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Abbreviations

General

TPP - 1,2,5 - triphenylphosphole
Me - methyl

Et - ethyl

Bu - normal butyl

But- tertiary butyl

Ph - phenyl

Cy - cyclohexyl

R - alkyl- or aryl-

L - neutral unidentate ligand

Crystallographic

X - Angstrom

Fo- observed structure factor
F - calculated structure factor

D_- measured density

D - calculated density '

Z -~ number of molecules per
unit cell

w - weighting function

Py

tu

F 000)

}L(Mo-Kd‘ )

cone angle

Taft constant

enthalpy of ligation
relative molecular mass
metal atom

halogen (Cl, Br or I)
pyridine

imidazole

thiourea

- number of electrons

refinement factor
absorption coefficient

intensity, of a

reflection



Spectroscopic

.O(Cd-X)t - cadmium-halogen stretching mode (terminal)
ZD(Cd-X)b - cadmium-halogen stretching mode (bridging)
~(Cd-P) - cadmium-phosphine stretching mode

iO(Hg—X)t - mercury-halogen stretching mode(\@nnkan
5B(Hg-X)b ~ mercury-halogen stretching mode(553553)
~(Hg=P) ~ mercury-phosphorus stretching mode

A(Cd-L) - cadmium-ligand stretching mode

ng(Hg-X) - antisymmetric mercury-halogen stretching mode

FDS(Hg-X) - symmetric mercury-halogen stretching mode

n.m.r. - nuclear magnetic resonance

lJ(Hg-P) - mercury-phosphorus céupling constant
11(cd-p) - cadmium-phosphorus coupling constant

t : - terminal m - medium
b - bridg]ﬂs w - weak

g - gerade : I.R., - 1infrared
u ; Aungerade : Ra - Raman

sh - shoulder

s - strong
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1.1 Background and objectives

For the last twenty years the far-infrared region of the
electromagnetic spectrum (50-450cm—1) has been used by inorganic
and co-ordination chemists as a structural tool. By considering
positions’ and numbers of metal-ligand modes which appear in the
far-infrared region, information about the structures of

compounds can be obtained.

Many misinterpretations of spectroscopic data have been given
in the past, mainly due to the lack of a sound basis for the
spectroscopic interpretation. One method of obtaining a
useful basis for more reliable spectroscopic interpretations
is to examine crystallographically various 'model' compounds
and then correlate the crystallographic and spectroscopic
data. Examples of compounds that have previously been
studied by this technique are the mercury (II) halide
addition complexes formed with neutral unidentate phosphine

ligands [1—8] s (R3P)HgX2 and (R3P)2HgX . A range of structures

2
were found to ekist in the solid-state for the (R3P)HgX

2
complexes, in which the co-ordination numbers were increased
beyond that of a monomer unit via varying extents of halogen
bridging: halogen-bridged dimers, (TPP)HgClZ*lyl] ,
{Ph,P)HgCL, [1,2] and B ~(Bu P)HgCl, [1,3] 5 halogen-bridged

tetramer,cc'-(BuBP)HgCI2 [1,4] 3 and extended polymeric structures

(Et3p)ugc12[2,s] and (Me3p)agc12[2,5] .

* TPP = 1,2,5 - triphenylphosphole



In the (R3P)2HgX complexes, discrete monomers were found

2
[6,7,8] , with varying degrees of distortion from a regular
tetrahedral geometry. These structures were rationalised in
terms of the relative donor strength and size of the R3P

ligands. Chapter 2 contains further experimental work
on these mercury complexes with the essential objectiv;s
of the work being a determination of:
(i) the role the halogen plays in structures adopted;‘
(ii) the effect that varying the steric and electronic
nature of the R3P'1igand has on the solid-state

structures.

From a survey of the literature [9] , 1t seems that
structural variations such as those found in mercury (II)

complexes are likely to be of much wider significance.

A major part of the present work is concerned with investigating
factors which influence the structures of cadmium dihalide

addition complexes, mainly of the type (R3P)CdX As was the

2.
case with mercury (II) systems, there is a lack of systematic
crystallographic data and inadequate spectroscopic data;

thus one of the aims of the (R3P)Cdx study was to establish

2
a firm crystallographic basis for the interpretation of
far-infrared spectra of compounds of this type. The factors
influencing the structure and geometry of (R3P)CdX2.complexes
are discussed in Chapter 5 in terms of:

(i) the role of the halogen;

(ii) the effect of varying the donor strength of the R3P ligand;

(iii) the steric importance of the R_P ligand.

3

10



Finally, the results of the mercury and cadmium investigations
are discussed in relation to each other and to the other

Group II B element, zinc.

11



1.2

Structure/spectra correlation technique

Ffom the low-frequency infrared and Raman spectroscopic
techniques, an indication of the presence of metal-ligand
vibrations for a complex can be obtained. The number,
activity, symmetry and wavenumber positions of these

vibrational modes are characteristic of the compound's structure.

Using group theory one can predict the theoretical number,
activity and symmetry of-the expected modes for a structuré

of a certain symmetry. Thus.if the predicted vibrational

modes and the experiméntally observed modes correspond, then the
spectral pattern can be considered diagnostic of the structure
and hence can be used for more reliable interpretation of other

spectral data.

There are three methods which have been used to predict

these modes.

(i) _Point group analysis [10] - where the molecular

~symmetry (point group) is used to predict internal
modes of vibration of essentially molecular units.

(ii) Line group analysis [11] - the organic ligands are

usually taken as point masses (as in the present
work) to make the line group isomorphous with the point

group.

(iii) Factor group analysis [12] - the symmetry properties
of the primitive unit cell of a crystalline substance
are used to obtain information about both internal and

‘

external (lattice) modes.

12



These group theoretical approaches are very useful, but
it must be remembered that in practice they give no
information on the intensities and wavenumber positions of

the predicted vibrational modes.

The methods used in the various group theoretical approaches
in the present work are found in Appendix A.4 along with

individual analyses.

13



1.3 A survey of structural studies of (RBP)anX

2 complexes in

the solid-state

1.3.1 Introduction

The majority of previou; structural data on addition complexes
of mercury halides and neutral unidentate ligands with the 1:1
and 2:1 stoichiometries (R3P:HgX2) indicate a tendency for
halogen-bridged structures for the 1l:1 complexes to be

formed [9,13] and tetrahedral monomers for the 2:1 complexes
with varying degrees of distortion from a regular tetrahedrél
geometry [6-8]. In the case of the 1:1 complexes, the
complexes have the ability to increase their co-ordination

numbers beyond that of a monomer unit via halogen-bridges.

14



1.3.2 Crysﬁallographic studies of (RBP)HgX2 complexes

As stated before, (Section 1,3.1) mercury (II) halide complexes
in the solid-state have the ability to increase the mercury
co-ordination number beyond that of the monomer unit by

halogen-bridging. In the (RBP)HgCI series of complexes

2

[R3P = MeBP,‘Et3P, Bu,P, Ph,P or TP P ] varying degrees of

3 3
this halogen bridging were found [1—5] , as shown in

Figures 1.1 to 1.5..

(E"h3P_)HgC12 (Figure 1.1) consists[ l] of discrete chlorine-
bfidged dimers 'in which mercury lies in a distorted tetrahedral
environment with angles about mercury ranging from

85.3(3) [c1(2) - Hg - c1(2") ] to 128.7(4)°[ c1(1) -mg - P ].
There is a centre of symmetry at the centre of the four-membered
ring [Hg',Cl(Z), C1(2'),'Hg] with the Hg-Cl bridge distances
being almost equal [ 2.62(1) for Hg - C1(2') and 2.668 for

Hg - C1(2)] . Preliminary photographic studies. indicated

the analogous bromo and iodo complexes to be isomorphous and

isostructural with (Ph3P)HgCl2 [l]-.

The (TPP)HgCl, structure [1] s Figure 1.2, is very similar to that

2

of (PhBP)HgCl but the Hg ~ Cl bridges are very asymmetrical with

2
Hg - Cl bond distances of 2.54(1)[ Hg - C1(2)] and 2.75(1)2

[Hg - Cl(Z')] . Preliminafy photographs [I]indicate (TPP)HgBr2

to be isomorphous and isostructural with (TPP)HgClZ.

The previous two structures do not extend beyond the dimer

stage but cL-(Bu3P)Hg012 shows further extention to form a

halogen-bridged tetramer[ 1] . Figure 1.3 shows the tetrameric

15
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unit containing mercury in both tetra- and pentaco-ordinate
environments. The tetramer comprises of two unsymmetrical
chlorine-bridged dimérs linked by longer chlorine bridges.
Within the dimeric fragments, Hgl and Hg2 are 3.7932 apart,
with Hg~-Cl bridge distances of 2.63(2), 2.71(2), 2.67(2)

and 2.90(2)4 for Hgl - C1(3), Hgl - CL(2), Hg2 - C1(2) and
Hg2 - C1(3) respectively. The two dimers are related by a
centre of symmetry and joined by relatively long contacts

of 3.38(3)A between Hg2 - Cl(4) and Hg2 - CL(4'). The
terminal mercury (Hgl) is in a very distorted tetrahedral
environment [angles ranging from 92.6(7) to 147.8(7)° ]
whereas Hg2 is in a distorted trigonal bipyramidal environment.
The equatorial plane contains P2, C1(2), Cl(4) and bond angles
range from 98.6(7) [Cl(4) - Hg2 - C1(2) | to 150.6(7)°

[P2 - Hg2 - Cl(é)] . The axial positions are occupied by
C1(3) and Cl(4') such that the C1(3) - Hg - Cl(&') arrangement

is almost linear [177.0(1)°] .

The crystal structure of p.—.—(BuBP)HgCI2 has been elucidated[ 3]

and found to contain halogen-bridged dimers similar to those

found in (PhaP)HgCI The principal difference between the

2'
structures of the Ph3P and B-Bu3

relative magnitudes of the P - Hg - Cl

P complexes is in the

. o
terminal angle, viz. 128.7

in (Ph,P)HgCl, compared with 150.9° in P~ (Bu,P)HgCl,. The.

2

latter value is similar to the P - Hg - Cl angle found

terminal
in B ~(Bu,P)HgCl, [ 147.8, 150.6°]. The chlorine-bridge is found

to be symmetrical in the p-Bu P complex, with the Hg - Cl

3

distances being significantly longer than those found in

bridge

o (o]
(Ph,P)HgC1, [ 2.720, 2.736A compared with 2.62, 2.66A for

(Ph3P)HgC12] .
17



The complex ( EtsP)HgCI Figure 1.4, shows even further extension

29
via halogen-bridging and has been described as a chlorine-bridged
polymer with mercury in a distorted trigonal bipyramidal
environment [5] . There are two short Hg - Cl bonds at

2.42(1) and 2.56(1)2, Hg - C1(2) and Hg - C1(1), and a short

Hg - P bond at 2.35(1)2 lying in the equatorial positions around
mercury, and two longer apical Hg - Cl contacts at 3.04(1) and
3.21(1)2 , Hg = CL(1') and Hg - C1(2') . The angles within

the equatorial PHgCl, unit range from 98.7(3) [Cl(l) - Hg - 01(2)]

2
to 145.4(4)° [ Cl(2) - Hg - P ], while the angle between the
two longer apical contacts Cl(l') - Hg - Cl(2') is close to

linearity at 170.8(3)°.

(MeBP)HgC1 is found to have a polymeric arrangement[ 5] R

2
which can be envisaged as being 'ionic', containing

[Cl - Hg - PMe3] * and C1 ionms arranged alternatively in a

zig-zag chain [Figure 1.5] . The [ Cl - Hg - PM33] * cation is
almost linear [Cl - Hg - P ahgle , 162.1(1)0] . The co-ordination
number of mercury is increa#ed to five by three further Hg - Cl
contacts: Hg-Cl(l), Hg - C1(1l') and Hg - CL(1'') at

2.782(4), 2.94(4) and 3.489(4)A respectively. The 'chain-like'
arrangement is different to that found in ( EtBP)HgCIZ, as the
bridging involves only one of the chlorine atoms of the

'C12HgPMe ' unit. Preliminary photographs[ 5] indicate the

3

bromo-analogue to be isostructural.

18
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1.3.3 Crystallographic studies of (RBP)ZHgXZ complexes

The (R3P)2HgX complexes fully characterised so far [6,7,8,14]

2
are all tetraco-ordinate monomers with varying degrees of
distortion from a regular tetrahedral geometry (Figure 1.6).
Of the structufes reported, (Ph3P)2Hg12[6] has an almost
regular tetrahedral geometry around the mercury, as is evident

from the I-- Hg - I and P - Hg - P angles [110.43(9)o and

108.95(4)° respectively, Table 1.1] .

(Bu3P)2Hg012[ 8] is more distorted, the P ~ Hg - P[:139(2)°]

and Cl - Hg - Cl angles [105(2)0] being quite different.

The structure of ( EtMﬁezP)ZHgBr2 [14] contains two independent
monomer units in the unit cell (Figure 1.7), each having
mercury in a distorted tetrahedral environment, with P - Hg - P
angles of 147(2) and 150(2)° for Pl - Hgl - P2 and

P3 - Hg2 - P4 respectively (Table 1.1).

The remaining structure previously reported [7] is

(Et3P)2HgCl which is also a distorted tetrahedral species

2’
with a P - Hg - P angle of 158.5(5)° [Table 1.1] .

20



Figure 1.6
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Table 1.1

Crystal data for (R3P)2ng2 complexes

Compound X -Hg -Xx /° P-Hg -P /° Ref
(PhBP)ZHgI2 110.43(9) 108.95(4) 6
(Bu3P)2HgCI2 105(2) 139(2) 8,14
(EtMezP)zHgBr2 102(1) 147 (2) 14
107(1) 150(2) ‘
(Et3P)2Hg012 105.5(5) 158.5(5) 7

22



*

*

1.3.4 Spectroscopic studies of some (R3P)HgX complexes

2

The solid~state vibrational spectra of the complexes mentioned
in Section 1.3.2 and those of their bromo- and iodo~

analogues have been previqusly examined[_lA] . Using

the structure/spectra correlation technique (Section 1.2),
various 'correlations were put. forward between O(Hg - Cl)

spectral patterns and structural features.

Tables 1.2 and 1.3 show the 3J(Hg-Cl) assignments

made.[l4]ﬂ, The following is a summary of detailed structure/spectra
correlations given by Jones [14] , Who was able to characterise.
spectroscopically (especially via infrared spectra) the five

separate structures described in Section 1.3.2: an asymmetric

dimer, an almost .symmetric dimer, a chain polymer, a tetramer

and an ionic chain.

(a) In the structures of (R,P)HgCl, [ R,P = TP P, PhyP, Bu.P,

3

Et3P or Me3P ], the common structural feature of one
short Hg - Cl bond is characterised by a band around
280 - 360 cm“1 in the infrared and Raman spectra, assigned
to D(Hg - Cl); (Table 1.2).

(b)  The differentiation between each structural type was
~indicated by examination of the lower wavenumber regions
(140 - 280cm-1) where the JV(Hg - Cl): modes are expected
to appear. It was shown [14} that the wavenumber positions

of these N(Hg - Cl)b modes varied in a manner dependent on

the type and extent of chlorine-bridging.

t indicates a terminal chlorine in the dimeric cases and the nearest
chlorine to mercury in the polymeric cases.

b represents bridging associated with the longer Hg - Cl contacts.
23



(c)

@

(e)

The (MeBP)HgCl 'ionic' chain structure was distinguished

2
from the other structures by the lack of O (Hg - Cl)b modes

in the infrared between 140 - 300 cm—l.

Differentiation between the polymeric (EtBP)HgC12 complex

and the dimeric (Ph3P)HgC1 and (TPP)HgCl, complexes

2 2
is by observation of strong bands in the infrared spectrum

1

of the Et_P complex at 117 cm - and 90 cm-l (Table 1.3)

3
in addition to the bands found in all three spectra around

150 - 220 —

The more complicated nature of the spectrum of

ds-(Bu3P)HgC1 did not give rise to any information

2
which would enable a definite identification of that

particular 'tetramer' structure.

24



Table 1.2

(Hg - X) modes associated with 'short' Hg - X bonds IléJﬁ.

0
Complex d(Hg - X) /A IR active _y  Ra active 1
D(Hg - X)t/ cm V(g - X)t/cm

(TPP)HgCL, 2.41(3) 283 282
(Ph_P)HgCl,  2.37(1) 290 286
(Et,P)HgCL,  2.40(1) 286 270
(Me,P)HgCL,  2.36(1) 300 : 291
«-(Bu,P)HgCl, 2.28(3) 278 280
B-(Bu P)HgCL, 2.348(8) 295 n.r.
(TPP)HgBr, 195 195
(Ph,P)HgBr, 203 200
(Et3P)HgBr2 190 185
(Me3P)HgBr2 216 193
(Bu31>)ng131:2 188 | 186
(Ph,P)HgL, ' 163 - 160
(Bu,P)Hgl, 151 150

n.r. = not recorded

25



Table 1.3

IR - active D (Hg - X)b modes associated with Hg - thidge bonds[ 14] .

) -
Complex Structure d(Hg - X)/A D (Hg - X)b/cm 1
(TPP)HgCl2 asymmetric dimer 2.54(1),2.75(1) 219 156
(Ph3P)HgCl2 symmetric dimer 2.623(8),2.658(8) 188 183
(Et ,P)HgCL, polymeric chain  2.56(1),3.04(1l),3.21(1)  203,198sh,117,105
(MGBP)HgCI2 'ionic' chain 2.941(4),3.489(4),2.782(4) 141 and below
oL.-(BuSP)HgCI2 tetramer 2.67(2),2.90(2),3.38(3) 252,218,179
'9-(Bu3P)HgC12 symmetric dimer 2.720(6),2.736(6) 181 173
(TPP)HgBr2 151 117
(PhBP)HgBrZ 137 117
(Et3P)HgBr2 144,91,84,72
(Me3P)IAig1’:r2 166
(PhBP)HgIZ 117 89

26



1.3.5 Spectroscopic studies of (R3P)2HgX complexes

2

These complexes have also been studied [14] with the use of infrared

and Raman spectra, in terms of C, symmetry, for which two

2v
D(Hg -~ X) modes are predicted in the infrared and Raman spectra

(point group analysis).

The vibrational assignments of 2:1 complexes are‘given in

Table 1.4, together with the magnitudes of the Hg - X bond

lengths and the P - Hg - P angles. The magnitude of the Hg - X

bond lengths and the P - Hg - P angles were shown [14] to

influence the position of the D (Hg - X) bonds. Thus the D(Hg - X)
modes were found to be in the ranges 160-240, 110-166 and 90-140 cm_1
for the chloro-, bromo- and iodo- complexes respectively, with the

lower wavenumber bands in each series characteristic of compounds

having the larger P — Hg - P angles and longer Hg - X bonds.

This correlation between < (Hg - X) and molecular parameters can
thus be used in the study of other (R3P)2HgX2complexes to in&icaté
the degree of distortion from a regular tetrahedral structure

(Chapter 2).

