
c(7)

Bond/Valence Angles (Degrees) - (Angles are orderethe middle label, left to right and top to lootf) - esd in last digit in ().

Br(1) -
- Pt(2)
- 0(1)
- N(1)
- C(3)
- C(5)
- C(7)
- C(10) -

Br(2)
Pt(1)
C(2)
c@)
C(4)
C(6)
N(1)

N(1)
C(4)
C(5)
C(8)
C(8)

- C(2)
- C(3)
- C(6)
- C(7)
- C(9)

Br(1)

- H(2)
- H(7)

Pt(1)

2.4240(7)

1.361(4)
1.398(7)
1.422(6)
1.393(6)

0.9501
0.9501

c(5)

- HQ2)
- H(3)
- H(6)
- H()
- H(9)

Pt(1) -
- C(1) 1.131(6)
- C(4) 1.360(7)
- C(7) 1.378(7)

0(2)
c@)
c(6)

c@)
c(8)

- Br(2) 178.83(3)
- 0(1)
- N(1)
- C(10)
- c(4)
- C(10)
- C(8)

85.71(9)
118.5(2)
123.8(3)
120.0(4)
119.0(4)
120.6(4)
117.1(4)

120.09
120.05
120.12
119.69
120.69

Br(2)2.4242(7)

- H@3) 0.9499
- H(8) 0.9497

Bj(: Pt(1) -
By(- Pt(1) -
P(E N(2)
Pt C(1)
CE C4)
C(6) C(5)
C(* C(8)
N(Y) C(10) -

¢ C(2
@ C4
¢(* C(6)
¢(* C(8)
0Oj1- C(9) -

Pt(1) -
N(1)
C(4)
c(7)

c4

c(9)

o)
c(L)

- C(2
- 0(2)
- C(5)
- C(10)
- C(9)

c(9)

- H2
- H(4)
- H(6)
- H(8)

H(9)

o(1)

- C(2)
- C(5)
- C(8)

- H(4)
- H(9)

93.94(9)
90.99(14)
118.7(3)
178.2(4)
120.2(4)
117.8(4)
121.5(5)
121.2(4)

120.01
119.88
120.12
119.24
120.73

2.045(3P1(1) -
1.316(5)N(1)
1.406(6)C(5)
1.402(7)C(8)

0.9505 C(6)
0.9500

Br(2)Pt(1) -
O(3) Pt(1) -
- C(10)
- C(3)
- C(6)
- C(7)
- C(10)

O(1) N(2)
N(1) C(2)
C@) C(5)
C(5) C(6)
C(8) C(9)

C(5) C(10) -

C(®dCE
C(5 C4
C(e) C(m)
C(9) C(8)

c(1)

- C(10)
- C(8)
- C(9)

- H(®)

c@)
c()

c(9)

- HB)
- H4)
- H()
- H(8)

1.823(5)
1.384(5)
1.418(6)
1.368(7)

0.9499

89.34(14)
176.53(16)
117.5(3)
119.9(4)
123.2(4)
119.8(4)
118.6(4)
121.8(4)

119.95
119.87
119.70
119.30
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Average (an)isotropic displacement parameters

(An)isotropic, Equivalent and Main Axes Displacem@arameters - Unusual Values Marked with a # il Coordinate Split-

up]

Atom Label

1 Ptl

2 Brl

3 Br2

4 01

502

6 N1

7 C1

8 C2

9 C3

10 C4

11 C5

12 C6

13 C7

14 C8

15 C9

16 C10

17 H2
18 H3
19 H4
20 H6
21 H7
22 H8
23 H9

[

[

[

[

[

[

[

0.01883(11)
0.3449
0.0354(3)
0.2774
0.0302(2)
0.4043
0.0194(14)
0.0027
0.0199(16)
0.7125
0.0137(15)
-0.0278
0.034(3)
0.5769
0.024(2)
-0.1145
0.024(2)
-0.2427
0.023(2)
-0.2811
0.022(2)
-0.1867
0.034(2)
-0.2101
0.042(3)
-0.1198
0.037(3)
0.0179
0.027(2)
0.0434
0.0209(19)
-0.0573
0.03100
0.03800
0.03900
0.04000
0.04200
0.04100
0.03300