27



Table 1.4

~Relationship between the structures and spectra of some

(R3P)2HgX complexes [14] .

2

Parameter (R3P)2Hg012 (R3P)2HgBr2 (R3P)2HgI2
Ph3P Bu3P EtMezP Et3P Ph3P Bu3P EtMezP Et3P Ph3P Bu3P EtMezP Et3P
P-Hg-P 139 158.5 148.5 10895
angle/°
av.Hg-X_ = 2.60 2.68 2.79 2.75
Length/x

§3as£Hg-X) 223 205 181-169 176 155 127 112 132 129A 107 94 109
[em™

28



1.4 Survey of stereochemistry of CdX

2 complexes of neutral unidentate

ligands » X

1.4,1 Introduction

In the solid-state it is known that cadmium (II) halide addition
complexes of the type LnCdX2 [L = neutral unidentate ligand;
n=1o0r2 ] genérally pack together in such a way that
extension from the monomer units is obtained by cadmiﬁm—halogen
bridging interactions [18-34] . These interac;ions are

usually longer than the sum of the covalent radii (Cd - Cl =
2.,40; Cd -Br =2.,55; Cd ~-1I= 2.742), but within the sum

of the van der Waals' radii (Cd - Cl = 3.21; Cd - Br = 3.36;

cd - I = 3.563).

The structures of the complexes, (R3P)anX2 (n=1or 2)

have been discussed in Section 1.3.2 and it was thought
that similar structural variations might occur in the analogous
cadmium complexes. However, despite the fairly closé relationships
foundl:15-17] between some trihalogeno salts of the two metals,
[MX3] - , the mercury structures (Section 1.3.2) sﬁowed no
relationship to the double-chained structures reported in the
literature for LCdX2 type complexes (Section 1.4.2). Similariy,

the halogen-bridged chain structure of LZMXZ systems appears

common for Cd [18-20] complexes but is rare for Hg.

It was thus decided to extend the work on mercury to LnCdX2

systems (n = 1 or 2).

29



1.4.2 Crystallographic studies of LCdX, complexes

2

At the start of the present project the structures of a number

of complexes had been reported, three of which are of a similar
structural type (Figure 1;8). They are (MeNHCONHZ)CdCI2 [18] s
(imidazole)CdCl2 [19] and (MeCSNHZ)CdCI2 [20] , where the domnor
atom of the ligand ié oxygen, nitrogen and sulphur, respectively.
The structure is that of a double-chain arrangement, in which

two chains of cadmium atoms are linked by halogen bridges. The
bridging units are not perfectly symmetrical. The two polyméric
chains are linked together by fﬁrther Cd - X interactions

("c' in Figure 1.8), with the ligand occupying the sixth

co-ordination position on the cadmium atoms.

While the structures mentioned above have their ligands acting

as neutral unidentate ligands, in the following two 1:1

complexes the ligands are bidentate. The pyridine-N-oxide
complex (CSHSNO)CdI2 [ 21] contains 'monomer' units which are
linked together to form a polymeric chain, alternately bridgea
through pairs of iodine and oxygen atoms. The environment of the
pentaco-ordinate Cd atom is- distorted trigonal bipyramidal

(Figure 1.9).

The structure of dichloro(dicyandiamide) cadmium (II) (Figure 1.10)
[22] contains cadmium atoms surrounded by féur chlorine and two
nitrogen atoms,giving rise to a slightly distorted octahedral
environment about the metal atoms. The chlorine atoms form
bridges between adjacent metal atoms to form polymeric chains
running parallel to each other. These chains are linked together

by dicyandiamide bridges.

30



Figure 1.8 Structure of some LCdX2

complexes

Bond lengths / R

o

L LY/ O/ SV S V)
MeN_H:ONH2 Cl 2,67 2.62 2.60 2,18
C3H4N2 Cl 2.729(3) 2.604(2) 2.676(3) 2.243(5)
MeCSNH2 Cl 2.760(2) 2.570(2) 2.630(2) 2.55(1)
Bond angles'(o)
L L-Cd-'X1 L—Cd-X2 L—Cd—X3 XZ-Cd—X3 Xl-Cd—X3 _
MeCSNH2 98.2(7) 81.7(6) 158.6(4) 79.5(4) 90.6(4)
C3H4N2 90.5(2) 9%.1(2) 87.5 9.8
MeNHCONH2 99.0 88.0

v ! v 1
L X, ~Cd=X; X,~CdX,
MIeCSNH2 171.4(4) 172.2(4)
C3H4N2 173.5(1) —
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Figure 1.9 Structure of (CSHSNO)CdI2

)
Bond lengths/A

Cd - I(l) = 2.834(7)
Cd -1(1) = 2;963(9)
cd - 1(2) = 2-724(8)
Cd -0, =2.383(64)
cd - O1 = 2.275(54)

Bond angles/°

I(1) -cd -0, =157.8(11)
I(2) -Cd -0, =129.2(13)
(1) - cd - 1(2) = 118.5(3)
I(1) -Cd -0, =108.0(11)
I(1) -cd - I(1')= 93.2(3)
I(2) - Cd - I(3) = 104.0(3)
0, - Cd -0 =66.0(20)

2 1
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Figure 1.10

Structure of dichloro(dicyandiamide) Cd(II)

o
Bond lengths/ A

Cd - C1(1) = 2.607(3)
Cd - C1(2) = 2.647(3)
Cd - CI(1') = 2.572(3)

Bond angles/ °

Cl(1) - Cd - N(1) =
Cl(1) - Cd - CL(1") =
Cl(1) - cd - CL(2'') =
Cl(l) -Cd - N(2''") =
c1(lh - cd - NQ1) =
Cl(2) - Cd - CL(1") =

cd - C1(2'') = 2.630(3)

cd - N(1) = 2.358(4)

Cd - N(2'"") = 2.430(4)
87.0(1) c1(2) - cd - C1(2'")
85.03(4) C1(2) - ¢d - N(2''")
97.36 (4) N(1) - cd - CL(2'")
97.6(1) N(L) - cd - N2''")
89.1(1) CL(1') - cd - N(2'")
99.25(25) Cl(1') - cd - N(2"'")
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1.4,3 Crystallographic studies of LZCdX complexes

2

Two types of structure for these 2:1 complexes have been
authenticated in the literature. The most common is that of

a single chain polymeric structure having the cadmium atoms

in an ocfahedral environment (Figure 1.11) formed by halide-
bridges between cadmium atoms. The fifth and sixth co-ordination
positions of the cadmium are taken up by the neutral monodentate

ligand. This type of structure is observed in (Py)ZCdX2

[x=c1, or 8] [23,24] , (imidazole), cac1, [25] and
(NHB)ZCdXZ[:X = Cl or Br] [26] , which all have nitrogen-donor
ligands, and by five complexes with oxygen as the donor atom,
viz. (grea)ZCdCI2 [27] , (methylurea)ZCdC12 [28] s
(biuret),cdcl, [ 29], (acetamide), cdc1l, [30] and

(HCONE, ) ,CdCL, [31].

The second structural type found for these 2:1 complexes is that

of a tetrahedral monomer (Figure 1.12). Three compléxes of this
type have been reported previously, one involving a sulphur-donor
ligand, (thioﬁrea)ZCdC12 [32] , one with phosphorus as the donor
atom, (Ph3P)2CdCI2 [ 33] , and one of a nitrogen donor, (aniline)2 -
CdI2 [34] . In all cases the arrangement about cadmium is

close to that of a regular tetrahedron.
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Figure 1.11

Structure of some L

2

CdX2

complexes

o
Bond lengths / A

L

Py

biuret
acetamide

HCONH
2

Bond angles /°

L

Py
Im
biuret

HCONH2

X

Cl
Cl
Cl

Cl

‘o

X a/a
c1 " 2.65
cl 2.731
cl 2.71
Br 2.86
cl 2.62
c1 12.58
c1 2.383
X, - Cd - X,

88.1

88.2

91.5(3)

89.8(3)

35

b/A /&
2.65 2.35
2.706 2.248
2.71 2.10
2.86 2.10
2.55 2.34
2.58 2.23
2.912 2.34
L, -Cd -X - Cd - X,
9.5 89.0
85.4 89.5
87.9(5) 88.0(5)
83(1) -



Figure 1.12 Structure of (PhsP%chl

(tu)ZCdC1

2 2

Bond lengths /A
Comp Lex 2 b & 4
(Ph3P)2CdC12 2.635(5) 2.632(6) 2.504(6) 2.440(6)
(tu)ZCdC12 2.45 2.45 2.51 2.50
Bond angles /°

-cd - -cd - X -cd - X
Comp lex L1 Ccd L2 Ll péq_xl‘ L1 cd 2
(Ph3P)2CdCI2 107.6(2) 104.5(2) 105.7(2)
(tu)ZCdClz — — —_—
Complex Xl—Cd-X2 X.l-Cd'—L2 Xz-Cd—L2
(Ph3P)2Cd012 113.9(2) 112.2(2) 112.1(2)
(t:u)ZCdCI2 103 106 105
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1l.4.4 Spectroscopic studies of LnCdX complexes

2

a) LCdX2

-

(i) Double-stranded halogen-bridged chain: One of the best examples
of spectral characterisation in terms of this structure is a
study of (pyr;i.dine)MX2 comp lexes [M = Cd; X =Cl or Br] [35].
Line group analysis was used to predict

[Du-x)
[Re-w)

3 Ag(Ra) + 2 Bg(Ra) + 2 Au(I’R') + 2 Bu(I.R.)

Ag (Ra) + Bu (I.R.)
The 3-4 QDM-X) and one DV (M-N) bands located in the infraréd
and Raman spectra (Table 1.5) were consistent with this line

group analysis.

2 complexes: These have all been suggested to have

halogen-bridged dimeric structures [36,37] since the observed

(ii)(RBP)CdX

bands (Table 1.5) correlate with predictions for a halogen-

bridged dimer from group theory i.e.

[Peean,

Ag(Ra) + Bu(I.R.)

[B(Cd-X)b & (Ra) + B (Ra) + A (L.R.) + B (L.R.)

[Dcca-p) = A (Ra) + B (I.R.)

For example, (BufsP ) CdX, [ 36 ] complexes show O(Cd-X)t at

1 for X = Cl, Br or I respectively,

285, 198 and 159 cm
and ?)(Cd-x)b at 208, 148 cm”1 for X = Cl, Br respectively.

A similar situation is found for (Cy3P)CdX2[ 37] .
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b)

LZCdX2

(i) Octahedral halogen-bridged chain structure: The spectral

(ii) Tetrahedral monomers: The (R3P)ZCdX

c)

characterisations of (Py)ZCdX2[:38] and (aniline)ZCdX2

[ 39] have been reported. The line group theory prediction

was (Dhp):

[R (cd-x) A (Ra) + B (Ra) + By (I.R.) + B,, (I-R.)

[>(ca-n) A (Ra) + B, (I.R.)

However the observed number of bands (Table 1.6) was

substantially in excess of the predicted number, indicating

the need for a different group theory approach.

2 comp lexes
vhichhave been suggested taq be tetrahedral monomers

[ 37, 40, 41 ], show two i)(M—XZ) modes in the infrared
and Raman spectra (Table 1.6). This is consistent with
a monomeric structure (Czy,point groqp). The Q)(Cd-xz)
modes are located in the ranges 260-270, 180-200, and
145-165 cm © for the chloride, bromide and iodide
complexes respectively. The ) (Cd-P) modes were‘
located around 130-146 cm-l in all the infrared and

‘Raman spectra.

Summary of spectroscopic studies in LnCdX2 comp lexes

The spectra of LCdX, complexes show differentiation between

2
the halide-bridged dimeric structure and the double-stranded
halogen-bridged structure. Thus the halogen-bridged dimers

give a -f\)(Cd-'X)t band around 290, 200 and 165 c:m“1 for Cl1,

Br and I respectively and f\)(Cd—X)b bands correspondingly
38



around 210, 150 and 100 cm_l. However the octahedral
structure has 3-4 bands in the range of 170-240 crn-'1
for chloride and 128-179 mm-l for the bromide (all

bands being in the infrared).

The 2:1 complexes are mainly tetrahedral monomers
which give rise to two :)(M-Xz) bands. The octahedral
polymeric structures give rise to a more complex

band pattern (Table 1.6).
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Table 1.5

Assignments for some LCdX2 complexes
- =1
L X 2(CdX) / A (Cd-L)/cm Ref
- I.R. Ra I.R. Ra .
Py Cl 233,216, 188 221,180,158 150 110
177 145 35
Py Br 179,173,128 175,140,127 147 110
But;p  Cl  285(t) 285(t) n.o. 128
208(b) . . 206(b) 36
Bu3p  Br  198(t) 200(t) n.o. 118
148(b) 158(b)
Butsp I 159(t) 160(t) n.o. 104
* \
B -Cy3P cl 294(t) 293(t) n.o. n.o.
210,202 (b) 228,183(b)
Cy3P Br 206(t) 212(t) n.o. n.o. : 37
n.o. 183,172(b)
Cy3P I n.o. 164(t) n.o. n.o.

n.o. = not observed, t = terminal. Cd-X, b = bridging Cd-X.
* Another crystalline form (d.-) is known [37] : i.r. bands

273,249, 210-200 and Ra at 277, 273, 252, 248 cm -,

40



Table 1.6

Assignments for some LZCdX2 complexés
-1 -1
L X D(Cd-X)/em D (Cd-L) /cm
Ref
I.R. Ra I.R. Ra
Ph3P Ccl 268 136
261 40
Br 195 ' 134
176
1 166 133
145
(m=CH,C(H,) 2 Cl 270 263 130 . 132
Br 196 136 130 41
181 182
1 165 164 127 n.o.
133 133
(p-CH3 6 4)3 Cl 270 262 138 n.o.
Br © 198 199 136 n.o. 41
177 175
I 165 165 n.o. n.o.
140 140
(p-CHBOC H )3 P Cl 270 262 n.o. n.o.
Br 200 200 136 n.o. 41
180 181
I 159 n.o. n.o. n.o.
138
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Table 1.6 ctn

, -1 -1
L X D (Cd-X)/cm Q(Cd-L)/cm Ref
I.R. Ra I.R. Ra
(p-(CHB)ch6H433P c1 266 250 n.o. m.o.
250
Br 187 190 n.o. m.o. 41
175 174
I 154 155 n.o. n.o.
139 137
Cy3P cl 260 n.o. n.o. 1n.0.
Br n.o. n.o. n.o. n.o.
I n.o n.o. n.o n.o 37
C6H5NH2 cl 223 386,378 374
208 328,311 324
Br 140 131 373 374 39
111 106 324 324
Py’ -Cl 127-170 199
Br 105 167,180 38

n.o. = not observed
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CHAPTER 2

CRYSTALLOGRAPHIC AND SPECTROSCOPIC STUDIES OF

SOME (R,P) HgX, COMPLEXES [X = Cl, Br or I

2

n=1o0r 2 ].'
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2.1 Introduction

Chapter 1 outlined the structural variations within the two
series of complexes, (R3P)anX2 [X.= Cl, BrorI; n=1o0r 2] .
A variety of structures was observed for the (RBP)HgXZ complexes
ranging from discrete dimers, to a loosely held tetramer, to
polymeric chain structures. Discrete tetraco-ordinate

monomers, with varying degrees of distortion from a regular

tetrahedral geometry, were observed for the (R3P)2HgX2

complexes. It was suggested [14] that the degree of association

in the (R3P)HgX complexes and the extent of tetrahedral

2

distortion of the (RBP)ZHgX complexes could be related to the

2

size and the donor strength of the phosphine ligand.

In order to investigate further the factors influencing the

solid~state structures of (R3P)nﬁgx [n.= 1l or 2] complexes,

2

the crystallographic and spectroscopic study reported in
Chapter 1 has been extended. In particular the

(Cy3P)HgX2 [ X = Cl, Br or I] and (Ph,P) HgX, complexes have

2

been studied.
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2.2

Crystallographic examination of (Ph3P)2HgCl.2

Crystal data

ClegPé M, = 796.09, Monoclinic

36 30
o
a = 9.465(5), b =17.525(6), c = 19.664(5)A,

U= 3261.6082 , o =90.00, P =90.10(6),

5= 90.000, Dm = 1.60g cmf3(by flotation using CHC13/CH13),
D_=1l.62gem > z = 4, F(000) = 1560+,

AMo - K = 47.37 em

Systematic absences:

OkO reflections are absent for k = 2n + 1

hO]. n 1" 1" 1" 1 - 2n + 1

" Space group:

P21/c

Data collection and structure refinement

A colourless crystal, approx1ma3$ dimensions, O. 40 x 0.25 x0.25 m m.
a- Al colnd }' wnth the

was mounted with theLrotatlon (W) - axis of a Stoe Stadi 2 two

circle diffractometer. Data were collected using the background =

() scan - background technique. Lorentz and polarisation correctionmns

were applied. Those reflections having I/ g (I) greater than 3.0

were considered to be observed. [ The net intensity I = T-B, where

T = scan count, B = mean background count over the scan width,

o(I) = (T-Bc/Zt)é, where ¢ = scan time, t = time for background

measurements at each end of the scan] .

Thus out of 3824 unique reflectioms collected, 2763 had I/ & (I) W 3.0

and were used for subsequent refinement. The positions of the

mercury atoms were determined from the three-dimensional Patterson
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function and the remaining non-hydrogen atoms were located from
successive difference electron-~density maps. Scattering factors
were calculated [42] using an analytical approximation. The
carbon atoms of the phenyl rings, after location from elettron
density maps, were fixed in ideal positions to give C-C bond

lengths = 1.395K.  and C-C-C angles = 120.0°

The weighting scheme adopted was:
w = 1.3204/ [ o%(Fo) + 0.0015(F0)2 ] .
The structure was refined with full matrix refinement with
anisotropic temperature factors of the form:
2_%*2 2, %2 '2 *2

Cexp[ - 2m2u, 0% + U, k% 2 + U122 + U hka' b +
,, 11 22 33 12

, * % - Lk ok
205 hla"e® + 2u k1 beM)] .
The function minimised in the refinement was 3fw( {Fol = {Fel )

and the final R value is given by:

shrol - IFcll
S |Fdl

The R' function is given by:
R = s/ lpol - 17|l
s Irol

[ w = weighting function]

The final R value = 0.057 and R' = 0.063. The final atomic and
thermal parameters are listed in Table A.l.1 and calculated and
observed structure factors are contained in Appendix A.2. Bond

angles and distances are given in Table 2.1.
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Description of structure:

(PhéP)zHgCI crystallises with four monomeric units in the unit

2
cell. The geometry of these monomers is shown in Figure 2.1.