U11 or Uiso

u22 3 u23 u13 Ul2 Ueq(sUeq) Ul U2 U3 U3/

0.02086(11) 0.0780y 0.00135(6) -0.00353(6) -0.00229(6) OBE®) 0.0143 0.0191 0.0223 1.56
0.2912 0.5505] [  0.3447 0.2846 0.5487]
0.0362(2) 0207(2) -0.00671(18) -0.00571(18) -0.00708(19B04(14) 0.0184 0.0328 0.0404 2.19

0.4367 0.7735] [  0.2883 0.4246 0.7759)]
0.0382(3) 0Z01(2) -0.00803(18) -0.00222(17) -0.00265(18B01B(14) 0.0173 0.0332 0.0401 2.32
0.1583 0.3196] [ 0.4065 0.1422 0.3242]
0.0365(17) 0.q145 0.0030(12) -0.0017(11) -0.0026(12D.0244(9) 0.0133 0.0214 0.0384 2.89
0.3128 0.5511] [ 0.0955 0.2936 0.5481]
0.050(2) 0.045(2) -0.0054(17) -0.0114(15) -0.0025(14).0377(11) 0.0182 0.0434 0.0515 2.82
0.2709 0.5302] [  0.7113 0.2501 0.5382]
0.0303(18) 0.QIB} 0.0007(13) -0.0008(12) -0.0020(13).01®3(9) 0.0104 0.0164 0.0310 2.97
0.3109 0.6818] [ -0.0250 0.2931 0.6804]
0.026(2)0.022(2) -0.0023(17) -0.0051(18) -0.0059(18.0275(14) 0.0216 0.0252 0.0357 1.65
0.2701 0.5381] [  0.5669 0.2733 0.5375]
0.027(2)0.025(2) -0.0009(17) -0.0084(17) 0.000$(10.0254(12) 0.0204 0.0254 0.0303 1.48
0.4435 0.7275] [ -0.1181 0.4373 0.7285]
0.037(3)0.031(2) -0.0077(19) -0.0039(18) 0.0077(1B0321(14) 0.0175 0.0337 0.0453 2.59
0.4501 0.8571] [ -0.2509 0.4331 0.8607]
0.049(3)0.020(2) -0.0042(19) 0.0002(17) -0.0016(1®)0320(14) 0.0164 0.0298 0.0498 3.03
0.3114 0.9372] [ -0.2795 0.2884 0.9386]
0.035(2)0.020(2) -0.0011(17) -0.0057(16) -0.0065(17),0254(12) 0.0198 0.0209 0.0353 1.78
0.1573 0.8882] [ -0.1819 0.1463 0.8882]
0.048(3)0.020(2) 0.0051(19) -0.0045(19)  -0.020@)0335(14) 0.0170 0.0274 0.0559 3.28
0.0107 0.9678] [ -0.2007 -0.0101 0.9654]
0.036(3)0.034(3)  0.011(2) -0.017(2) -G() 0.0354(17) 0.02210.0282 0.0559 2.53
-0.1338 0.9150] [ -0.1008 -0.1456 0.9066]
0.028(2)0.036(3) -0.0022(19) -0.008(2) -0.0039(10)0340(16) 0.0279 0.0351 0.0390 1.40
-0.1345 0.7782] [ 0.0125 -0.1335 0.7748]
0.031(2) 0.025(2) 0.0001(18) -0.0079(18) -0.0042(1BY275(12) 0.0242 0.0269 0.0314 1.30
0.0122 0.6982] [ 0.0456 0.0072 0.6974]
0.027(2) 0.q13y 0.0008(15) -0.0068(15) -0.0054(15) 20@(11) 0.0123 0.0198 0.0278 2.27
0.1586 0.7547] [ -0.0495 0.1464 0.7531]
0.03100
0.03800
0.03900
0.04000
0.04200
0.04100
0.03300



The Displacement Factor has the Form of Exp(-T)r&fe= 8*(pi**2)*Uiso*sin(theta/lambda)**2, for Iswopic Atoms,

T = 2%pi**2)%(U1l1*(h*as)**2+U22*(k*bs)**2+U33*(I*c s)**2+2*U23*k*|*bs*cs+2*U13*h**as*cs+2*U12*h*k*as* bs),for
Anisotr. Atoms

Ueq = 1/3 Sum(i,j) (Uij*as(i)*as(j)*a(i).a())

U1, U2, U3 are the three Main Axes Components ¢f Ui

Reference U(eq): R.X. Fischer & E. Tillmanns, AGtyst. (1988). C44, 775-776
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Appendix 3

Crystal structure parameters, bond lengths and angls, and average isotropic displacement
parameters for [Cu(CO)X{2,2N3(GH?s).}|BPh..

Crystal structure parameters

Crystal Data

Formula C19 H21 CuN3 O, C24 HBO
Formula Weight 690.15
Crystal System Monoclinic
Space group P21/n (No. 14)
a, b, ¢ [Angstrom] 10628) 23.869(5) 14.474(3)
alpha, beta, gamma [deg] 90 91.07(3) 20
V [Ang**3] 3556.1(13)
z 4
D(calc) [g/cm**3] 1.289
Mu(MoKa) [ /mm ] 0.652
F(000) 1448
Crystal Size [mm] 0.08 x 0.09 x 0.20

Data Collection

Temperature (K) 193
Radiation [Angstrom] MoKa  0.71073
Theta Min-Max [Deg] 2.5, 26.7
Dataset -12:12; -26: 30, -18: 17
Tot., Unig. Data, R(int) 11906, 7242, 0.047
Observed data [l > 2.0 sigma(l)] 4634
Refinement

Nref, Npar 7242, 447
R, wR2, S 0.0562, 0.241.01

W = 1/[s"28(F0"27)+(0.0493P)"2"+3.5339P]

Max. and Av. Shift/Error

Min. and Max. Resd. Dens. [e/Ang"3]

where P=(Fo"2"+2Fc"2")/3

0.77,0.00
-0.50, 0.34

- PLATON Reference : Spek, A.L. (1990), Acta Crys46, C-34
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Bond lengths and angles
Bond Lengths (Angstrom). - (Bonds are ordered erfitist label, left to right and top to bottomésd in last digit in ().

Cu(1)

Cu(l) -

N(2)
c2)
c(7)

N(L)
c3)
c(5)

C(15)
C(19)

- 0(1)
cQ)

- C(5)
- C(3)
- c(12)
c@1) -
c(15) -

c(12)
C(16)

- H()
- H(3B)
- H(5B)
C(10) -

H(10)
- H(15)
- H(19)

2.9166
1.7972
1.4842
1.5083
1.3813
1.3811
1.3632

0.9591

0.9900
0.9900
0.9500
0.9500
0.9500

Cu(l) - N(1) 2.1020
o) - C() 1.1206
N@2) - G6  1.2686
C@4) -5  1.5060
C(8) - C(O) 1.3768
C(13) > C(14) 1.4607
C(16) - C(17) 1.3825

C@2) - Wg  0.9900
C(4) - HMA  0.9900
C(6) - H(6)  0.9500
C(11) - H(11) 0.9500
C(16) - H(16) 0.9500

Cu() - N(2)
N(1) - C(3)
N(3) - C(2)
c6) > C(7)
C9) - C(10)

C(14) - C(15)
C(17) - C(18)

C(2) - H(2B)
C(4) - H(4B)
C(8) - H(8)

C(12) - H(12)
C(17) - H(17)

2.867 Cu(l) -
- c(4)

- C(13)
- C@8)

853 C(10) -
1.3954C(14) -
1.3736(18) -

4918 N(1)
4148 N(3)
4687 C(7)

0.990 C(3)
0.9900C(5)
00  C(9)

N(3)

c(11)
C(19)
C(19)

- H(3A)
- H(BA)
- H()
0.950aC(13) -
0.950aC(18) -

H(13)
H(18)

2.0780
14724
1.2712
1.3887
1.3530
1.3904
1.3734

0.9900
0.9900
0.9500
0.9500
0.9500

Bond/Valence Angles (Degrees) - (Angles are orderethe middle label, left to right and top to lootf) - esd in last digit in ().

0O(1)
o(1)
N(1)
N(3)

N(3)
N(2)
C(6)
C(8)
C()
c(13)

c(15) -
c(14) -

Cu(l) -

N(3)
C@3)
N(L)

Cc(5)
N(2)
C(4)
c(7)
C(8)

- C(2)
- C(5)
- C(7)
- C(9)
- C(12) -

- C(2)
- C(2)
- C(3)
H(3A) -
- C(4)
- C(5)
- C(5)
- C(6)
- C(9)

- Cu(1) -
- Cu(1) -
- Cu(1) -
- Cu(1) -
Cu(l) -
Cu(l) -
Cu(l) -

N(1)
N(2)
N(3)

- c(14) -
C(16) -
c(19) -

N(1)

c)