The mercury is tetraco-ordinate, being bonded to two phosphorus
atoms, at distances of 2.55%9) and 2.476(13)2 away. The
co-ordination polyhedron about mercury is distorted with

angles ranging from 135.2(4)° (P1-Hg~P2) to 99.3(4)°
(C1(2)-Hg—P1); Figure 2.2 shows the packing of the four monomers

in the unit cell. The geometry of the complexed Ph_P ligandi

3
is compatible with that observed for the free ligand [43] .
The average P-C distance found (average = 1.792) is close to

that observed for the free Ph_P ligand (1.822). The average

3
C-P-C angle in the present complex (106.50) is less distorted
from a regular tetfahédral geometry than that found in the free
ligand (average = 103.00). The C~P-Hg angles in this complex
are slightly larger than that required for regular tetrahedral
geometfy (Table 2.1). Appendix A.3 contains relevant mean

planes data for (Ph HgCl

3B) jHeCl,.

rings are very similar to that found in the free ligand and in

The angles between the phenyl

(Ph3P)HgCl2 (Table 2.2)

While both (PhBP)ZHgCI and (Ph3?)2HgI2 [ 6] adopt monomeric

2
structures, there is a striking difference in the value of

the P-Hg-P angle! 135.2(4)° for the chloride complex, 108.95(4)°
for the iodide complex . This difference can be attributed to

both the nature of the phosphine ligand and also of the halogen

atom and will be discussed in Chapter 5.
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Figure 2.1 The molecular structure of (PhgPlyHgCly.
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Figure 2,2 The Crystal structure of (Ph3P)2 HgCl,
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Table 2.1

Bond distances and angles for (Ph3P)2HgC12 with estimated standard

deviations in parentheses.

o
a) Bond distances/A

Hg - C1(1) = 2.558(9) PL - C21 = 1.726(39)
Hg - C1(2) = 2.476(13) P1 - C31 = 1.790(24)
Hg - Pl = 2.476(8) P2 - C41 = 1.814(24)
Hg - P2 = 2.378(13) P2 - C51 = 1.763(32)
Pl - C11 = 1.792(29) P2 - C61 = 1.856(26)

All C-C bond lengths were fixed at 1.395%.

b) Bond angles/°

113.3(4) Hg - P2 - C51 = 105.1(14)

Cl(1l) - Hg - C1(2) =
Cl(l) - Hg - P = 103.8(3) Hg - P2 - C61 = 110.8(1l1)
C1(l) - Hg - P2 = 104.0(4) Cl1 - Pl - c2L = 104.2(15)
Cl(2) - Hg - Pl = 99.3(4) Cll - PL =-C31 = 108.2(15)
c1(2) - Hg - P2 = 100.9(4) C21 - Pl - C31 = 106.0(13)
PL - Hg - P2 = 135.2(4) C4l - P2 - C51 = 105.1(14)
Hg - PL-CIl = 113.7(11) C41 - P2 - C61 = 106.8(1l)
Hg - Pl-C21 = 112.3(10) CS51 - P2 - C61 = 108.9(17)
Hg - PL-C31 = 111.8(9)

Hg =- P2 - C4l = 114.4(14)

All C-C-C angles were fixed at 120.0
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Table 2.2

Mean planesa

a - mean planes equations

Free ligand [4-3 ]

are given in Appendix A.3 for (Ph3P) 2HgCl

52

84.0
78.1°

76.5°

(PhP)EgCL, [ 6] (Ph P)EgCl

2

Pl
84.4° 86.4°
80.1° 60.7°
75.4° 77.8°

2

P2
91.8°

88.5°
89.6°



2.3 Crystallographic examination of (Cy3P)HgC12

Crystal data:

C18H33C12HgP: M. = 554,93, Triclinic,

)
a = 10.8431(5), b = 14,1183(4), c = 14.7919(3) A.
U= 2088.80_23 , o= 94,7630(6) @ = 80.3793(5),

Y= 110.6323(6)°, D_=1.70 g cu > (by flotation using CHCL,/CHBr.)

D=1.75gem >, Z=4  F(000)= 1080. .

p(to - K = 73.97 cu I,

Sgace group:

Preliminary photographs did not distinguish between Pi and Pl,
but subsequent analysis showed the centrosymmetric space group, P1,

to be correct,

Data collection and structure refinement:

. The data set used for this structure was collected on an Enraf
. . * . L
Nonius Cad-4 diffractometer , Details of the data collection are

given in Appendix A.S5.

A colourless crystal, approximéte dimensions, 0.30 x 0.25 x 0.30 mm
was used for intensity measurements. 5116 unique reflections were
collected of which 3563 had I/ (I) J» 3.0 and were used for
refinement. Correction for absorption effects have been made to the
data along with corrections for Lorentz and polarisation effects.
Common isotropic temperature factors were applied to the hydrogen

o2
atoms and refined to a final value of U = 0.115(8)A .

* In collaboration with D L Hughes - Rothamsted Experimental Station

53



The weighting scheme adopted was:

w = 1.5221 / [®(Fo) + 0.00031(Fo)?] .
The final R values were R = 0.039 and R' = 0.040. Final atomic
and thermal parameters are listed in Table A.1.2 (Appendix A.l)
and calculated/observed structure factors are given in
Appendix A.2. Bond angles and distances are given in Table 2.3.

The relevant mean planes data are contained in Appendix A.3.

Description of structure

The structure consists of two independent dimers within the unit
cell (Figure 2.3). Figure 2.4 shows the arrangement of the two

dimer units in the unit cell and the two HgZCI bridging units are

2
found to be almost 90° to each other. Both independent mercury
atoms lie in distorted tetrahedral enviromments with angles about
mercury ranging from 85.9(1) to 132.0(1)°, Hgl, and 84.1(2) to
139.6(2f1 Hg2. The Cy3P ligands are arranged mutually trans and

the four-membered Hg2C12 ring is planar and contains a centre of

symmetry.

One of the main differences between the two dimer units is shown by
the Hg-Cl bridging distances. The Hg(2) dimer contains a very
symmetric bridging arrangement with Hg(2) - C1(22) and Hg(2) - c1(22")
equal to 2.642(4) and 2.665(5)2 respecfiVely. In contrast the

dimer containing Hg(l) has very asymmetrical bridging with 2.559(3)

[ Hgl - c1(12") ] and 2.778(3)& Hgl - c1(12) .

The P - Hg - Cl1 angles also differ between the two dimers,

terminal
with values of 132.0(1) [ P1 - Hgl - C1(11) | and 139.6(1)°"

[PZ - Hg2 - C1(21)] being found.

The cyclohexyl rings adopt the preferred chair conformation with all

C-C-C-C torsion angles lying close to 60° (Appendix A.3).
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Figure 2.3 Molecular structure of (CyaP)HgClo
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Figure 2.4 (C
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Table 2.3

Bond distances and angles for (Cy3P)Hg012_withestimated standard deviations

in parentheses

Symmetry code

none X, Vs z.
! 1-x, -y, 1l-z.

" l=-x, ~l-y, =-z.

a) Bond lengths / 2

Hgl - C1(11) = 2.413(3) Hg2 - C1(21) = 2.391(5)

Hgl - C1(12) = 2.778(3) Hg2 - C1(22) = 2.642(4)

Hgl - C1(12 ) = 2.599(3) Hg2 - Cl(22'') = 2.665(5)

Hgl - Pl = 2.412(3) Hg2 - P2 = 2.416(3)

Pl - Cl1l = 1.853(14) P2 - C211 = 1.839(10)
Pl - Cl21 = 1.849(11) P2 - C221 = 1.827(17)
PL - C131 = 1.838(10) P2 - 231 = 1.825(11)
Clll- Cl12 = 1.537(15) c211 - 212 = 1.559(16)
Cl12- €113 = 1.552(23) c212 - C213 = 1.491(16)
Cl113- Cl114 = 1.508(22) c213 - €214 = 1.480(24)
Cll4- C115 = 1.490(20)  C214 - C215 = 1.533(19)
Clis- Cl16 = 1.513(22) c215 ~ €216 = 1.530(16)
Cl16- Cl111 = 1.537(18) c216 - C211 = 1.536(20)
Cl21- C122 = 1.494(15) c221 - €222 = 1.481(20)
C122- €123 = 1.538(18) C222 - €223 = 1.481(27)
C123- €124 = 1.492(23) C223 - C224 = 1.412(23)
C124- C125 = 1.523(20) C224 - €225 = 1.497(26)
C125- €126 = 1.519(18) €225 - €226 = 1.464(30)
C126- C121 = 1.538(18) c226 - C221 = 1.400(21)
C131- CI32 = 1.491(18) c231 - €232 = 1.521(17)
C132- €133 = 1.533(17) c232 - €233 = 1.543(21)
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b)

C133 - C134 = 1.532(20)
C134 - C135 = 1.531(22)
C135 - C136 = 1.529(16)
C136 - C131 = 1.556(17)
Hgl ---- Hgl' = 3,938(1)
Bond angles /°
C1(11) - Hgl = C1(12) =
Cl(11) - Hgl - Cl(12")=
C1(12) - Hgl - C1(12")=
Cl(11) =- Hgl ~-P1 =
C1(12) - Hgl - Pl =
Cl(12') - Hgl - Pl =
Hgl' - Cl(12)- Hgl =
Hgl - P1 -Cl1l1 =
Hgl -"Pl -Cl21 =
Hgl - P1  -C131 =
Cl11 - P1  -cCl21 =
Clll - P1 - Cl31 =
cl21 - -P1 - Cl31 =
P1 - Cll1 =-cCl12 =
P1 - Clll - Cll6 =
cl111 - cl12 - Cl13 =
cl12 - cl13 - c114‘ =
Cl13 - Cll4 =-Cll5 =
Cll4 - Cl15 - Clle =
cl115 - cll6 - clll =
Cl16 Clll - Cl12 =

€233 - C234 =
€234 - €235 =
€235 - €236 =
€236 - C231 =
Hg2 --- Hg2" =
106.1(1) c1(21) -
101.5(1) c1(21) -
85.9(1) c1(22) -
132.0(1) c1(21) -
99.8(1) c1(22) -
120.3(1) c1l(22")-
94.1(1) Hg2'' -
112.2(4) Hg2 -
108.0(4) Hg2 -
111.0(5) Hg2 -
105.5(6) c211 -
110.9(5) c211 -
108.7(5) c221 -
112.9(10) P2 -
115.0(8) P2 -
108.5(12) €211 -
110.5(11)  c212 -
111.7(12)  c213 -
113.0(14)  C214 -
110.6(22)  Cc215 -
C216

109.3(10)
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1.522(21)

1.452(21)
1.463(21)
1.505(15)
3.774(1)
Hg2 - Cl(22). =
Hg2 - Cl(22'')=
Hg2 - Cl(22'")=
Hg2 - P2 - =
Hg2 - P2 =
Hg2 - P2 =
cl(22)- Hg2 =
P2 - C211 =
P2 -C221 =
P2 - C231 :‘ =
P2 -C221 =
P2 - C231 =
P2 -C231 =
€211 - c212 =
c211 - €216 .=
c212 = €213 =
c213 - C214 =
c214 - €215 =
c215 - €216 =
216 - C211 =
- c211 - c212. =

95.2(2)
92.6(3)
84.1(2)
139.6(2)
111.8(1)
108.6(1)

95.9(1)

110.2(4)
107.4(5)

112.1(4)

107.5(6)
107.8(5)

111.8(6)

110.1(8)
112.7(8)
111.8(10)
113.6(12)
111.1(12)
111.7(11)

110.5(11)
109.6(9)



Pl

Pl

Ccl21l
Cl22
Cci23
Cl24
C125

C126

Pl
P1

c131
C132
C133
C134
Cc135

Cl36

Cl21
Cl21

Cc122
Cl23
Cl24
C125
C126

Cl21

Cl31
C131
Cl32
C133
Cl34
C135
Ci36

Cl31

Ccl22
Cl126

c123
Cl124
125
C126
c121

Ci22

Cl32
C136
C133
Cl34
C135
C136
Cl31

C132

110.8(7)
111.7(8)

111.6(9)

111.5(11)
112.0(16)
112.0(10)
109.5(14)

112.9(11)

110.9(7)
109.6(7)
111.2(1)
111.7(11)
108.5(14)
113.3(11)
109.1(10)

111.5(12)
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c221

Cc222

Cc223

C224

C225

€226

P2
P2
C231
C232

C233

C234

C235

C236

c221
c221

c222

c223

C224

C225

C226

c221

- C231

Cc231

C232

€233

C234

C235

C236

Cc231

c222
C226

c223
C224
Cc225
C226
c221

c222

c232
C236
€233
C234
C235
C236
Cc231

C232

119.5(11)
119.6(13)

114.3(13)
117.9(15)
115.4(17)
113.5(15)
120.4(16)

116.4(14)

114.5(9)

113.4(9)

109.4(13)
111.6(14)
111.4(13)
112.6(14)
109.6(11)

110.4(10)



2.4 Spectroscopic studies of (Cy3P)anX complexes

2

(n=10r 2; X=Cl, Br or I).

2.4.1 (Cy3P) JHeX,

The structures of (R3P)2ng complexes are all tetrahedral

2
monomers (Section 1.3.5), and the same structure is reasonably
assumed for the Cy3P complexes. On the basis of C2v point
group symmetry, the following modes are predicted:

r;nt = 4A1(I.R.,Ra) + Az(Ra) + ZBl(I.R.,Ra) + 2B2(I.R.;Ra)

FS(Hg-X) AI(I.R.,Ra) + Bl(I.R.,Ra).

[R(Eg-) = A, (1.R.,Ra) + B,(1.R.,Ra). |

The infrared spectrum is shown in Figure 2.5 while Table 2.4
contains the vibrational assignments. The infrared assignments
for the chloride are in good agreement with previous suggestions,[Bﬂ,

1

These results are consistent with the Raman spectral assignments

with the 2 (Hg-Cl) A1 and B. modes . located at 209 and 197 cm—l.

[ 37] . Raman spectra of the bromide and iodide complexes show

[37] D (Hg-X) at 144, 132 cm - (bromide) and 103 c:m-1 (iodide).

The average position of the»ﬁa(Hg—Cl) modes can be correlated

to the magnitude of the Hg-Cl bond lengths and the P-Hg-P

angles as explained in Section 1.3.5. In the case of (Cy3P)2HgC12
the average position of theZD(Hg—Cl) infrared modes is close to
that of (BdféP)ZHgCIZ (Table 2.5). This implies that (Cy3P)2Hg012
has similar Hg-Cl bond lengths and P-Hg-P angle to (Bung)zHgCIZ.

This in turn suggests that the Cy3P-Hg and Bu,P-Hg interactions

3

in these complexes are of similar magnitude.
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Figure 2.5 Infrared spectrum of(Cy3P); HgCly ca.300K.

300 200 cm™ '

Figure 2.6 Infrared spectrum of (Cy3P)HgCly ca.300K,

300 - | 200 ey 1
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Table 2.4

Vibratiohal assignments for (CySP)zHgX

2

(X = C1, Br or I) (cm 1)

Cl Br I Assignments
I.R. Ra I.R. Ra I.R. Ra
A * % *
209 208 144 103 Os (Hg~X)
*
197 187 130" ), (Hg=X)

*
134

132" R (Hg-P)

128" :Da(Hg-P)

* Literature values
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Table 2.5

Relationship between the Hg-Cl bond lengths and P-Hg-P angles

of (R3P)2HgC1 complexes with 2D (Hg-Cl) mode band positions.

2

- *
Complex éD(Hg-Cl)/cm 1 d(Hg~Cl1) P-Hg-P
' /R angle/°
n
(Bu 3‘1:) LHECL, 205 2.60 139
(Cy3P)2HgC12 203’ no structure obtained
(Et3P)2HgCI2 176 2.68 158.5

* Average values
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2.4.2 (Cy P)HgX,

The structure of (Cy3P)HgC1 consists of two independent

2
centrosymmetric dimers per unit cell with no significant interaction
between them (Section 2.3). A C2h point group treatment can thus be
applied as for (Et3P)CdI2 (Appendix A.4), and for each dimer the

following modes are predicted:

[tot = TA, +.5B_ + 4b + 8B
E‘D(Hﬂfcnt = Ag(Ra) + Bu(I.R.)
[Rmgey = A (Ra) + B (I.R.)
Fé(“g—cnb = Ag(Ra) + Bg(Ra) +4 (I.R.) + B (I.R.)

Thus l:)(HS-Cl)t band and two ZJ(RS—Cl)b bands in each of the infrared
and Raman spectra (mutually exclusive) are predicted for each dimer

unit. The spectraorg shown in Figure 2.6 and Table 2.6 contains

the vibrational assignments.

The two infrared bands in the spectrum of (CyBP)Hg012 at 293 and

276 cm—1 are unquestionably both :)(Hg-Cl)t modes, but since only one
such mode is allowed for a simple dimer, they must each be due to

one of the different dimers present. An analogous argument obtains
for the two Raman bands observed at 282 and 272 cmfl. Evidently, the
293 and 282 cm-l bands are reépectively the antisymmetric (Bu) and

., symmetric (Ag) R)(Hg-Cl)t modes of the dimer having the shorter
Hg-Cl_ bonds (2.3918), while the 276 cm = (B ) and 272 cm - (a,)
bands are D(Hg-Cl) _of the other dimer (Hg-Cl, bonds of 2.4138).

‘It is in many respects remarkable that the separate dimers can be

observed from the spectra, but there is no other plausible alternative.
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The :)(HS—Cl)b modes are more difficult to interpret in this way as

they appear as very broad bands at ca. 183 cm.l (I.R.) and 186 and

147 cm—1 (Ra) . This failure to identify ;D(Hg~Cl)b bands characteristic
of the individual dimers is somewhat surprising in view of the above,
particularly because the bridging érrangements in the two dimers are

distinctly different (see Section 2.3).

The previous interpretation of the spectra of (Cy3P)HgC12 [37]

was in terms of an assumed non-centrosymmetric dimeric structure; the

four bands observed (283, 273 cm © (I.R.) and 282, 270 cm ' (Ra) ).

were assigned as ZD(Hg-Cl)t modes from the same dimer unit. However

with the knowledge of the true structure,it is now clear that this
interpretation is erroneous. This demonstrates quite vividly the

dangers of making structural deductions without a suitable crystallograﬁhically

determined base.

The infrared spectrum of (Cy,P)HgBr, contains one D(Hg-Br)_  band at
P 3 t

2
194 cm-l and a :O(Hg—Br)b mode at 139 cm-l. These are in the positions
expected for a centrosymmetric dimeric structure as exemplified, for
example, by (Ph3P)HgBr2 (corresponding bands at 190 and 137 cmél;

{14] ). The Raman spectrum similarly is indicative of a simple

centrosymmetric dimeric structure, with a’\)(Hg-Br)t A.g at 180 and

N -1
i)(Hg-Br)b Ag at 141 cm [37] .

The Raman bands for the iodide derivative have been reported [37]
and areindicative of a structure analogous to the bromide complex.
Assignment of Q) (Hg-P) modes is not unambiguous but common bands appear
to be found in the range 137 - 146 cm-1 in the Raman spectra (all

three complexes) and at 139 c:m-1 in the infrared spectra (Cl, Br).
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In conclusion, the spectrum of (CyBP)HgCI2 demonstrates the existence
of two independent dimers in the unit cell whereas the spectra of the
bromide and iodide complexes are readily interpreted in terms of a

simple centrosymmetric dimeric structure.