N(1)
c(1)
C(1)
c(1)

- C(4)
- C(6)
- C(13)
- C(3)
- C(4)
- C(12)
- C(10)

c(11)
C(19)
c@an)
c(18)

- H(D)

- H(2A)
- H(2B)
- H(3B)
- H(3B)
- H(4A)
- H(BA)
- H(5B)
- H(6)

- H(9)

12274 @t Cu(l) -
124 () - Cul) -
12233 N2 Cu(l) -
11502  @u(- O(1)
10542 T3 N(1)
13776 T N@2)
139.46  C(2) N(3)
10847 (- C(3)
108.98 (- C(6)
122.26  §£(8 C(7)
119.65  £(9 C(10) -
120.84  N(3) C(13) -
122.99  C(15)C(14)
12056  C(16)C(17) -
120.77
11630  Ip(- N(1)
110.00 N3 C(2)
11000  W2- C(2)
109.68 G2 C(3)
108.18  N(1) C(4)
109.64 G5 C(4)
109.89  N(2- C(5)
109.89  W5- C(5)
117.26 (T - C(8)
120.17 (10) - C(9)

N(2) 133.25
N(2) 85.29
N(3) 104.88

- c() 1.98
- C(4) 112.90
- C(8) 116.56
- C(13)  117.85
- C2) 109.90
- C(7) 125.49
- Cc(12)  118.02

c(11)  119.93
Cc(14) 12631

- Cc(19) 117.97

Cc(18) 119.30

- H() 109.74
- H@B) 110.00

- H(2B) 108.37

- H(3A)  109.68
- H@A)  109.64
- H@4B)  109.64
- H(GB)  109.89

- H(GB) 108.30

- H(@8) 119.52

- H(9) 120.17

0(1) Gu(l) - N(3)
N(1) Cu(1) - N(3)
N(2) Gu(1) - C(1)
Cu@N(@) - C(@3)
CU@N(2) - C(5)
CUu@N(@3) - C(2)
Cu(l)C(1) - O(1)
N() C(4) - C(5)

c(6) C(7) - C(8)
c(7) (8) - C(9)

C(10)C(11) - C(12)
C(13)C(14) - C(15)
C(14) -16) - C(16)
C(17) -18) - C(19)

C(4H N(1) - HD)
C(3) G(2) - H(2A)
N(1) -(& - H(3A)
C(2) G(3) - H(3B)
N(1) -(4 - H(4B)
H(4A) G(4) - H(4B)
C(4) G(5) - H(5A)
N(2) G(6) - H(6)
C(9) C(8) - H(8)
C(9) C(10) - H(10)

113.81
84.17
132.41
107.17
105.45
102.17
176.78
110.09
119.53
120.97
120.55
119.03
120.87
120.52

105.39
110.00
109.68
109.68
109.64
108.15
109.89
117.26
119.52
120.03

265



c@1) -
- c(12) -
c(13) -
C(16) -
c(17) -
C(19) -

c(7)

c(14) -
c(15) -
c(@18) -
c(14) -

C(10)

- H(10)
H(12)
H(13)
H(16)
H(17)
H(19)

120.03
119.58
116.84
119.72
120.35
119.61

C(10C(1l) -
a1 Cc(12) -
C(14C(15) -
C(17 C(16) -
C(17 C(18) -
C(18C(19) -

H(11)
H(12)
H(15)
H(16)
H(18)
H(19)

119.72
119.58
119.56
119.72
119.74
119.61

C(12)C(11) -
N(3) G(13) -
C(16)C(15) -
C(16)C(17) -
C(19)C(18) -

H(11)
H(13)
H(15)
H(17)
H(18)

119.72
116.84
119.56
120.35
119.74
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Average (an)isotropic displacement parameters

(An)isotropic, Equivalent and Main Axes Displacem@arameters - Unusual Values Marked with a # il Coordinate Split-

up]
Residue = 1
Atom Label U11 or Uiso
1 Cul 0.03739
[ 0.2920
201 0.05066
[ 0.0639
3 N1 0.03570
[ 0.3143
4 N2 0.02905
[ 0.3674
5 N3 0.04204
[ 0.4513
6 Cl1 0.03891
[ 0.1445
7 C2 0.06608
[ 0.4383
8 C3 0.04974
[ 0.4242
9 C4 0.03749
[ 0.3446
10 C5 0.03746
[ 0.4387
11 C6 0.03252
[ 0.3818
12 C7 0.03894
[ 0.3233
13 C8 0.05991
[ 0.3575
14 C9 0.08896
[ 0.3147
15 C10 0.07892
[ 0.2028
16 C11 0.06328
[ 0.1534
17 C12 0.05069
[ 0.2138
18 C13 0.04340
[ 05571
19 C14 0.03828
[ 05811
20 C15 0.04011
[ 0.7077
21 C16 0.04802

u22 u33
0.04246 048}
0.3924 0.3578]
0.05176 064@4
0.4575 0.4084]
0.04139 4639
0.3090 0.4073]
0.03210 04075
0.3628 0.2404]
0.04991 03383
0.4093 0.4439]
0.05083 4690
0.4325 0.3807]
0.06923 03887
0.3678 0.5188]
0.05742 04255
0.3109 0.4790]
0.03582 05@61
0.2756 0.3265]
0.03747 08Bt
0.3105 0.2634]
0.03929  B@B
0.3818 0.1540]
0.03430 838
0.4303 0.1144]
0.06103 Q1A
0.4536 0.0329]
0.06197 5816
0.4955 -0.0126]
0.03805 88w
0.5194 0.0250]
0.03723 8I%
0.4988 0.1066]
0.04045 0z
0.4545 0.1524]
0.05444 0104
0.4392 0.4425]
0.04216 a5
0.4774 0.3877]
0.06739 8B/
0.4987 0.3922]
0.06675 6410

u23

-0.00353

[

[

[

[

[

[

[

[

[ 0.2827
-0.00690
[ 0.0510
0.00566
0.3085
-0.00389
0.3686
-0.01099
0.4388
-0.00214
0.1429
-0.00332
0.4176
0.01452
0.4115
-0.00214
0.3440
0.00147
0.4263

-0.00408

[

0.3838

-0.00317

[

[

[

[

[

[

[

[

[ 0.3146
0.00507
0.3690
0.02623
0.2891
0.01335
0.1813
-0.00045
0.1397
0.00174
0.2047
-0.02412
0.5398
-0.02301
0.5888
-0.03142
0.7137
-0.03175

u13
0.00185
0.3900
0.02124
0.4579
0.00544
0.3075
0.00090
0.3637
-0.00615
0.4060
0.00337
0.4300
-0.00764
0.3637
-0.00327
0.3063
0.00195
0.2760
0.00474
0.3083
0.00345
0.3804
-0.00501
0.4310
0.00485
0.4513
-0.00582
0.4991
-0.02071
0.5205
-0.00712
0.4981
-0.00303
0.4537
-0.01152
0.4343
-0.00518
0.4811
-0.00845
0.5035
0.01366