66



Table 2.6

Vibrational assignments for (Cy3P)HgX complexes (X = Cl, Br or I)

2
)
cl Br 1
Assignments
* * %*
I.R. Ra I.R. Ra . Ra
293} 194 O(Hg-X) B
. tu
276
282 } 180 154 O (Hg=X) tAg
272
* %
183 139 R)(Hg-x)bAu
and B
u
*X
186} 141 104 ~ (Hg-X) bAg
147 and B
g
139 139X (Eg-P)B_
*¥ .
146 141 137 Q(Hg.,-'P)Ag

* Literature values [37],reassigned for the chloride in the present work

o ACK:tAen"q‘ co'mf.'\Atnu..
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CHAPTER 3

CRYSTALLOGRAPHIC STUDIES OF SELECTED CADMIUM (II)

HALIDE COMPLEXES (R,P)CdX, [ R,P = EtP, Cy,P, Me

3 3 PhP;

2

X = Cl, Br or I]_
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3.1 Introduction

Crystallographic studies reported for . (L)CdX2 [I.= neutral
unidentate ligand and X = Cl, Br or'ﬂ, indicate that these
complexes attain some degree pf extension from the monomer unit
by halogen-bridging. The ligands containing nitrogen—, oxygen-—
and sulphur- donor atoms all tend to give a double-chain
arrangement (section 1.4.2), with the exception of
(pyridine-N—oxide)CdIz, which forms a polymeric pentaco-ordinate
cadmium structure (section 1.4.2, Figure 1.9). However the 1:l
stoichiometric complexes of the .type (R3P)CdX have not been

2

structurally studied in a systematic manner.

The structural work reported has been mostly spectroscopic and
suggests that the complexes are halogen-bridged dimers. It was
decided systematically to study the crystal and molecular

structures of selected (R3P)CdX complexes in order .to examine the

2
factors influencing the types of structure adopted in the solid-state,
In addition, it was hoped that these crystallographic studies

would provide a sound basis for interpretation of spectroscopic

data for such complexes.
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3.2 Crystallographic examination of (MezPhP)CdX

2 complexes

[x =c1l, Br and I]

Crystal data:

The three complexes are isostructural and the crystal data

are summarised in Table 3.1l.a.

Data collection and structure refinement:

The relevant parameters for data collection are listed in

Table 3.1.b. The crystals for all three compounds were

mounted with their a-axes coincident with the rotation (W)-axis
of a Stoe Stadi 2 two-circle diffractometer. Data were
collected using the background- () scan—- background technique,
Lorentz and polarisation corrections were applied and corrections
were also made for absorption effects. Those reflections

having I/ & (I) greéter.than the indicated value were considered
to be observed. The relevant parameters concerned with'struéture
refinement are iisted in Table 3.1l.c. The positions of the
cadmium atoms were determined from the three~dimensional
Patterson functien for all three compounds. The remaining
non-hydrogen atoms were located from successive difference
electron-density maps. Scattering factors were calculated[ 42]
using an analytical approximation. Hydrogen atoms were included
in ideal positions calculated to give C-H = 1.088. Common
isotropic temperature factors were applied to methyl aﬁd

phenyl hydrogen atoms and refined to the final values of U given

in Table 3.1l.c.
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Table 3.1

Crystal data and details of data collection for (MezPhP)CdX2

complexes [X = Cl,lBr and I].

a) Crystal data (MeZPhP)CdCI
M. 321.%
Crystal system Monoclinic
a/& 7.057(5)
b/’ O 12.471(7)
/& 12.905(8)
o« /° 90.00
p/° 93.08(5)
Y/° 90.00
v /83 1134.17
D /g cu 1.90
Dc/g cm > 1.88
Z 4
F(000) 624

(MoK )/em T 23.0

Space group P21/n

(Me ,PhP)CdBr, (Me,PhP)CdI,
410,36 504.07
Monoclinic Monoclinic
7.361(8) 7.839(8)
12.599(7) 12.868(7)
13.012(6) 13.526(8)
90.00 90.00
93.18(5) 94.17(6)
90.00 90.00
1204.84 1360.83
2.39 - 2.46
2.26 2.46
4 | 4
768 | 912
82.7 57.0
P21/n P21/n

(non standard settings of P21/c)

b) Collection of intemsity data

size of crystal/mm

- number of 3314 -
reflections collected
number of 2820
reflections observed
number of layers 10(6k1+9k1)
collected
I/6s (1) 3.0

72

0.10x0.10x0.10 0.40x0.14x0.18 0.41x0.23x0.2

3107 3651

1783 2262
11(0k1-10k1) ll(Okl*lOklf
3.0 4.0



c)

Refinement data

(MeZPhP) CdC12
02
U(methyl) /A 0.170(30)
22 .
U(phenyl)/ 0.157(10)
weighting scheme
values:-
a - 1,0000
b 0.0086
R 0.037
R! 0.047

73

(MeZPhP) CdBrz (Me 2PhP) CdIZ
0. 127(28) 0.154(60)
0.111(28) 0.125(50)
1.5319 1.0000
0.0034 0.0180-
0.067 0.098
0.074 0.105



The weighting scheme adopted was:
w=a /[e*F) + b(Fo)? ]
The relevant a and b values are contained in Table 3.1l.c.

The three structures were refined with full matrix refinement with

anisotropic temperature factors for all non- hydrogen atoms.

The final R and R' values are listed in Table 3.l.c. The final
atomic and thermal parameters are listed in Tables A.1l.3 to A.l.5
(Appendix A.l) and calculated and observed structure factors are
contained in Appendix A.2. Bond angles and distances are given

in Table 3.2.

Description of the structures:

The three complexes have similar structures (Figure 3.1), consisting
of a halogen-bridged polymeric arrangement, in which the cadmiu;

atom is pentaco-ordiﬁate. The cadmium atoms lie in distorted

trigonal bipyramidal enviromments, with two relatively short cd-X
bonds [X = C1 2.481(1), 2.497(1l); X = Br 2.569(2), 2.603(2)3

X =1 2.786(2), 2.759(2) & ] and a short Cd-P bond [ 2.560(1)%

for X = Cl, 2.531(4) & for X = Br and 2.553(4) & for x =1 ],

lying in the equatorial posiﬁions. The two apical positiomns are

taken up by two longer Cd-X contacﬁs [ 2.745(1), 2.734(1) )3 for X = Cl;
2.914(2), 2.918(2) & for X = Br; 3.242(2), 3.201 & for X = I] .

The cadmium atoms are essentially coplanar with P, X1 and X2;

the deviations from the mean plane are listed in Appendix A.3,

with the largest\derivation being 0.019(10) 2. The trigonal
arrangement around the central cadmium atom however, is distorted

with angles ranging from 110.50(2), 111.3(1), 112.3(1)° [ x1 - cd - x2

for X = Cl, Br and I respectively ] to 130.00(4), 126.9(1),
74



125.3(1)°[ X1 - Cd - P for X = C1, Br and I respectively] .

The angle between the two apical contacts X1' - Cd - X2" is close
to linearity at 178.60(4), 178.8(1) and 177.2(1)° for the chloride,

bromide and iodide complexes respectively.

The phenyl rings are twisted out of the Cd, P, X1, X2 mean plane
by 51.9°, 49.4° and 49.8° for the chloride, bromide and iodide
complexes respectively, presumably to minimise steric interactions

within the chain.

There are two polymeric chains per unit cell running parallel
to the a-axis, (Figure 3.2). Similar packing arrangements are

found in the bromide and iodide complexes.

The resulting crystal structures are quite different from the

arrangements found in other (L)CdX, systems [Figure 1.7, Section

2
1.4.2 ]. Although the ﬁyridine-N—oxide complex:[Zl] (Section
1.4.2, Figure 1.9) contains single chains, these involve both

halogen and ligand atoms in the bridging unit.

75



X)
d

1'e ainbi4

ie
LEETLIT
)
| yi

1s

1on1

(110



77



Table 3.2

Bond distances and angles for (MezPhP)CdX

2

structures

[x = Cl, Br and I ] with standard deviations in parentheses.

a)

b)

Symmetry code:

None

te

EL
Xy ¥y 2
=X, =Y,

-2

1.0-x, ~Y, T2

Metal co-ordination:

o
Bond lengths/A :

X
cd - x1
.cd - X2
Cd- X1'
cd - x2"
cd -~ P

cd - cd'
cd - cd"

cl
2.481(1)
2.497(1)
2.745(1)
2.734(1)
2.560(1)
3.826(1)

3.826(1)

78

Br

x’ y’ z
20-x, -y, 1.0~z

1.0-x, -y, 1.0~z

Br
2.569(2)
2.603(2)
2.914(2)
2.918(2)
2.531(4)
3.952(1)

4.868(1)

I

X, ¥y 2

. 1.0~x, ~y, 1.0~z

1
2.768(2)
2.759(2)
3.242(2)
3.201(2)
2.553(4)
4.138(1)
4.138(1)



c)

Bond

X
X1 -
X1 -
X1 -
X1 -
X2 -
X2 -

X2 -

angles/o

cd - X2
Cd - X1
cd -x2""
Cd - P
Cd - X1
cd - x2"
Cd - P

X1i' - ¢cd - x2"

X1
XZ"

Cd

Cd -

Cd

Cd -

Ccd

Ligand co-ordination:

-Cd-P
-Cd-P
P - Cl1
P -C2

P-2C3

X1 - cd'

X2 - cd"

Bond lengths/&

Cl1
Cl1
Cl2
C13
Cl4

Cl5

Cll
c2

C3

- Cl12
- C16
- C13
- Cl4
- Cl15

- Cl6

cl
110.50(2)
86.00(2)
92.60(2)
130.00(4)
93.40(2)
87.10(2)
119.50(3)
178.60(4)
88.70(2)
92.20(1)
108.90(10)
115.50(20)
115.70(30)
94.0(1)

92.9(1)

clL
1.825(5)
1.815(6)
1.803(7)

1.384(7)

'1.373(7)

1.394(10)

1.350(11)

=

.384(20)

1.391(9)
79

Br
111.3(1)
88.0(1)
91.7(1)
126.9(1)
92.4(1)
88.8(1)
121.8(1)

'178.8(1)

88.1(1)
91.2(1)
109.9(5)
115.4(7)
114.4(7)
92.0(1)

91.2(1)

Br
1.811(15)
1.787(20)
1.808(16)
1.390(21)
1.361(22)
1.399(30)
1.311(32)
1.407(26)

1.392(25)

I
112.3(1)
90.9(1)
114.4(1)
125.3(1)
89.6(1)
92.4(1)
122.5(1)
177.2(1)
89.2(1)
77.9(1)
110.4(6)
116.4(6)
116.2(10)
89.1(1)

87.6(1)

I

1.784(20)
1.843(22)
1.764(27)
1.412(27)
1-406(a9
1.393(49)
1.324(s0)
1-399(39)
1. 37439



Bond angles/o

Cl5

X

Cll1 - P - C2

Cl1 - P‘— c3

C2 -P~-2C3

P - Cl1 - Cl12

.P - Cl1 - Cl6

Cl2 - Cl1 - Cl16

Cli - Cl12 - C13

Cl2 - C13 - Cl4

Cl3 - C14 ~ C15

Cl4 - C15 - C16
- Cl6 - Cl1

Cl

105.8(3)

>106.8(3)

10317(4)
123.3(5)
117.4(4)
119.2(5)
119.1(6)
122.4(6)
119.8(6)
119.1(6)

121.1(5)

80

Br
108.2(8)

105.0(8)

103.3(10)
123.6(13)
117.2(11)
119.1(15)
118.0(19)
123.7(20)
118.9(19)
118.6(18)

121.6(15)

1
104.1(10)
106.4(12)
102.0(14)
128.2(21)
119.2(13)
112.7(22)
124.2(30)
119.3(225
120:8(27)
119.4(32)

123.6(23)



3.3 Crystallographic examination of (Et3P)CdI2

Crystal data:

C6H15CdIZP: Mr = 484.3F Monoclinic,
a = 8.462(4), b = 10.114(5), c = 15.563(8)A.
U = 1326.578°, o = 90.00, P =95.20(5),
¥ = 90.00° D_ = 2.3% cn™> (by flotation using CHC1,/CHI,) ,
D, = 2.42 cm'3, 2=4, F(000) = 1074
1

KMo - K) = 72.96cm .

Systematic absences:
OkO reflections are absent for k = 2n + 1

hol " . " " 1 l = 2n + 1

Space group:
P 21/c

Data collection and structure refinement

A crystal of dimensions 0.50 x 0.32 x 0.24 mm was mounted about b
and 15 layers h 0f — h.l4l were collected. A total of 3736
unique reflections were recorded of which 2941 had I/gs(I) 3.0
and were used for structural analysis. The corrections for
absorption effects have been made, along with corrections for
Lorentz and polarisation effects. Comﬁon isotropi§ temperature
factors were applied to the ‘CH3' and 'CHZ' hydrogens of the ethyl
groups, refining to final values of U = 0.084(16) and 0.14742.2 |

respectively. The weighting scheme adopted was:

w = 1.000/ [cz(Fo) + 0.028446 (Fo)z] .
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The final R values were R = 0,0751 and R' = 0.,0824. Final atomic
and thermal parameters are listed in Table A.l.4 (Appendix A.1)
and calculated/observed structure factors are contained in Appendix A.2.

Bond angles and distances are given in Table 3.3.

Description of structure:

The structure consists of discrete iodine-bridged dimers (Figure 3.3).
Cadmium lies in a distorted tetrahedral enviromment with angles about

cadmium ranging from 9%.3(1) to 116.4(1)0. The Et_ P ligands are

3
arranged mﬁtuélly trans to each other, and there is a centre of
symmetry at the centre of the planar four-membered ring

[Cd,I(l'), cd', I(l)] . The Cd-I bridge distaﬁces are almost equal
at 2.862(1) and 2.878(1)2. This is the first cadmium halogen-bridged
dimer structure that has been fully authenticated by singlé crystal
X-ray analysis. There is no further extension beyond the dimer

o
stage (Figure 3.4) with the closest Cd-I distance being greater than 4A.

The geometry of (Et3P)CdI2 is very similar to that of CdZIGZ— anions

] +
in the salts C.dzN(CHZCHZNMe (1) [44] and [Sb(Buzdtc)z]

2)3 I4

2162_ [45] . The Cd2162_ anion forms an iodine~bridged

dimer structure with Cd-It bond lengths similar to those in

Cd

. o
(Et,P)CdI, [ 2.704(1) and 2.693(1)A for (I) compared with 2.701(1)
for (EtSP)CdIZJ . The bridging distances are very similar
[ 2.865(1), 2.849(1) for (I); 2.862(1), 2.878(1)A for (Et,P)CdL, ] .

The angles around Cd in (Et3P)CdI and (I) are similar [ from 9%.3(1)

2
for I1 - Cd - I1' to 116.4(1)o for I2 - Cd - P in the case of

(Et3P)CdIz,

to 121.6(4)°] .

with the corresponding angles for (I) being 98.9(4)
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The Et3P ligand attains the conformation whereby the B- carbons of

the ethyl groups are skew (C32), anti (Cl2), skew (C22) with respect
to the cadmium atom (Figure 3.5), and is similar to that seen in

other Et3P metal complexes [46, 47, 48 ].

(Et3P)CdI thus has a different type of structural arrangement

2

to that found in (MeZPhP)CdI The cadmium atoms attain tetraco-

2.
ordinate and pentaco-ordinate environments in the Et3P and the

MeZPhP complexes respectively. In (Et3P)CdI2 there is a short
" terminal Cd-I bond of 2.701(1)2 and two lonéer Cd-1I distances

of 2.862(1) and 2.878(1)2. In (MezPhP)CdIZ there is strictly no
'terminal' Cd-I bond, two slightly 1oﬁger Cd-I bond lengths of
2.759(2) and 2.768(2)2 form a trigonal arrangement (with the
phosphorus atom) around cadmium. In (MezPhP)CdIZ, the PCdI2 units
are joined together by two longer Cd-I interactions of 3.201(2)

and 3.242(2)& which are longer than the bridging distances in the

dimeric (EtéP)CdI2 structure.
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Figure 2.3 The Molecular structure of (EtzP)Cdl,

o C(32)

Oa:
OQ: \
22 P |

o c12)

1(2)
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Figure 3.4 The Crystal structure of (EtgP)Cdlis
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Figur

e 3.5 View along P1-Cd1 for (EtzP)Cdly

12
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Table 3.3

Bond distances and angles for (Et3P)CdI

2

with standard deviations

in parentheses

a) Symmetry code:

None = x, y, 2

]

2.0-x, 1.0~y, -z,

o
b) Bond lengths/A

cd - 11 = 2.862(1)
cd - I2 = 2.701(1)
cd - 11 = 2.878(1)
cd - cd' = 3.791(1)
Cd - P = 2,542(2)
P -Cll = 1.820(12)

c) Bond angles/°

I1 - Cd - I2 . = 112.3(1)
I1 - cd - I1' = 97.3 (1)
Il-Cd- P = 109.7(L)
I2-ci- P = 116.4(1)
I2 - Cd - I1' = 113.9(4)
I1' =cd - P = 105.2(1)
cd' - I1-cd = 82.7(1)
Cd =P -Cll = 111.6(4)
Cd - P -C21 = 112.3(5)
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P-C21 = 1.825(9)

P - C31 = 1.817(11)

Cll - Cl2 = 1.510(21)

C21 - €22 = 1.523(19)

C31 - C32 = 1.540(15)

Cd =P -C31 = 114.6(4)

P -Cll -Cl2 = 116.1¢9)

P - C21 - C22 = 112.3(8)

P -C31l -C32 = 112.6(9)
~Cll - P -C21 = 105.2(6)

Cil - P -~ C31 = 107.4(6)

C21 - P - C31 = 105.1(5)



3.4 Crystallographic examination of d:-(Cy3P)Cd012

Crystal data:

018H33Cd012P: Mr = 463,74, Monoclinic,
a = 14.127( 8), b = 16.412(10), c = 19.833(1D)34
o3 .
U = 4228.11A , & = 90.00, g = 113.14(20),
¥ = 90.000, Dm = 1.50g cm-3 (by flotation CHCl3/CHBr3),
D, = 1.4bg cn °m 7z = 8, F(000) = 1904

Qo = R = 12.43cm -

Systematic absences:-

OkO reflections are absent for k = 2n + 1

hok n " " " 1 on + 1

Space group:
P21/c

Data collection and structure refinement:

A crystal, 0.48 x 0.20 x 0.20 mm, was mounted about a and 16
layers, 0 kf — 15. k', were collected giving rise to 6996
reflections of ;Jhich 4067 had I/g (I) 2 3.0 and were used for
refinement. Corrections for Lorentz and polarisation effects,
and for absorption were made. 'A common isotropic temperature
factor was applied to the cyclohexyl hydrogen atoms and refined
to a final value of U = 0.064(11)22. The weighting scheme

adopted was:

w = 0.7312/ [ A (Fo) + 0.001351(Fo)?] .
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Full matrix refinement and anisotropic temperature factors
for all non-hydrogen atoms gave the final R = 0.04)L and

R' = 0.045. Final atomic and thermal parameters are listed
in Table A.1.5 (Appendix A.l) and calculated/observed
strucﬁure factors are contained in Appendix A.2. Bond

angles and distances are given in Table 3.4.