Ul2 edfsUeq) U1l
0.01037 4043 0.0284
0.359

0.01312 06844 0.0324
0.8189

0.00593.04077 0.0318
0.202

0.00417.03896 0.0257
0.234

0.01311.04P68 0.0298
0.4486

0.00244 .04518 0.0373
0.3828
0.02165.05D016 0.0335
0.5p1

0.01210.04995 0.0289
0.2]73

0.00848.04262 0.0279
0.3173

0.01336 03988 0.0239
0.2p92

-0.00004 03658 0.0309
0.1p75

-0.00564 03694 0.0263
0.1163

-0.00838 05832 0.0389
0.0B26

-0.01998 06998 0.0325
-0.0p55

-0.00410 6886 0.0334
0.0B54

0.00875 509B 0.0344
0.0]13

0.00739 04883 0.0346
®3p

0.01816 484 0.0255
(©]:13

0.00720 04611 0.0251
@37

0.00510 620% 0.0374
@3

-0.01594 8597 0.0383

u2
0.0417

0.0629

0.0380

0.0338

0.0327

0.0464

0.0472

0.0511

0.0451

0.0431

0.0357

0.0375

0.0551

0.0693

0.0568

0.0570

0.0418

0.0332

0.0367

0.0421

0.0545

U3
0.0511

0.1100

0.0524

0.0424

0.0655

0.0518

0.0908

0.0699

0.0548

0.0526

0.0431

0.0440

0.0689

0.1082

0.1014

0.0733

0.0551

0.0867

0.0766

0.1066

0.1280

U3/u1
1.80

3.39

1.65

1.65

2.20

1.39

2.71

2.42

1.97

2.20

1.39

1.68

177

3.33

3.04

2.13

1.59

3.40

3.05

2.85

3.34



22 C17

23 C18

24 C19
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

H1

H2A
H2B
H3A
H3B
H4A
H4B
H5A
H5B
H6

H8

H9

H10
H11
H12
H13
H15
H16
H17
H18
H19

Residue = 2

Atom Label

1 C20

2 Cc21

3 C22

4 C23

5 C24

6 C25

7 C26

8 C27

[

[

[

[

0.7548
0.06142
0.6691
0.05014
0.5404
0.03641
0.4997
0.04360
0.06860
0.06860
0.05994
0.05994
0.05115
0.05115
0.04785
0.04785
0.04389
0.06518
0.08398
0.07664
0.06592
0.05259
0.05816
0.07444
0.08831
0.08092
0.07144
0.06094

U11 or Uiso

0.02255
[ 0.8776
0.03058
[ 0.9854
0.04047
[ 0.9963
0.04637
[ 0.9246
0.04700
[ 0.8180
0.03239
[ 0.7982
0.02587
[ 0.7426
0.03376

0.5382 0.3318]
0.05281 8318
0.5581 0.2588]
0.05337 [srirg
0.5376 0.2529]
0.05175 4[(1:9)
0.4973 0.3164]

u22 u33
0.02747 0812
0.30900.3457]
0.04004 02B
0.3018 0.2859]
0.05027 b8
0.3377 0.2075]
0.04033 26%7
0.3774 0.1874]
0.03174 3066
0.3873 0.2455]
0.03290 363b
0.3530 0.3232]
0.02715 02064
0.2223 0.4064]
0.02875 03019

[ 07435
-0.01398
[ 0.6601
-0.00323
[ 0.5404
-0.01194
[ 0.5017

u23
0.00170
[ 0.8811
0.00740
[ 0.9783
0.00330
[ 1.0033
0.01074
[ 0.9077
0.00481
[ 0.8078
0.00224
[ 0.7947
0.00310
[ 0.7348
0.00415

0.5424
0.01446
0.5595
-0.00017
0.5380
-0.00187
0.4995

u13
-0.00009
0.3077
0.00599
0.2992
0.01210
0.3329
-0.00521
0.3802
-0.00515
0.3874
0.00422
0.3525
0.00610
0.2210
0.00341

@an
-0.00315 06043 0.0478 0.0565 0.0980
478

-0.00504 5033 0.0462 0.0569 0.0755
7|

0.00241 05078 0.0360 0.0445 0.0718
(B3]

0.04360
0.06860
0.06860
0.05994
0.05994
0.05115
0.05115
0.04785
0.04785
0.04389
0.06518
0.08398
0.07664
0.06592
0.05259
0.05816
0.07444
0.08831
0.08092
0.07144
0.06094
Ul2 edfsUeq) U1l u2 U3
-0.00355 2895 0.0207 0.0266 0.0305
0.3§31
0.00475 03890 0.0251 0.0296 0.0470
0.2B13
-0.00310 04092 0.0253 0.0493 0.0512
0.2p73
-0.00918 3P4® 0.0199 0.0353 0.0572
0.1p15
0.00173 03887 0.0280 0.0386 0.0500
0.2u81
0.00173 03290 0.0292 0.0314 0.0381
0.3p12
0.00601 02748 0.0198 0.0254 0.0373
0.4022]

0.00548 03020 0.0245 0.0294 0.0397

2.05

1.64

1.99

u3/u1
1.48

1.87

2.03

2.88

1.79

1.30

1.89

1.62
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9 C28

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36
37

C29

C30

C31

C32

C33

C34

C35

C36

C37

C38

C39

C40

C41

C42

C43

Bl

H21

H22

H23

H24

H25

H27

H28

H29

H30

H31

H33
H34

[ 0.6873
0.04335
[ 0.5978
0.03655
[ 0.5527
0.04045
[ 0.6092
0.03456
[ 0.6963
0.02935
[ 0.8180
0.03666
[ 07273
0.04739
[ 0.7119
0.05921
[ 0.7817
0.05736
[ 0.8688
0.04104
[ 0.8837
0.02611
[ 0.9869
0.03204
[ 1.0691
0.03641
[ 1.1820
0.03649
[ 1.2204
0.04304
[ 1.1401
0.03948
[ 1.0247
0.02626
[ 0.8535
0.04068
0.05031
0.04499
0.04665
0.03948
0.03744
0.04507
0.04727
0.04897
0.04151
0.04444
0.05621