Description of the structure

The structure consists of discrete tetrameric units (Figure 3.6),
with the cadmium atoms in both penta- and tetraco- ordinate

- environments. Cdl-and Cd2 are arranged to give an unsymmetrical
chlorine~bridged dimeric grouping [Cdl - C1(11) = 2.484(2);

Cdl - C1(21) = 2.538(1); €d2 - C1(1l1) = 2.803; cCd2 - C1(21) =
2.5228 ]. The Cdl, c1(11), C1(21), Cd2, ring is almost planmar
(Appendix A.3), the deviatiqgs from the mean plane being 0.0355,
~0.0322, -0.0351, and 0.0318% for cdl, C1(11), C1(21) and CA2
respectively. These unsymmetrical dimeric units are linked

in pairs by reiatively long Cd-Cl contacts in a centrosymmetfic
manner. The resulting central Cd2012 ring which is required

to be planar is'very asymmetric [ Cd2 - C1(22) and Cd2 - C1(22')

are 2.465(2) and 2.832(2)% reSpectivelyl

The co—-ordination polyhedron about each terminal cadmium atom

(Cd%&ﬂﬁs a distorted tetrahedron with the C1(11) - Cdl - C1(21)
angle of 91.4(1)° and the C1(11) - Cdl - P1 angle of 118.2(1)°.
The additional Cd-Cl interaction results in Cd2 having a distorted
trigonal bipyramidal co-prdination. The atoms C1(21), Cl1(22),

P2 form a trigonal plane afound Cd2. Deviations from the mean
plane (Appendix A.3) are Cd2, 0.0262; C1(21), -0.0086;

c1(22), -0.0087; P2, -0.00908,
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The angles between the bonds to these atoms in the trigonal

plane range from 116.0(1) [ C1(22) - cd2 - c1(21) | to

122.2(1)° [ c1(21) - Ccd2 - PZ] . The angle between the two

apical bonds is close to linearity; i.e. angle C1(22') - Cd2 - C1(1ll)
is 173.0(1)0. The bridge angles, Cd - C1 - Cd, in the two rings

are close to 90°, viz. Cd2 - C1(11) - Cdl is 89.1(1) and

Cd2 - C1(21) - Cdl is 94.6(1)°.

The cyclohexyl rings adopt the preferred chair conformation such
that all the C-C-C-C torsion angles lie close to the expected

angle of 60° (Appendix A.3).

Figure 3.7 shows the arrangement of the tetramer units which run

parallel to the a-axis in the unit cell.

Comparison of this tetrameric structure with that of (MezPhP)CdCl2
complex shows the presence of pentaco-ordinate geometries in both
structures. Thus all cadmium atoms in (MezPhP)Cdm2 and

the central two cadmium atoms in (Cy3P)CdCI are in distorted

2
trigonal bipyramidal enviromments. The two geometries are compared

below:

o
Bond lengths/A

(MezPhP)CdCIZ cL-(Cy3P)CdCl

2
Cd - C1(1) = 2.481(2) Cd2 - C1(22) = 2.465(2)
Cd - C1(2) = 2.497(1) Cd2 - Cc1(21) = 2.522(2)
Cd - CL(1') = 2.745(1) Cd2 - Cc1(22') = 2.832(2)
Cd - c1(2") = 2.734(1) Cd2' - C1(22) = 2.832(2)
Cd - P = 2.560(1) cd2 - P2 = 2,553(2)
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While in (MeZPhP)CdCI polymeric chains are formed, in

2

cL-(CyBP)CdC1 only two cadmium atoms are' pentaco-ordinate,

2
the polymeric arrangement being terminated by two tetraco-

ordinate cadmiums to give a tetrameric unit.
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Figure3.7 The Crystal structure of«<(Cy;P)CdCla
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Table 3.4

Bond distances and angles for cL-(Cy3P)Cd012 with estimated standard

deviations in parentheses

a) Symmetry code

None =x, y, 2

]

-X, -y, 2.0~z

)
b) Bond lengths/A

Cdl - C1(11) = 2.484(2) cd2 - C1(21) = 2.522(2)
cdl - C1(12) = 2.423(3) cd2 - C1(11) - 2.803(3)
cdl - C1(21) = 2.538(4) Cd2 - CL(22) = 2.465(2)
cdl - P1 = 2.569(2) cd2 - cl(22') = 2.832(2)
Cdl .... Cd2 = 3.717(1) Cd2 .... Cd2' = 3.958(2)
PL - Cll1 = 1.851(13) Cd2 - P2 = 2,553(2)
PL - cl21 = 1.839(9) P2 - C211 = 1.849(11)
PL - Cl3l = 1.841(10) P2 - C221 = 1.836(13)
Cl1l - Cl12 = 1.523(16) P2 - C231 = 1.828(9)
Cl12 - Cl13 = 1.521(26) c211 - €212 = 1.526(16)
€113 - Cl14 = 1.499(22) 212 - €213 = 1.561(29)
Cll4 - Cl15 = 1.497(22) €213 - C214 = 1.510(28)
C115 - Cl16 = 1.541(20) C214 - C215 = 1.523(35).
Cl1l - C116 = 1.505(14) C215 - C216 ~ = 1.549(24)
C121 - €122 = 1.528(18) 211 - C216 = 1.476(16)
c122 - c123 = 1.530(15) 221 - €222 = 1.514(13)
C123 - C124 = 21.506(16) 222 - €223 = 1.521(23)
C124 ~ €125 = 1.512(22) 223 - €224 = 1.420(22)
€125 - €126 = 1.515(15) .  C224 - C225 = 1.509(17)
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c)

Cl21 - C126
C131 - C132
Cl32 - C133
C133 - Cl34
Cl34 - C135
Cl35 - C136
Cl31 - C126

Bond angles/®

C1(11)

C1(11)

C1(11)

C1(12)

C1(21)

C1(21)

Ccd2

Cd2
Cdl - P1
Cdl - P1
Cdl - P1
Clll - Pi
Clli - P1

Cl21 - Pl

P1 - Cl11

P1 - Cl1l1

Cd

Cd

Cd

Ccd

Cd

cd

1

1

1

1

1

1

C1(113

C1(21)

Clll - Cl11l2 - C1l13

= 1.545(12) €225

= 1.526(12)  C221

= 1.535(16)  C231

= 1.513(24) €232

= 1.506(15) €233

= 1.524(15) €234

= 1.527(18) €235

c231
- C1(12) = 113.1(1)
- cl(21) = 91.4(1)
- Pl = 118.2(1)
-Pl = 107.4(1)
- C1(12) = 108.2(1)

-Pl = 117.8(1)

-cdl = 89.1(1)
-cdl = 94.6(1)
Cl1l1 = 103.7(1)
c121 = 116.8(3)
C131 = 113.5(3)
c121 = 108.1(5)
c131 = 106.0(5)
c131 = 108.1(4)
c112 = 110.3(8)
Cl16 = 117.2(8)
= 109.6(10)
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C226 = 1.531(21)
C226 = .1.460(15)
- 232 = 1.531(17)
- €233 = 1.519(14)
C234 = 1.513(18)

- €235 = 1.524(22)

- C236 = 1.524(14)

- C23 = 1.528(16)
C1(22) - Cd2 - CL(21) =
c1(22) - €d2 - C1(22")=
C1(22) - Cd2 - C1(11) =
C1(22) - Cd2 - P2 =
cl(22")- cd2 - P2 =
CL(22")- €a2 - C1(21) =
Cl(22')- Cd2 - CL(11) =
c1(21) - cd2 - P2 =
C1(11) - cd2 - C1(21) =
CL(11) - cd2 - P2 =
Cd2' - C1(22) - Cd2 =
cd2 - P2 - C211 =
cd2 - P2 - C221 =
cd2 - P2 - €231 =
C211 - P2 - C221 =
c211 - P2 - €231 =
C221 - P2 - €231 © =

116.0(1)
83.3(1)
92.4(1)
121.7(1)
92.6(1)
91.2(1)
173.0(1)
122.2(1)
84.8(1)
95.0(1)
96.7(1)
108.0(3)
117.1(3)

107.9(3)

112.6(5)
106.9(5)

103.7(5)



Cl1i2
C113
Cli4
Cl15
Cl1é6
Pl

Pl

Cl21
Ci22
C123
Cl24
Cl125
Cl26
Pl

Pl

Cl3l
Cl32

C133

C134

C135

C136

Cl13
Cl14
C115

Cl16

c111 -

Cl21
Cl21l
Ccl22
Cl23
Cl24
Cl125
C126
Cl2l
Cl31l
Cl131l
Cl32
C133
Cl34
Cl135
C136

Cl3l

Cl14
Cl15
Cl16
Clll
Cll2
Cl122
C126
Cc123
Cl24
C125
C126
Ci21l
Cl22
C132
C136
C133
C134
C135
C136
Cl31

Cl32

]

112.5(12)
110.5(15)
112.2(9)
110.2(9)
111.0(10)

112.3(7)

114.5(6) -

110.5(11)
111.1(9)
111.6(11)
110.4(11)
111.0(9)
111.8(9)
110.5(7)
112.9(6)
110.9(8)
111.0(10)
111.8(12)
111.7(9)
110.7(9)

109.0(9)

96

P2 -

Cc211

c212
c213
C214
215

C216

P2

P2

c221
Cc222
Cc223
C224

C225

c231
c232
€233
c234
c235

C236

c211 -
c211 -
- 212
- 213
- C214
- €215
- C216
- c211
- 221
- c221
- €222
- €223
- €224
- €225
- €226
- c221
- €231
- 231
- G232
- €233
- C234
- C235
- €236

- C231

c212
c216

- c213
- C214
- c215
- c216
- c211
- c212
- c222
- €226
- 223
- c224
- c225
- C226
- c221
- 222
- c232
- ¢236
- €233
- C234

- C235

- C236

- €231

- €232

109.9(8)
118.4(9)
108.1(13)
112.4(18)
111.7(14)
109.1(16)
109.5(13)
112.8(9)
116.2(9)
116.1(8)
111.5(11)

114.9(13)

114.3(12)

111.4(12) .
112.6(10)
113.7(9)
110.8(7)
110.2(7)
111.1(9)
111.4(10)
1092.8(9)
112.0(11)
110.6(10)

110.3(8)



CHAPTER 4

SPECTROSCOPIC STUDIES OF,SOME_(RBP)CdX2

COMPLEXES
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4.1 Introduction

A range of structures has been determined for (RBP)CdX2
complexes (X = Cl, Br or I), involving differing degrees of
halide-bridging. These structures are described in Chapter

3, and range from a discrete dimer, (Et3P)CdI“ to an

2°
extended five co-ordinate arrangement, (MeZPhP)CdX2 X = C1,
Br or I). Resulting from theée structural differences one
expects, and indeed finds, substantial differences in their
far-infrared and Raman spectra (50 - 450 cm—l). These

differences should enable one to characterise the various

structural types in otherwise uncharacterised compounds.

For the most satisfactory iﬁterpretation of the spectra of
these structurally known complexes, it was necessary to predict
the number of metal-ligand vibrations using a group theoretical
approach. In all cases the phosphine was taken as a point

mass and the three approaches made were:-

(1) point group analysis;
(ii) 1line group analysis;

(iii) factor group analysis.
These approaches are summarised in Section 1.2.

In the following sections the spectra of 'known' structures
are first interpreted and then the structure/spectra correlations

so obtained are applied to the structurally unknown complexes.
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4.2 Complexes of known structure

d
a) 3(Et3P)C 12
The structure of this complex consists of discrete dimer units

two of which crystallise in each monoclinic unit cell

(P21/c).

. . 5
The various modes predicted by Ci point group and CZh factor

group analysis (Appendix A.4) are:-

Point Group Factor Group

[tot = '. 7Ag.+ 5B, + 4A, + 8B, | 124 + 12B +124 +128_
IB(Cd-I)t = A (Ra) + B (L.R.) Ag(l?a)+B.g(Ra)+Au(I.R.)+Bu(I.R‘
[Xca-p) = A (Ra) + B (I.R.) A, (Ra)+B_(Ra)+A (L.R.)+B (1.0

’;(Cd—l)b= Ag(Ra) + Bg(Ra)+Au(I.R.)+Bu(I.R.) 2Ag(Ra)+ZBg(Ra)+2Au(I.R.)+

2Bu(I.R.)

The vibrational spectra are shown in Figures 4.1 and 4.2, while
Table 4.1 contains the wavenumber positions and vibrational
assignments. The internal modes of the Et3P ligand may be
eliminated by comparison of the spectra of ﬁhe chloro—-, bromo- and
iodo- derivatives,.Figures 4.1, 4.2, and by reference to the

data reported for Et_P by Green[.49]. This leaves the remaining

3
bands due to R)(Cd-I), R(Cd-P) and deformation modes.

1

=D(Cd-I)t have previously been located around 160 cm  for

similar iodine-bridged dimeric complexes (Table 4.2 [36, 37, 50 ] ).

Hence the band at 163 cm—l in the spectrum of (Et3P)CdI is assigned

2
as a "D(Cd-I)t stretching mode. Symmetry Bu is given by point

group theory. There is no indication of the two dimer molecules

in the unit cell giving rise to significant correlation splitting.
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The‘D(Cd’—I)t Ag counterpart is found at 165 cm-l in the
Raman spectrum, the infrared and Raman bands being
mutually exclusive. The closeness of the Au and Ag pair
is not unexpected in view of the heavy [CdIZCd] unit

which would decrease the vibrational coupling.

The bands arising from —?D(Cd—I)b modes are not as élearly
assigned. From point group analysis two "O(Cd—I)b bands

are predicted in each of the infrared and Raman spectra.

Of the likely candidates for 4D(Cd-I)b, namely the two

bands at 107 and 129 cm-l, the former is a very intense

band and appears to be common to the spectra of all three
complexes (EtBP)CdXZ, thus leaving the band at 129 cm“l and
its.possible shoulder at 132 cm—1 to be due to the Au and Bu
R)(Cd-I)b modes. Only one Raman band ié attributable to

=D(Cd-I)b, at 122 cm-l, it thus being assumed that the Ag and

Bg modes are coincident.

It is interesting to observe near (infrared) or actual

(Raman) coincidence of eachrof the infrared and Raman pairs

of -’\D(Cd-I)b modes. Evidence to suggest the coincidence of
these Bands is shown by Baran [51] , who studied a number of
planar four membered ring systems and derived simple app;oximate
equations relating the two infrared active R)(M-X)b modes

(43s andQ ) to the angle (@) between the bridge bonds

(Appendix A.4):

cos 8= [(o, 0% -1]
[/ )% + 1]

Rearrangement gives theQDS/{Da ratio:

D s/&)a = (1L - cos @) 101
(cos @ +I)

COs @ +



Thus, knowing the angle § the ratio of?)sﬁag can be
calculated; for @ = 90°, the two infrared-active

QD(M-X)b modes should be coincident. The equation has been
tested {14] by comparing a wide range of planar four membered
ring systems using reliable far-infrared data with structural
results (Table 4.3)[ 52, 53, 54 ]. The (EtaP)CdI2 data have
been included and indicate the correlation of the bridge

angle ¢ and the coincidence of the two ZD(Cd-I)b modes to be

upheld.

The assignment of the ) (Cd-P) mode is difficult to confirm and is
thus very tentative. Previous A (Cd-P) assignments for
complexes have been made around 130 cm_1

(R3P)20dX and (R3P)CdX

2 2
and 100 cm * respectively (Section 1.4.2; 1.4.3)., Thus
tentatively, the infrared band at 107 and Raman band at 100 cm—1

are assigned as ﬂb(Cd-P)Bu and Ag respectively.
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Figure 4.1 Far-infrared spectra of (Et3P)CdXy (X=Cl,Brorl.), ca.30K.
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Figure 4.2 Raman spectra of (EtgP)Cd X, (X=CI,Br or 1.), ¢ a.70K.
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Table 4.1

Vibrational assignments for (EtBP)CdIZ(cm_l)

(Et:,’P)CdI2 Assignments

I.R. Ra

165s D(Cd-I1) N Ag
16357 Q(Cd-:[)t Bu
132 Q(Cd-l)b Au and Bu
129

122 D(cd-1 A and B ’

( )y . .

107 2(cd-P) Bu

100 A(Cd-P) Ag
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Table 4.2

Infrared band positions of 2)(Cd-I) modes for iodide=bridged

dimeric structures

Complex A (Cd-1I) t/ cm ™t ) (Cd-I)b/cm-l Ref.
(Buy P)CdI, 161 127 36
(Cy,P)CdL, 172 121 ' 37
* Cd2162‘ 164, 140 127, 109 50
** Cd,T 2= 170, 141 119, 107 50

* CdZIGZ— in complex [(n—C6H13)4N] ) [CdZIG]

G U [er,n], [ca,r].
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Table 4.3

Comparison of observed and calculated bridge angles for some

four-membered ring systems [52 - 54] .

Compound Bridge distance/z Source @ obs/° @calc/® .O(M-X% /cm-l
Au2016 2 x 3.33(2), 2 x 2.34(2) X-ray 94(2) 90.9 310, 305
'12016 4 x 2,70 X-ray 96 100.7: 205, 176
ca 01, | ~ *N.C.A. 86 86.5 305, 287
(Et4N)2ngBr6 4 x 2.75 . X-ray 91(2) 92.3 128, 123

(Et,P)CdI, 2 %2-242(2) 2%2e78(1)  X-ray e2%4) 89.56 132, 130

N.C.A. = Normal co-ordinate analysis

*
d) - M- §<~ M lor‘iése qnﬂ\e..
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b)  (e,PhP)CdX, [ X = Cl, Br or I]_

All three structures can be described as polymeric chains (Section 3.2).
Cadmium lies in a distorted trigonal bipyramidal environment with
two short Cd - X contacts, a short Cd - P contact and two longer Cd = X

contacts which join the 'PCdXz' units into a chain.,

Appendix A.4 shows that, as the structures crystallise in a monoclinic
system (P21/n) a simple Ci line group treatment would be adequate for

prediction of ~(Cd-X) modes:
r:aain

[H(ca-x)
[2(cd-p)

9Ag(Ra) + llAu(I.R.)

L}

4Ag(Ra) + 4Au(I.R.)

Ag(Ra) + Au(I.R.)

Thus there are four A (Cd-X) bands predicted in each of the infrared
and Raman spectra (mutually exclusive). However, it c;n be
envisaged tﬁat there could be two types of bridging ~)(Cd-X) modes,
i.e. a higher wavenumber set of bands assigned to the modes
associated with the movement of the shorter Cd-X bonds’in the chain
[‘ﬂ)(Cd—X)S] and a lower wavenumber set of bands associated with |

the movement of the longer Cd-X contacts [SD(Cd-X)l]'.

The vibrational spectra are shown in Figures 4.3 and 4.4; Table
4,4 contains the wavenumber positions and vibrational assignments.
The internal modes of MeZPhP were eliminated by observation of

similar bands at near constant positions in all three spectra.