0.2186 0.3166] [ 0.6801
0.03122 03079 -0.00202
0.1771 0.2887] [ 0.5895
0.02660 58y -0.00007
0.1381 0.3580] [ 0.5564
0.03546 464 0.01271
0.1406 0.4463] [ 0.6053
0.03729 309 0.00788
0.1814 0.4673] [ 0.6983
0.03392 209D 0.00450
0.3091 0.5228] [ 0.8104
0.04316 3036 0.00427
0.2966 0.5906] [ 0.7194
0.06387 203B  0.00120
0.3333 0.6661] [ 0.6936
0.04720 36 -0.00997
0.3809 0.6747] [ 0.7622
0.03669 4@ -0.00508
0.3936 0.6094] [ 0.8563
0.03959 366%  0.00050
0.3582 0.5373] [ 0.8802
0.03037 B4R 0.00769
0.2330 0.4642] [ 0.9805
0.03702 632  0.00259
0.2452 0.5368] [ 1.0632
0.05189 8812 0.00311
0.2154 0.5576] [ 1.1744
0.05091 68% 0.00884
0.1715 0.5043] [ 1.2052
0.04100 01~ -0.00224
0.15610.4263] [ 1.1269
0.03441 B33 0.00316
0.1857 0.4088] [ 1.0181
0.02498 283 0.00158
0.2677 0.4344] [ 0.8506

0.2176
-0.00753
0.1769
-0.00313
0.1380
0.00589
0.1384
0.00117
0.1789
0.00113
0.3070
0.00274
0.2944
0.00741
0.3281
-0.00614
0.3781
-0.00956
0.3929
0.00302
0.3580
0.00601
0.2302
0.00376
0.2432
-0.00224
0.2108
-0.00149
0.1668
0.00058
0.1538
-0.00093
0.1850
0.00342
0.2674

0.3141]
0.00184
0.2017
-0.00293
0.3479
-0.00382
0.4365
-0.00171
0.4626
0.00705
0.5p05
0.00813
0.5887
0.01796
0.6p44
0.01872
0.6J78

3055 0.0306 0.0322 0.0499

03989.0258 0.0366 0.0558

©8040.0247 0.0424 0.0553

45930.0260 0.0347 0.0431

3038 0.0231 0.0278 0.0403

T0330.0299 0.0314 0.0498

©8340.0263 0.0385 0.0758

6324 0.0279 0.0363 0.0763

0.00546 ©3840.0342 0.0396 0.0654

@S

0.00048 3873 0.0347 0.0394 0.0420

®3B

-0.00004 02657 0.0160 0.0274 0.0362

®ap

0.00286 03077 0.0247 0.0312 0.0394

I56]

0.00560 03907 0.0270 0.0364 0.0539

985

0.01769 04878 0.0228 0.0467 0.0648

ang)

0.01463 04072 0.0271 0.0411 0.0569

72

0.00462 03875 0.0289 0.0361 0.0422

iy

0.0013802651 0.0240 0.0244 0.0311

324

0.04068
0.05031
0.04499
0.04665
0.03948
0.03744
0.04507
0.04727
0.04897
0.04151
0.04444
0.05621

1.63

2.17

2.23

1.66

1.75

1.67

2.88

2.73

191

2.26

1.59

2.00

2.85

2.10

1.46

1.29



38 H35 0.05618 0.05618

39 H36 0.05565 0.05565
40 H37 0.04647 0.04647
41 H39 0.03812 0.03812
42 H40 0.04688 0.04688
43 H41 0.05373 0.05373
44 H42 0.05007 0.05007
45 H43 0.04290 0.04290

The Displacement Factor has the Form of Exp(-Tenefil = 8*(pi**2)*Uiso*sin(theta/lambda)**2, for kstropic Atoms,

T = 2%pi**2)%(U11*(h*as)™2+U22%(k*bs)™*2+U33*(I* cs)**2+2*U23*k**bs*cs+2*U13*h**as*cs+2*U12*h*k*as*bs), for
Anisotr. Atoms

Ueq = 1/3 Sum(i,j) (Uij*as(i)*as(j)*a(i).a())

U1, U2, U3 are the three Main Axes Components ¢f Ui

Reference U(eq): R.X. Fischer & E. Tillmanns, AGtwyst. (1988). C44, 775-776
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