The infrared spectrum of the chloride shows two prominent bands

at 258 and 234 cm-l, assigned as RD(Cd-Cl)S modes, and a broad
absorption band around 144 cm_1 which is assigned as the ZD(Cd-Cl)lA
mode.
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A similar band pattern, showing expected halogen mass dependent
shifts, is found for the bromide (two bands at 188 and 178 cm ©
and a broad absorption around 98 cm—l). The Raman bands expected
for the short éd-X bonds are at 259 and 240 cm-1 (chloride) and

182 and 176 cm«1 (bromide). Raman bands associated mainly with

the longer Cd-X bonds caould not be identified.

The iodide shows two intense'absorptions in the infrared spectrum
at 168 and 154 cmm1 which appear in the positions expected for
R)(Cd-I)s of the shorter bonds on the basis of halogen mass
dependence expected shifts. The R)(Cd-I)S Raman bands aré less
obviously assigned. There is a band at 126 cmfl, which seems too
low in wavenumber to be due to tﬁe Cd-I short bonds; also, it
appears in the exPected position for D (Cd-P) (see later), but no

alternative for R)(Cd-I)s is available.

Indeed, thé use.of the Raman spectrum to detect ~) (Cd-I) modes,
which are all expected to appear below 150 cm_l, is not very
satisfactory. The Raman bands in this range of the spectrum tend
to be dominated by intense bands due to the phosphine ligand.
Likewise, it is difficult to identify the K)(Cd-I%; inffared bands

(expected at c.a. 100 cm—l). -

The ~)(Cd-P) modes are again difficult to locate in the infrared spectrum.
However, the Raman spectra of the chloride, bromide and iodide contain
intense absorptions at 132, 133 and 126 cm-l respectively, in similar

positions to the < (Cd-P) modes for (R3P)20dX complexes (Section 1.4.3).

2
Thus these bands are assigned as Q)(Cd—P)Ag, with the A infrared

counterparts at ca. 134 cm-1 in all three spectra.
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(X=Cl,Br orl.),c a.70K.

Raman spectra of (MepPhP) CdXp

C
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Table 4.4

Vibrational assignments_for_(MezPhP)CdX2 complexes [ X = Cl, Br or I] .

(cm—l)
cl Br 1
Assignments .
I.R. Ra I.R. Ra I.R. Ra
258 188 168 Q(Cd-x)s A
234 178 154
259 182 126 Q(Cd-X)S Ag
I
240 176 (tentative)
144 98 A(Cd-X)_ A
. 1 u
134 134 134 ~(cd-P) A
132 133 126 2(Cd-P) Ag
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c) oL-(Cy3P) Cd012

The structure can be described as that of a chlorine-bridged
tetramer, comprising two non-centrosymmetric dimers related by
a centre of symmetry. The dimeric units are joine;i by very
long Cd-Cl bonds (Section 3.4) forming links in which the

cadmium atoms have a pentaco-ordinate environment.

A similar tetrameric structure is shown [3] by d.-(Bun'éP)HgClz,
but in this case the central Hg-Cl contacts were considered

to be very long and insi"gn_ificant in assigning the vibrational
spectra, so that a spectral interpretation was possible in
terms of two identical distorted dimer units [ 3] . The
asymmetry of the dimeric units (Cl) gave rise to two O (Hg-Cl)t,
four Q(Hg—Cl)b and two 2 (Hg-P) modes in both the infrared

and Raman spectra. The following assignments were made:

I.R. /cm-_l Ra/t:m—l Assignments
278 280 ) (Hg-Cl)'t
252 252 i
All of

218 222

. A
190 ™ ) (Hg—Cl)b symmetry
179 182
149 156 i

However in the case of the spectra ofcr.-(CysP)CdC12 the band
patterns are more complex, and, in particular, there are more bands
in the D (Cd-Cl) region thanr can be accomodated by a dimeric model.

Consequently, the interpretation which must be applied is in terms

of a tetrameric rather than a distorted dimeric structure.
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In Appendix A.4 a simple C, point group analysis is given to
predict the number of modes associated with the tetrameric

structure:-

o]
ot
n

2 A + 24 A
g u
[vib

[3¢ca-p)

21 Ag(Ra) + 21 Au(I.R.)

=2 Ag(Ra) + 2 Au(I.R.)
[Seca-c), = & (Ra) + 4 (1R
[Reca-cry, = 64 (Ra) + 64, (1.R.)

The vibrational spectra are shown in Figure 4.5 and the wavenumber

positions and vibrational assignments in Table 4.5.

The internal modes of the ligand were eliminated by comparison of

the spectra of the (CyBP)CdX series. The halogen-mass dependence

2
method for location of 0(Cd-Cl) modes could not be used since the
bromide and iodide analogues appear to be of a'different structural
type. However, the Q(Cd-Cl) assignments suggested are in good -

- agreement with thosejpreviously proposed [37} . The interpretation
given (Table 4.5) identifies 11 Z)(Cd—Cl) modes, compared to the

14 predicted above. Considering the large number of bands and the

spectral crowding, the agreement is good.

The f’\D(Cd-Cl)t Au and A.g modes are easily assigned to the bands
at 278(I.R.) and 279(Ra) Cm-l. Their close positioning is easily
understood since the two Cd-Cl ﬁerminal bonds are separated by a
large and heavy skeletal framework. Consequently, there is very

little vibrational coupling between them.
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The number and positions of the <D(Cd—C1)b modes are quite different

to those of ot ~(Bd‘;P)HgC1 exemplifying the subtle differences

2

in structure.

The wide wavenumber range of KD(Cd—Cl)b Ag modes (172-272 cm_l)

for d.-(Cy3P)CdCI can be explained by the very asymmetric nature

2
of the dimer units, having bridging bond lengths of 2.484, 2.522,
2.538 and 2.8032. For example, the high position of the 272 cm L
band can be associated with a particularly short Cd-Cl bond of

2~484X, while the longer Cd-Cl bonds will give rise to the lower’

wavenumber bands. ThekcorrespondingAbands in the infrared spectrum

do not, apparently, cover so wide a range.

The A (Cd=P) modes are difficult to locate. However the Raman band
at 152 t:m-'1 and the infrared band at 124 em L are possible

candidates.

In conclusion, the spectra of d.-(Cy3P)Cd01zakebest interpreted

in terms of a genuine tetrameric structure in contrast to those of

o= (Bu" P)HgCL which havebeen interpreted on the basis of a

2

distorted dimeric structure.

115



Figure 4.5 Far-infrared and Raman spectra of «-(CyzP)CdCl,

infrared (ca.300K)

278——
Nl 253—
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209——
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Table 4.5

Vibrational assignments for cc_-(Cy3P)CdCI2

1

Band position / cm Assignment
I.R. Ra

- A
279 D (cCd Cl)t e
278 , A(cd-c1) Au
272 A(cd-Cl), A
259 b g
253 Q(Cd-CI)b A
252 , ’Q(Cd-Cl)b Ag
229 N(cd-Cl), A
. b “u
228 ?D(Cd-c1)b Ag

209 : - (cd-cl), A
. b u
185 - ' Q(ca—cnb A
172 g

152 R (Cd~P). Ag

124 _ ~V(Cd-P) A
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4.3 Summary of structure/spectra correlations

The infrared spectra (and to a lesser extent the Raman spectra)

of (R3P)CdX complexes show features which are considered

2
characteristic of each of three structures shown, and these

are summarized as follows.

The halogen-bridged dimer structure is exemplified by
(EtBP)CdIZ, which exhibits the expected -{)(Cd-I)t mode around
160 <:m'-1 and the :D(Cd-I)b modes around 130 cm-1 in the

infrared spectrum.

The pentaco-ordinate polymeric structure has two sets each
of two bands in the infrared, which can be considered as due
largely to the movement of the shorter Cd-X bonds (at higher cm_l)

and the longer Cd-X bonds (at lower cm-l).

For example, in (MeZPhP)CdXZ:
-1 ' ~1
(Cd-X) s/cm (Cd-X) /cm X
258, 234 144 cl
188, 178 98 Br
168, 154 n.o. I

The spectra of a:—(Cy3P)CdCI2 can be interpreted on the basis
of a halogen-bridged tetrameric structure, with ZD(Cd—Cl)t

around 280 cm“-1 and 2)(Cd-Cl)b modes between 272 - 150 cm-l.
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4.4 Complexes of unknown structure

a) (ButsP)CdX2 [ X = Cl, Br or I] .

In all three infrared spectra (Figure 4.6) there are two groups
of bands below‘400 em  which progressively shift to lower
frequencies as X is changed from Cl to Br to I, and are
obviously metal-halogen stretching modes (bands below 100 cm-l
for the chloride are clearly deformation modes). The higher
wavenumber bands in all three spectra (290, 200 and 161 cm-l
for chloro-, bromo~ and iodo- derivatives respectively), arez
clearly assigned to the ;D(Cd~X)tBﬁ mode of a halogen-bridged
dimer (Table 4.6). The corresponding Ramap bands i)(Cd-X)tAg,

1

are located at.281, 200 and 160 cm - for the chloro-, bromo-

. and iodo- complexes respectively).

The lower wavenumber infrared absorption in each case, at

ca. 202 cm_l.(broad), 151 and 146 cm—l, and 127 cmf-1 for thé
chloride, bromide and iodide respectively, are in the usual
positions and show the expected shift for :)(Cd-X)b of a
halogen-bridged dimer (c.f. Section 1.4.4). In the Raman
spectrum, (Figure 4.7) bands at 208 (broad), 160 and 136 cﬁ-l
for the chloro-, bromo- and iodo- complexes respectively are

similarly assigned as being due to the coincidence of ;D(Cd-X)bA.g

and R)(Cd-X)ng modes. These results obtained are in good
accord with those of previous workers [ 36] , except that the
bands due to the the ZD(Cd-I)b modes in the infrared were

not previously observed.
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The spectra are thus readily interpreted in terms of a
halogen-bridged dimeric structure. Coincidence (or near
coincidence) of %)(Cd-x)b modes in the infrared and in the
" Raman spectra suggest near symmetrical bridging (c.f.

Section 4.2).

As found in previous studies on (R3P)CdX2 complexes, the
A (Cd-P) modes are very difficult to assign with any great

confidence.
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Figure 4.6 Far-infrared spectra of (BufP)CdX, (X=Cl,Brorl.) cz 30K,

X=ClI
X=Br
- - ~
X e 9 eop

300 200 , 100 cm'
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Figure 4.7 Raman spectra of (BugP)CdX, (X=Cl,Brorl.) ¢ a.70K.
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Table 4.6

. . . t
Vibrational assignments for (Bu 3P)CdX2 complexes [ X = Cl, Br or I] .

(em 1t

cl Br ' I

Assignment

I.R. Ra I.R. Ra I.R. Ra

290 200 161 A (Cd-x) ¢ B‘u

281 200 160 D(ca-x) Ag

202b 151 127 Q(Cd-—-X)b Au

and
146 B
: u

1208 160 136 R(Cd-X), Ag

and

B
- 8
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b) (Et,P)CdX, [ X = Cl or Br]_

The iodide derivative has been found crystallographically to be
an iodine-bridged dimer and its spectrum has been discussed in

an earlier Section (4.2.3).

The vibrational spectra of the chloride and bromide are shcown in
Figures 4.8 and 4.9 and Table 4.7 contains the wavenumber positions

and vibrational assignments.

The spectra of the chloride and bromide analogues (Figures 4.8

and 4.9) contain two groups of bénds which can be considered as

A (Cd—X) modes, as they show the expected halogen mass shifts,

but the patterns of bands are quite different to that of the iodide.
In fact, the positions of the bands arebnot compatible with dimeric
structures, but ére similar to thoée assigned for A) (Cd-X) in
(MezPhP)CdX2 [ X = Cl or Br] , andﬁare hence indicative of similar
polymeric structures. The close similarity between the spectra

of (EtBP)CdX2 and (MezPhP>CdX2 [‘X = Cl or Bf ] is illustrated

in Table 4.7 (c.f. also Figures 4.3, 4.4, 4.8 and 4.9).

Thus in each case the two higher wavenumber bands are attributed
to vibrational modes of the shorter Cd-X bonds of a pentaco-ordinate
polymeric structure and the lower wavenumber bands due to the

longer Cd-X bonds.

Similarly, in the Raman spectra, bands corresponding to those in

the (MezPhP)CdX for shorter Cd-X bonds are .observed at 246 and

2
100 cm L for the chloride and bromide respectively, but the lower
A (Cd=X) Raman bands were not distinguishable. Once again the

~(Cd-P) modes can be tentatively assigned and appear in the

infrared spectra at 110 cm_1 (chloride) and 100 cm-'1 (bromide).
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Figure 4.8 Far-infrared spectra of (Et3P)CdXy (X=Cl,Brorl), ca.30K.
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Figure 4.9 Raman spectra of (Et;P)CdXy (X=Cl,Br orl.), ¢ a.70K.
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Table 4.7

Vibrational assignments for (Et3P)CdX2 [ X =Cl or Br]

L3 L ] -1
in comparison with (MeZPhP)CdXZ [X = Cl or Br] (em 7).

(Et3P)Cd

Cl

(MeZPhP)CdCI

(Et3P)CdBr

(MeZPhP)CdBr

2 2 2 2 Assignments
I.R. Ra I.R. Ra I.R. Ra I.R. Ra
256 258 180 188 D (Cd-X)A,
237 234 170 178
246 259 164 182 Q(Cd-x) shy
240 176
140 144 100 98 R (Cd-X). A,
110 134 100 134 D (Cd-P)A
133 . 133 A (Cd-P)Ag
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¢) (MePh,P)CdX, [ x =c1or Br]

The iodide derivative was not obtained as all attempts gave the
2:1 stoichiometric complex. Identification of internal modes of
the ligand was facilitated by reference to an earlier study on

(MePh,P) Pdcl, [ 55].

The infrared spectra (Figure 4.10) show a =) (Cd-X) band pattern
similar to that of (Et3P)CdX2 [X = Cl or Br] (Figure 4;8) and
(MeZPhP)CdX2 [ X =Cl or.Br] (Figure 4.10),and hence are strongly
indicative of a pentaco-ordinate cadmium polymeric structure.

Thus the chloride derivative has two strong absorption bands at
256 and 242 cm-1 which are in the expected region of the

spectrum where R)(Cd-Cl) modes of the shorter Cd-Cl bonds appear,
and are accordingly assigned g)(Cd-Cl)sAu (Table 4.8). The
spectrum of the bromide contains a broad absorption band around

183 cm—l, again in the approximate position for the Z)(Cd--Br)sA.u

modes of the shorter Cd-Br bonds and also showing the expected
halogen-mass shift. On inspection of the Raman spectra (Figure 4.11)
it is evident that the chloride derivative has two weak bands at
263 and 253 cm_1 which appear to correspond to the 256 and 242 cm-l

infrared bands. However, the Raman spectrum of the bromide shows

two similar bands (264 and 255 cmfl), so the location of’ZZ)(Cd--Cl)sAg

is not clear. As there is no other plausible alternative, it is
suggested that ::)(Cd-Cl)SA.g is masked by internal ligand modes at

263 and 253 cm L.

The ZD(Cd--X)Ag Raman band for the bromide is found at 180 cm-l,

well clear of internal ligand modes.
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The infrared-active ) (Cd-X) modes due to the longer Cd-X
bonds of the polymeric structure are evident at 153 c:m_1
(chloride) and c a. 104 c:m-1 (bromide) and are assigned

D (Cd-X)lAu.

Raman bands at 153 (chloride) and 115 (bromide) cm-1 are
similarly assigned (Table 4.8). The ) (Cd-P) mode can be
tentatively located at 105 cm-1 (chloride) and 104 cm_1

(bromide) in the infrared spectra.

129



Figure4.10 Far-infrared spectra of (MePhyP)Cd X, ( X=Cl,Br orl.)c.a.30K.

X>= Br

183
104

300 200 100 cm"™'
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Figure 4.11 Raman spectra of (MePhyP)Cd X, (X=Cl,Br orl.) ca.70K.

300 200 100 cm”
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Table 4.8

Vibrational assignments (cm_l) for (MethP)CdX

2

[X=C1 or Br] .

Cl Br .

Assignments

I.R. Ra I.R. Ra
256 183 QD (Cd-%) A

242

263 180 2 (Cd-X) A
253 S8
153 104* 2 (Cd-X) .A
1u
153 11 cd-X) A
5 A ( )l .
105 104~ D (Cd-P)A_

b3 A(,(:l(len"o‘ co'\-\cdence, ..
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d) (Cy,P)CdX, [x=c1 (B- form), Br or 1],

An interpretation of the spectrum of cL—(Cy3P)CdC1 has already been

2
given in Section 4.2.c. However a second form of (CyBP)CdCl2
(designated the @ - isomer) has been reported in the literature

are refor\'el('ra‘ole_ 4.9)/
[37] s, i1ts major peaks[along with spectra for the bromide and iodide

. reported in Figure 4.12.

The B-(Cy3P)CdCI and the bromide and iodide derivatives give rise

2
to infrared and Raman spectra that contain 2 (cd-X) band patterns
typical of a halide-bridged dimer. This is clearly evident by
comparison of Figures 4.12 with Figures 4.1, 4.2 [(Et3P)Cdx2] and
4.6, 4.7 [(But3P)CdX2 s X =Cl, Br or I] . The assignments given

in Table 4.9 have been made on this basis, and are in agreement with

literature data [37].
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Figure 4,12 Far-infrared and Raman spectra of (CyéP)CdXz ca30kK
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Table 4.9

Vibrational assignments (cm—l) for

(Cy3P)CdX2 complexes

[X = Cl, Br or I]

* CL(B-Form). Br
Assignment
I.R. Ra I.R. Ra I.R. Ra
294 207 175 ~(Cd-X) B
293 170 SD(Cd-X)tAg
210 149 126 A (Cd-X). A
202 bu
and B
u
*
183 148 121 ~ (Cd-—X)bAg
and B
g

* Literature values
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CHAPTER 5

DISCUSSION OF FACTORS INFLUENCING THE STRUCTURES

OF SOME (RBP)nMXZ COMPLEXES

[M=Hg, CdorZn; n=1o0r 2; X=Cl, Br or.IJ.
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5.1 Introduction

Discussion of the factors influencing the final solid-state
structures of the mercury and cadmium complexes will involve

the following criteria:

(i) the nature of the halogen atom;
(1ii) the nature of the metal;

(iii) the nature of the R_P ligand.

3

The nature of the halogen atom and the metal will be discussed
at the éppropriate paft of the discussion, however it will be
useful to discuss initially the donor properties of the R3P
ligands (Section 5.2).
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5.2 Donor Properties of R_P ligands

3

Donor properties of R3P ligands are expected to be related to the
following parameters:
(1) Taft constants (}: &*) [ 56] - which are purely electronic

in origin arising from the inductive effects of R- substituents.

(ii) Basicity values (pl(a) [56] - experimentally determined
values of the extent of interaction between R3P and a proton' in

aqueous solution.

(iii) Cone angle ©) [57] - a steric parameter which is a
measure of the degree of congestion around the bonding face of

phosphorus.

The orders of donor sfrengths predicted for the R3P ligands under

study from the various parameters are as follows:
(i) pKa values:
Cy3P(9.70) > Et3P(8.69) = MezEtP(8.62) QMeBP(B.BS)
=~ BulP(8.64) > Me,PhP(6.49 ) == PhsP(2.73)

(ii) Taft constants:

Cy4P(-0.45) =>Bu"4P(-0.39) = Et,P(-0.30) = Me,EtP(0.10)
= Me 5P.(0.00) >Me2PhP(0.60) >MePh2P(+1.20)
=Ph,P(+1.80)

(iii) Conme angle (°):
Me ,P(118) == Me,PhP (122) = Et,P(132)

=~ Bun3P(132) - MePhZP(136) - Ph3P (145)

=T P P(162) > Cy3P(170) = But3P(18O) .
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3P ligands have been obtained [56] s

and Figure 5.1 shows the values plotted against Taft constants.

The pka values for a range of R

This plot shows that the donor strength of the R_P ligands predicted

3

from Taft constants and pKa values correlate reasonably well.

Tolman [57] in relating structural, spectroscopic and equilibria
data, and stressed that electronic and steric effects §f these

R3P ligands are iﬁter-relgted. In support of this, Mann [ 58]
found that 31P chemical shifts of tertiary phosphines could not be
correlated simply with the electronegativity of the substitienfs
joined to the phosphorus. It was concluded that steric effects

(as identified by variations in C~P-C angles) played a significant

role.

Further information on the relative donor strengths of R_P ligands

3
has been afforded by a study of the enthalpies of ligation (AHL)
of phosphines with mercury (II) halides in benzene solution [ 59] .
It was found that for a particular halide, the AHT_. values
(determined at 20°C) correlated reasonébly well with Taft constants

(Figure 5.2), substantiating the relative donor strengths of these

R3P ligands as predicted by Taft constants.
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Figure 5.1 Plot of pka of R3P ligand in HoO vs Taft constant LoV
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Figure 5.2 Correlation between AH; and I &%
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5.3 Solid-state structures of (R3P)2HgX complexes

2

5.3.1 Discussion of previous (RSP)ZHgX complexes

2

The crystal structures of the (R3P)2HgX complexes [X = Cl, Br or I] R

2
are all known to be monomeric but with varying degrees of distortion
from regular tetrahedral geometry (Section 1.3.3). The structures
have been rationaliséd in terms of a competition between the
phosphines and halogens for bonding about mercury, and a tendency
towards characteristic digonal co-ordination [ 14] . Nyholm

[ 60jr and Orgel [ 61] explained the latter characteristic in terms

of the small 5d!

0-’ 5d96s separation of mercury, which allows dZZ
and s orbitals to mix to form ds hybrids which have strong z-

directional character (i.e. linear). Two electrons can be placed
into each ds hybrid orbital so formed and strong electron density

will develop along the + z and - z directions hence favouring linear

two co-ordination.

From a consideration of the structural parameters (Table 5.1), a
competition of the ligands for the bonding around mercury is
indicated. Thus in the complexes having the largest P-Hg-P angles,
there is an accompanying percentage increase in the Hg—Ci bond |

lengths. The shorter Hg-P bond lengths in the Et,P complex compared

3
with the values observed in the Bu?a? complex is in accordance with
the predicted stronger & —donor strength of the former ligand.

This has been rationalised [14] in terms of the stronger ¢ —donor

ligand tending to achieve a more linear P-Hg-P arrangement at the

expense of the halide.
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The larger P-Hg-P angle found in (EtsP)ZHgCI compared with that

2
in (MezEtP)ZHgBrz, suggests that the nature of the halogen also has
an influence on the geometry of these complexes. Table 5.1 contains

structural data on a wide range of (Ph3P)2HgX complexes

2

(X = c1, I, CF., CN, SCN, ONO,) which indicate that the X groups

3
appear to compete with the phosphorus in bonding around the mercury.
Thus when X is a strongly <& -bonding group (e.g. CF3) the X-Hg-X
grouping'tends towards a linear arrangement, with the Hg-P bond
lengths being relatively long. However, when X is a weaker o —domor

(such as ONOZ), the X-Hg-X angle decreases substantially.and the

Hg-P bonds become shorter.

Solution phase n.m.r. data [ 62—66] complement the solid-phase
observations (Table 5.2). For similar RgP ligands, l.I(I-IgP) values for these

(RBP) oHgX, complexes decrease in the sequence of X: Cl-wBr— I

2
and are higher for complexes involving the stronger P-Hg-P
interactions. Expressing the I (HgP) coupling constants for the

(R3P) 2HgBr: series as proportions of the values of the corresponding

2

chlorides [ 14] , then the variation with R3P is :

Ph3P (0.88) < BuPhZP (0.89) < BuzPhP (0.92)
<Et3P 0.946) < Bu,P (0.94) < ‘CyqP (0.94)

<‘Me2EtP (0.99).
with the iodidé derivatives:
Ph,P (0.65)< Bu,PhP (0.74) < Et,P(0.79)

< Bu3P 0.81) < Cy3P (0.82)<< MeZEtP (0.85).

These results indicate that as the & -donor strength of the phosphine
increases so it takes a more dominant role in the bonding about

mercury at the expense of the halide.
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Table 5.2 N.m.r. parameters for some (RBP)ZHgXZ adducts [6 ]

Complex Solvent Temp/ °c £®)/Hz & (Hg) /Hz 1J (HgP)Hz
(Buan)zHgCIZ CDCl, 20 28.9 =409 - 5125
" HgBr,  CDCl, 20 23.9 -476 4829
" Hel, cpel, 20 9.3 -722 4089
(EtBP)ZHgCIZ CH,CL, 30 37.1 =409 5067
" -
HgBr, CH,CL, 30 30.9 470 4788
11] -
- Hgl, CH,C1, 30 16.8 4004
(MezEtP)ggc12 CDCl, =30 16.0 =497 5606
" HgBr,  CDCl, -30 14.1 -504 5560
" Hel, CDCl, -30 3.2 -555 4778
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5.3.2 Discussion of the molecular structure of (Ph3P)2HgC12

(Ph3P)2Hg01 is a monomer with a large P-Hg-P angle (Table 5.1).

2
This angle is strikingly different to that in (PhBP)ZHgI

2
(135.2(4) compared to 108.95(4)°) illustrating the influence of
the halogen upon the extent of the tetrahedral distortion. Of the
two halogens, it appears that it is the sterically larger ibdine,
that forms the stronger & -bonds with mercury, thereby giving
_rise to a smaller P-Hg-P bond angle. The stronger P-Hg-P

interaction in (Ph3P)2HgI is also indicated.by the shorter

2
Hg-P bond lengths.

Considering the (R3P)2HgX2 structures in the general context of

L2HgX2 cémplexes two separate mercury-ligand interactions are

evident:

(i) With the weaker interactions e.g. in (Py)ZHgCI2 [ 67] ’
(Phenoxathiin)zﬁgCI2 [68] and (CHSOH)ZHgCI2 [ 69] , the complexes
all contain virtually undistorted HgCl2 units which are weakly
attached to two donor ligands. Additional Hg-Cl contacts between
the monomers result in polymeric arrangements with the mercury

atoms in distorted octahedral environments.

(ii) With the stronger interactions of sulphur- or phosphorus-donor
ligands, the resulting monomeric structures range from the
undistorted tetrahedral (Ph3P)2Hg12[ 6] , through the distorted
tetrahedral arrangements.found in the stronger R3P complexes
?[7,8,14]' , to an arrangement in which the donor-ligands appear

to displace the halogen atoms and adopt digonal co-ordination about
Mercury e.g. (thiosemicarbazide)2Hg012 [ 70] . In (thiourea)ZHgCl2
[71] for example one chlorine atom has actually been displaced

resulting in an ionic structure consisting of [(tu)zHgCI] * and c1” ions.
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Finally, it has been shown [ 14] (Section 1.3.5) that the

wavenumber positions of ) (Hg-X) modes for the (R3P)2HgX2

monomers reflect the stereochemistry, and -~J(Hg-X) modes may be
found within a range of wavenumbers viz. 160-240, 110-166 and
90 - 140 cm,-1 for chloro-, bromo- and iodo complexes, respectively.

The X (Hg-X) modes which occur at the lower wavenumber ends of
]
these ranges indicate larger P-Hg-P angles and longer Hg-X

bonds. Chapter 2 contains spectroscopic data for (Cy3P)2HgC12
which are re-interpreted with the knowledge of the above K
relationship. In view of the (Hg-X) positions (Section 2.4)

the geometry of (Cy3P)2HgCl2 can be considered similar to that of

(Bun3P)2HgCI which in turn indicates similar P-Hg-P interactioms.

2’
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5.4 Solid-state structures of (R3P)HgX complexes

2

5.4.1 Discussion of previous (R3P)HgX2 compléxes-

The solid-state structures of (R3P)HgX2 complexes (Section 1.3.2)
range from a discrete dimer, through a loosely held tetramer
. to various polymeric structures, all formed by varied extents
of halogen bridging. It has bgen suggested [ 14] that these
results can be rationalised in terms of a reaction pathway
involving the following steps:

(i) An intial Hg-P interaction in solution, whereby the R_P

3

ligand approaches the HgX2 unit. The degree of Hg~P interaction

may be related to the donor strength of R3P.
(ii) The formation of a stable solution-phase species which

from limited data, [76—79] » appears to be a halogen-bridged dimer.

(iii) The final step of the pathway is crystallisation, and
structural data for selected (R3P)Hg012 complexes are summarised

in Table 5.3.

The feature most worthy of note is the variation of the

Cls-Hg-P angle. The value of this angle varies frém 127.8(5)o

[ (epymget, ] to 162.11)° [ (MeP)HgCL, | and may be related to
the nature of the initial Hg~P interaction. Thus as the donor '
strength of the phosphine increases so a more linear Cls-Hg-P
arrangement is adopted, with the phosphine progressively replacing
one of the two chlorine atoms. The increasing Cls-Hg-P angle
given in Table 5.3 correlates well with the predicted order of

donor strengths of the relevant R_P ligands (Section 5.1):

3
TPP < PhP < Et,p < BunB‘P <ie,p.
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However, the data can also be interpreted in terms of differing

cone angles for the R_P ligands. Thus the extent of association

3
has been related to the size of the phosphine ligand [57] and to

help resolve the relative importance of steric factors and donor

strengths, the tricyclohexyl complex (CyBP)HgCl2 has been

investigated. Cy3P is a 'bulky' ligand (cone angle = 170°) and

is known from various data, including AHL, 31P nmr to be a

strong donor. In contrast to the small, strong o —donating Et3P
and Me3P ligands, Cy3P is a bulky yet stronger < -donor and this

combination has led to the structural determination ofa(Cy3P)HgClz.

5.4.2 Discussion of the structure ofq.-(_CySP)HgCI2

The crystal structure ofg{Cy3P)HgCl shows the presence of two

2
independent chlorine-~bridged dimers (Section 2.2). Relevant bond

angles and distances for these dimers are given in Table 5.3.

If only donor strength were considered to be important, one would
expect the Cls-Hg—P angle to lie in the range observed for theT
Buan or Et3P complexes (145-151°). It is surprising therefore to
find that the two independent dimers have ClS-Hg—P angles of

139.6(2) and 132.0(1)°. Not only are the values smaller than might
be expected but:the two angles are also very significantly different.
To examine what factors may be important in the understanding of

these differences, the two independent dimers have been more

closely examined.

Figures 5.3 and 5.4 show parts of the two dimers including the
nearest intra— and inter- dimer hydrogen contacts. The related
bond distances and angles are summarised in Table 5.4. The nearest

Cl---H contacts are those within the dimer molecules themselves,
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Figure 5.3 (CyaP)HgCly - Diagram of half of the dimeric

ynit involving Hgl.

oz .M‘S.:i__;, \ mzs‘m T cree
H13
T e
| | o
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£L12’ Hal m. s
cL
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Figure 5.4 ‘(C'y3P)"HgC.'I2.-Diagr:a'm of half of the dimeric

unit involving Hg2,

H31
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Table 5.4 Structural data for (Cy3P)HgC1

2

a) Bond distances/g

Hgl

Hgl

Hgl

Hgl

Pl

Pl

P1
*c1(11)
*c1(12)

ci(i2'

b) Bond angles/o

C1(11)
C1(11)
C1(12)
C1(11)

€C1(12)

C1(12') - Hgl

C1(11) = 2.413(3) Hg2 - C1(21) = 2.391(5)
C1(12) = 2.778(3) Hg2 - C1(22) = 2.642(4)
C1(12')= 2.599(3) Hg2 - 01(22") = 2.665(5)
Pl. = 2.412(3) Hg2 - P2 = 2.416(3)
Clll = 1.853(14) P2 .- C211 = 1.839(10)
C121 = 1.849(11) P2 - C221 = 1.827(17)
€131 = 1.830(10) P2 - C231 = 1.825(11)-
S—H4 = 2.899 *cl1(21)---H18 = 2.850
-—H59 = 2,911 C1(22)---H66" = 2.78a
)--H24 = 2.803 C1(22'")--H66 = 2,784
C1(22)---H43 = 2.835
* Intermolecular |
- Hgl - C1(12) = 106.1(1) C1(21) - Hq2 - C1(22) = 95.2(2)
- Hgl - C1(12')= 101.5(1) C1(21) - Hgq2 = C1(22")= 92.6(3)
- Hgl = C1(12')= 85.9(1) C1(22) - Hq2 - C1(22")= 84.1(2)
- Hgl - P1 = 132.0(1) C1(21) - Hg2 - P2 =139.6(2)
- Hgl =Pl = 99.8(1) C1(22) - Hg2 - P2 =111.8(1)
- P1 = 120.3(1) C1(22')--Hg2 - P2 =108.6(1)
Clll - P1 - C121 = 105.5(6) €211 - P2 = €221 = 107.5(6)
C111 - P1 - C131 = 110.9(5) €211 - P2 - €231 = 107.8(5)
Cl21 - P1 - C131 = 108.7(5) €221 - P2 - €231 = 111.8(6)
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and these distances (Table 5.4) are within the sum of the van der
Waal s' radii for chlorine and hydrogen ( 2.8 - 3.08). It appears
that the differing Cls-Hg-P angles can be attributed to
differences in the Cl-—-H intradimer interactions in each of the
two dimers. The fact that the Hg-P bond lengths in both dimers
(2.412(3) and 2.416(3)2) and the C-P-C angles of the ligands are
similar (Table 5.4), indicates that the cyclohexylphosﬁhine—

mercury interactions are similar in the two dimers.

In the near symmetrical dimer (Figure 5.4), the Clb-HgvP angles
are very similar and lie close to a regular tetrahedral value
[111.8(1) and 108.6(1) for C1(22)-Hg-P2 and C1(22')-Hg2-P2 ] .

In contrast, the analogous anglés in the unsymmetrical dimer
(Figure 5.3), are very different to each other [99.8(1)o compared
to 120.3(1)° for C1(12)-Hgl-Pl and C1(12')-Hgl-P1] . In both

dimers the larger Cl -Hg-P angle is associated with the shorter of

b
the two Hg—Clb distances. It is possible therefore that both the
Clb-Hg—P angle of 120.3(1)° and the smaller Cls-ngP angle foun&

in the asymmetrical dimer, both reflect an attempt to relieve

steric strain within the dimer. The origin of the differing strains
in the two dimers can be seen by reference to Figures 5.5 and

5.6, which show projections down the respective Hg-P bonds. .It

can be seen that the nature.of the short Clb-—H interactions are
subtly different. In the case of the near symmetrical dimer the
cyclohexyl groups are so arrangedAas to give rise to close Cle--H
interactions of (C1(22')---H66, C1(22)---H43). The reduction of

these steric interactions can be achieved by rotation of the Cy3P

group about the P2-Hg2 bond. In the asymmetric dimer unit the
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Figure 5.5 View down Hg1=-P1 for(CysP)HgCly.
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Figure5.6' View down Hg2-P2 : for (CyzP)HgCla.
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orientation of the cyclohexyl rings gives rise to only ome Cly -—— H
close contact (Cl(12')---H24). The orientation of C1(12') and H24
is such that a reduction in the steric interaction can be achieved
by increase of the C1(12')-Hgl-Pl bond angle. Indeed the

resulting angle is 120.3(1)0, and is accompanied by a small
C1(11)-Hgl-P1l angle of 132.0(1)°. The Cl -Hg-P angle of 139.6(2)°
found in the near symmetrical dimer can be envisaged as a more
'unstrained' value. While difference between the ClS-Hg-P

angles in the two dimers has been discussed, both these angles are
smaller than that expected for a strong donor ligand. It appears
that the 'bulky' nature of the Cy3P ligand and the inflexibility of
the cyclohexyl rings, sterically inhibits the opening up of the

Cls—Hg-P angle beyond 139.60,
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5.5 Structural studies on some (R3P)2CdX complexes

2

Spectroscopic data (infrared) on the (R3P)ZCdX2 complexes suggest
that the structures are all tetrahedral monomers. (Ph3P)2CdC12
adopts a monomeric tetrahedral structure [33] and the number of

modes predicted from point group analysis (CZV) is as follows:

D (Cd-X)
~(Cd-p)

Al(I.R.,Ra) + Bl(I.R.,Ra)'

A (1.R.3Ra) + B,(I.R.,Ra)
The assignments of bands found in the sélid-state far-infrared :

spectra of various (RBP)ZCdX complexes are tabulated in Table 5.5.

2
(Analytical data are containeéd in Appendix A.5).

The positions of both the :)(Cd-X)s and ZD(Cd-X)as stretching modes

for the complexes (R3P)ZCdX2(R3P = Ph_P, MéPHzP; X = Br, I)

3
differ by about 10 cm'-l from the analogous (Et3P)2CJX2‘comp1exes.

In the comparable (R3P)2HgBr complexes the differences were about

2
23 cm-l, which in turn was related to the differing P-Hg-P angles
" and Hg-Br bond distances (Section 1.3.3). The more limited

spectroscopic data within these (RBP)'Z‘CdX2 complexes do not afford

 definite evidence of similar structural variatioms.
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Table 5.5

Far-infrared assignments for some (R3P)2CdX2 complexes

ca. room temperature

Complex : (Cd—X)s/cm-1 (Cd--X)aS/cxn-'1
(PhBP)ZCdCI2 268 261
(Ph3P)ZCdBr2 198 176
(PhBP)ZCdI2, 166 : 144
(MePhZP) 2CdBl"2 200 183
(MePhZP)ZC(‘lI.2 . 163 146
(Et3E)ZCdBr2. 186 . 168
(EtBP)ZCdI2 _ 156 135
(Cy,P) ,0dCL, *260 *260

* broad band
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5.6 Solid-state structures of (R3P)CdX complexes

2

In order to rationalise the factors which influence the co-ordination
behaviour and final structural arrangements adopted in the solid-state,
the initial Cd-P interaction in solution and the stable solution-

phase species need to be discussed:

(i) The initial Cd-P interaction in solution

The extent of the initial Cd-P interaction in solution may be
related to the donor properties of the R3P ligands (Section 5.1).

The order of donor strengths of the R_,P ligands studied in the

3
(R3P)CdX2 complexes is as follows:

n Pasd
Bu3P & Cyp <{EtP < Me,PhP < MePh,P

Although data is limited, it seems reasonable to assume that the

P are similar to that of BungP and Cy3P

donor properties of Bd;a

(Section 5.1).

(ii) Stable solution-phase species:-

Solution phase data on these (RBP)CdX complexes is limited,

2
reflecting their low solubility in solvents suitable for

spectroscopic studies. However, the limited data available do

suggest the stable solution phase to be dimeric.

. t
a) Far-infrared spectra of (Bu.3'P)CdCl2 in dibromomethane and

(MezPhP)CdI in dichloromethane:-

2

The far-infrared spectra together with vibrational assignments are
shown in Figure 5.7. By comparison with the solid-state assignments
(Section 4.2.b-and 4.4.a) the present spectra suggest the presence

of halogen-bridged dimers. The Z)(Cd-X)t mode 1s assigned to the
bands at 284 and 170 cm_1 for the chloride and iodide complexes
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Figure5.7 Far-infrared spectra of (BugP)Cdx, complexes in solution

—

lcd-cl), X=Cl/in CHyBrp

400 300 - 200

X =I/in CH20|2

250 200 50



respectively. The two -:D(Cd--Cl)b modes appear at 208 cm-'1 for

(But3P)Cd01 however, the ‘D(Cd-I)b modes of (MezPhP)CdI are

2? 2

not observed due to the unsuitability of the solvent in the

wavenumber range where the modes are expected.

b) 1H and 31P n.m.r. spectra of (ButsP)CdX2 (X = Cl, Br or I)
complexes
31

P n.m.r. spectra have been recorded using CHZCIZ/CDZCI2 (80/20)
as solvent. The chemical shift, & (31P), and coupling constan%s,

1llch)’ lJ(113CdP) and lJ(113/111

1J( cdp), Sh(lH) and 3J(P-H) were
recorded at room temperature and are listed in Table 5.6. These
results agree with those observed by Goel et al.[36] and the
1J(CdB) values are those expected for a halogen-bridged dimeric

arrangement.
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Table 5.6

Various n.m.r. parameters for (But3P)CdX2 complexes

Complex Gley dMeary L MPeary LB Meary dwy Greem
ppm /Hz /Bz /Hz /ppm /Hz
(But;p)cdcl,  68.7 2170 2271 1,046 1.57  14.0
(But3P)CdBr2 ©62.9 2012 2104 1.046 1.59 13.9
(Bu®,p)cdr, 48.3 1742 1821 1.046 1.63  .13.7
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¢) Relative molecular mass determinations for

(But3P)CdX (X = C1, Br or I).

2’

The relative molecular mass determinations obtained in CH2C12 [36]

indicate that each compound is essentially dimeric in solution.

(1iii) Solid-state structures of (RBP)CdX complexes

2

The solid-state structures obtained have been given in Chapter 3

and are summarised in Table 5.7.

The latter contains structures obtained from X-ray analysis and
also structures that have been inferred from spectroscopic studies.

(far-infrared, Raman).

There appear to be two major factors which influence the structures
adopted in the solid-state:
a) the nature of the phosphine;

b) the nature of the halogen.

a) Role of the tertiary phosphine:

It appears that the tertiary phosphines thought to be the weaker
donors give rise to the more extended structures. The stronger
‘donating phosphines give rise to less extended structures, with

4,.(Cy3P)Cd01 being tetrameric and (But;QCdCl being a dimeric

2 2

structure.

A similar trend is seen in the two iodide complexes studied, with

(EtBP)CdI2 being found to be dimeric while (MezPhP)CdI adopts a

2
polymeric arrangement in the solid-state. The influence of the
differing phosphines upon the structures adopted in the solid-state

can be readily rationlised in terms of the "Pauling Electroneutrality

Principle" [79] . Thus, in the case of those complexes which contain
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stronger donor-phosphine ligands (e.g. (But3P)CdC12), sufficient
electron density is donated to cadmium by the phosphine as to
require only a tetraco-ordinate dimeric species to be formed.

If, however the amount of electron density donated by the phosphine

is reduced (as for example in (EtBP)CdC1 and (MeZPhP)CdC12) the

2
cadmium obtains the extra electron density required to neutralise
its positive charge by forming pentaco-ordinate polymeric

structures.

In.dr(GyBP)Cd01 a tetrameric arrangement is adopted with cadmium

2
occupying both pentaw-and tetraco- ordinate environments. Such a
structural arrangement can be easily correlated with the intermediate

donor strength of Cy3P compared with Bﬁ‘EP, MeZPhP, and Et3P.

b) Role of the halogen

The relative donmor strengths of the halogen atoms is indicated by

comparison of the log Kl:values [80] for the following reaction:

ca® + X —» cax’ +®'
+] [+ :
L= [Cd§+] [5"] (K = stepwise stability
[Cd ] [HX] constant)

0

logk, X Temp/ C

2.00 Cl 18

2.17 Br 18

2.42 I 18

Thus the donor strengths of the halogens increase from chlorine

to bromine to iodine.
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The order of donor strengths of the halogen atoms can be used to
rationalise the influence of the halogen upon the structures

of the (R3P)Cdx complexes in the solid state. The weaker

2
donating halogens give rise to the more extented pentaco-
ordinate structures e.g. (EtsP)CdX2 [X = Cl,»Br] , Whereas
the stronger donating iodine gives rise to the less -extended

iodine-bridged dimer. Similarly while d.-(CyBP)CdCI adopts a

2
tetrameric structure, the bromide and iodide derivatives are
dimeric. Thus the electron density donated by the stronger donor
halogen is sufficient as to require only a tetraco-ordinate dimeric

species to be formed. When the electron density donated by the

halogen is decreased, a more-extended structure is formed.

Even in the complexes (MezPhP)CdX2 (X = C1, Br or I) where all three
complexes adopt a pentaco-ordinate polymeric arrangement, the influence
of the relative donor strengths of the halogen can be seen.

Differences between the average Cd-Xt bond distance and the average

Cd--Xb distance are given in Table 5.8. If the donor strengths of

Yoy ~ (CdE),y

the three halogens were the same, the related (Cd-Xb
values would be expected to be similar. However, the values are
found to increase from Cl to Br to I and in addition, the Cd-Xt
values become closer to the sum of the covalent radii as the atomic
number of X increases. These observations suggest that iodine is
much more localised with one cadmium atom compared with the lighter
halogens. Thus, of the hglogens, it is chlorine that most readily

facilitates bridging between R3PCdX2 units.
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Table 5.8 Comparison of geometries of (MezPhP)CdXZ‘

complexes (X = Cl, Br or I)

IANRYARVAY
e

(o)
X Cax /A cax /R (Cax),. sum 2f
‘ A -(Cd-X ) cov?.ent A - B
t’AV, radii
/R ca-x/&
B
Ave
Cl  2.745 2,481 0.25 2.44  0,041,0.057,0.049
2.734  2.497
Br  2.918  2.569 0.33 2.55  0.019,0.053,0.036
2.914  2.603 .
I 3.242  2.768 0.459 2.74  0.028,0.019,0.023

3.201 2.759
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5.7 An overview of the solid-state structures of (RBP)MX2

complexes [M = Cd, Hg or Zn; X = Cl, Br or I]ﬁ.

The solid-state structures for these complexes as determined by
X-ray analysis and spectroscopic techniques are summarised in

Table 5. 9.

a) (R3P)CdX2 complexes

When the (R3P)CdX2 systems are considered in the general context of

(L)CdX, complexes, the following trends may be seen:

2
(i) Weaker ligands, for example those containing N- and O- donor

atoms give rise to double-éhain structures (Section 1.4.2). The

small amount of electron density donated by these weaker donors

requires cadmium to adopt an octahedral co-ordination.

(ii) With stronger donor ligands such as tertiary phosphine ligands,
the co-ordination number about cadmium falls from six to five and/or

four. The structures range from the pentaco-ordinate polymeric

structures for the weaker donating Me,PhP ligand to the tetraco-

2

ordinate dimeric structures found in the stronger donor phosphine

complexes (e.g. (Et3P)CdIZ).

b) (R3P)HgX complexes

2

The range'of structures adopted in the (R3P)Hg01 complexes may be

2

rationalised in a similar way to that given above for the cadmium

complexes. As with the (R3P)CdX complexes, the stronger donating

2
phosphines give rise to less-extended structures. The most extended
structures are the dimeric arrangements as.found for example in

‘n
(TPP)HgCl,, (Ph,P)HgCl,, (Cy,P)HgCl,, (P =Bu’3P)HgCl,.
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Even the 'suggested polymeric' (Et3P)HgCI2 and 'tetrameric'

(a=Bu™4P)HgCl, structures can be described in terms of loosely linked

2
dimers. With the strongest donating phosphines, the structures
obtained are even less extended with an ionic structure found in

(MeBP)HgCI and suggested for (MezEtP)HgX2 complexes.

2

The influence of the differing phosphines upon the resulting
(RBP)HgX2 structures adopted in the solid-state can be rationalised
in terms of the "Pauling Electroneutrality Principle'. Thus,
complexes which contain strongerfdonor ligands (e.g. (MeBP)HgCIQ),
have sufficient electron density donated to mercury by the phosphine

+
and leads to the formation of an ionic structure, [ME P-Hg-Cl]

3
+Cl ., However, when the amount of electron density is reduced the

additional electron density required by mercury is obtained by

forming the tetraco-ordinate dimeric structure.

c) V(RBP)ZnX complexes

2

Very few (R3P)ZnX complexes have been authenticated and most of

2
the phosphine ligands form the 2:1 stoichiometric complexes. The
only authenticated 1l:1 zinc complexes reported are the (But3P)ZnX2
complexes [36] (X = Cl, Br or I). These have been inferred, from
spectroscopic studies, to be halogen-bridged dimers in the

solid-state. The difficulty in preparing 1:1 (R3P)ZnX complexes

2
can be explained in terms of the electroneutrality principle.

The only 1l:1 zinc complexes reported are found by the reaction of
zinc dihalides with the strongly donating BUF3P ligand. The
extensive donatioﬁ of electron density onto the metal enables the
formation of stable 1:1 complexes, However, with the‘weaker.RBP

ligands (e.g. Ph3P) the positive charge on the zinc is.not
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satisfied by the presence of just one phosphine ligand: and the

2:1 complexes (R3P)22nX are preferentially formed.

2
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Summary and suggestions for future work

It has been shown that for the various (R3P)MX2 complexes

[M = Zn, Cd, Hg; X = Cl, Br or I] a range of structures exists

in the solid-state with varying extents of halogen bridging between
the '(R3P)MX2' units. The exéct range of structures established
depends on the nature of the metal:~

(R3P)Han complexes: range from 'ionic' monomeric type structures,
l-

e.g. [M£3PHgCI] +Cl-, to the tetraco-ordinate halogen-bridged

dimers:i-(Cy3P)HgClz, (TPP)HgCl2 and (Ph3P)Hg012.

_ (RBP)CdX complexes: range from a halogen-bridged dimeric stucture,

2

(EtsP)CdIZ, through a halogen-bridged tetrameric structure,

oL—(Cy3P)CdC1 to pentaco-ordinate polymeric structures as in

2’
(Me,PhP)CdK, (X = Cl, Br or I).

(R,P)ZnX, complexes: the only spectroscopically authenticated
3

2

structure is the halogen-bridged dimeric complex, (But3P)ZnX2;

X =Cl, Br or I.

The changes in structure for a given metal may be related to the
donor properties of the ligands and the varying extents of the

M~P interactions. A rationalisation of the structures found is that

the stronger donating R_P ligands give rise to the less extended

3

structures and that for a given R_P ligand the donor-acceptor

3

interaction decreases in the sequence Hg>Cd>Zn.

Thus, complexes containing the stronger-donor ligands have sufficient
electron density donated to the metal by the phosphine which leads to
the formation of the less extended structures. However, when the

amount of electron density donated by the phosphine is reduced, the
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additional electron density "required" by the metal is obtained

by forming the more extended structures through a greater extent
of halogen-bridging. The less extended range of structures in the'
mercury series compared to the range found in the cadmium series,
and the fact that the majorify of the zinc complexes formed are

of the 2:1 stoichiometry, is attributed to the decreased M-P

interaction.

Although (MeBP)HgCI is aﬁ ionic type complex in the solid-state,

2

there is no information on the equivalent (Me3P)CdX complexes. :

2
It would thus be particularly interesting to study the cadmium
series, by spectroscopy initially and then the possibility of

X-ray structural analysis, to investigate whether or not similar

structures are formed.

The nature of the halogen atoms plays an important role in the
adopted structures of these (R3P)MX2 complexes. The structural -

work on (R3P)CdX complexes, for example where R,P = Et3P,

2 3
has shown that for a given phosphine, the more covalent Cd-I bonding
gives rise to the less extended iodine-bridged dimer and the chloride

gives rise to a more extended pentaco-ordinate structure.

However, no actual X-ray structural evidence has been obtained to
suggest a similar structural variation with changing halogen for

the (R3P)HgX2 complexes.

Thus a programme of crystallographic studies, especially of selected

(R3P)HgI2 complexes needs to be carried out.

In the formation of the (R3P)Hg01 complexes, the Cls-Hg-P'angles

2
vary significantly with the nature of the phosphine ligand. The
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stronger donating phosphine ligands (e.g. Me,P and Et3P) give

3
rise to a more linear Cls-Hg—P angle, reflecting the characteristic
linear two co-ordination found in many mercury complexes. For

the (Cy3P)HgC1 complex the resulting ClS-Hg—P of each of the two

2
independent dimeric units present are significantly smaller than
expected for a complex containing the strongly donating Cy3P ligand.
This may be attributed to the 'bulky' nature of Cy3P and the
inflexibility of the cyclohexyl rings, sterically inhibiting the

opening up of the ClS—Hg—P angles.

The structure spectra correlations for the (R3P)CdX complexes has

2
allowed structure/ X (Cd-X) mode position relationships to be

applied to a number of related complexes of otherwise unknown

structure:
(But'3P)CdX2 (X = Cl, Br or I) discrete halogen-
(Cy3P)CdX2 (X = Bform Cl1l, Br or I) bridged dimers
(Et3P)CdX2 (X = Cl or Br) pentaco~ordinate
(MePhZP)CdX2 (X = Cl1 or Br) polymefs

The location of R (Cd-P) modes has been difficult due to the
interference of the ‘internal ligand modes, and most assignments have

been very tentative.

The structure/spectra correlations for the (R3P)HgX complexes have

2

been extended. A particularly interesting case is that of

(Cy3P)HgCl where the spectra, préviously interpreted in terms of a

2
distorted dimer structure, can only be properly interpreted on the
basis of the presence of two separate dimers found in the solid-state

structure. However, while the rationalisation of the structures of
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the (R3P)HgX complexes indicates that all of them, except for

2

(MesP)HgCI , are some form of a halogen bridged dimer in the

2
solid-state, their spectra are not very easily interpreted on this
basis. Thus the whole question of whether some of these (R3P)HgC12
structures are actual polymers or just different forms of loosely
held dimers needs thorough investigation. The spectra of these

(R3P)HgX complexes needs a major re-interpretation with particular

2

attention being paid to the nature and position of the suggested

;)(Hg—X)b modes.

In the 2:1 complexes, (R3P)2HgX2, the X and R_P groups compete for

3

the bonding about mercury. A number of (R3P%?g01 complexes consist

2
of extremely distorted tetraco-ordinate monomers. The degree of
distortion is shown by the large size of the P-Hg-P angle, which varies

in the order:

(Et,P) 2ch12> (B3 P) 2Hg012> (Ph4P)HgCl,

The variation may be explained by the stronger donating R3P ligand
competing more effectively than the chlorine atoms for accommodation
around mercury in a digonal arrangement. Comparison of the geometries

of (Ph3P)2Hg01 and (Ph3P)2HgI2 shows that the P-Hg-P angles are

2
strikingly different. The larger angle 135.2(4)°  is formed when the
halogen is the smaller, weaker o - donor bonding chlorine compared

with the iodide 108.95(4)o . This again shows the importance of

the linear o-bonding at mercury.

The < (Hg-X) modes located in the infrared and Raman spectra of these

(R3P)2HgX monomers show a dependence upon the Hg-X bond lengths. -

2
The < (Hg~X) modes are found within the ranges of wavenumbers viz

160-240, 110-166 and 90-140 em~l for the chloro-, bromo—- and iodo-

complexes respectively, where the lower wavenumber ends of these ranges
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correspond to the longer Hg-X bonds. It is also found that the

longer Hg-X bonds are present in the (R3P)2HgX2 complexes that contain
the larger P-Hg-P angles: From analysis of the D (Hg-Cl) mode

positions for (CyBP)ZHgCI2 it is predicted that the geometry of the
monomeric structure, suggested to be present in the solid-state, is

9 This prediction needs to be confirmed
by a détermination of the structure of (Cy3P)2HgC12, and would

similar to that of (BuniP)ZHgCI
further extend the structure/spectra correlations for (R3P)2ng2
complexes.

A more detailed spectroscopic invéstigation is needed into the
(RBP)ZCdXZ complexes to firmly establish if the relationships found

for the mercury analogues also apply for these complexes.
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Appendix A.1l

’

Final positional parameters (X104) and thermal parameters (x1o“).

(E.s.d's for non-hydrogen given in parentheses)

Anisotropic temperature factors are of the form:-

2, 2 %2 2. %2 2 %2
exp [ -2 Uy ha ~ + Uk b - + U, 1%

hka b hla'c® + 2 be
+2U12 a + ZU13 ac + U23k1 c )]

Isotropic temperature factors are of the form:-

exp -8 RZU(sinze) I 2
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Table A.1l.1

Final positional (a) and thermal (b) parameters for

(Ph,P) HgCl

2

(a) x ¥ oz

Hg - 694(3) - 2425(1) 1251(1)
c1(1) 10(16) 3597 (4) 1949(4)
c1(2) 1067 (17) 2076(5) 375(5)
P1 - 340(17) 1347 (4) 2048(4)
P2 - 2589(17) 2864 (4) 559(4)
c11 - 1150(42) 1488(16) 2861(12)
c12 - 803(42) 990(16) 3389(12)
c13 - 1470(42) 1058(16) 4618(12)
Cl4 - 2485(42) 1625(16) 4119(12)
c15 ~ 2832(42) 2122(16) 3591(12)
C16 -’2165(42) 2054 (16) 2962(12)
c21 1421(38) 1196(12) 2234(11)
c22 2260(38) 1826(12) 2393(11)
c23 3688(38) 1727 (12) 2546(11)
C24 4276(38) 997(12) 2540(11)
s 3437(38) 367 (12) . 2381(11)
26 2010(38) 467(12) 2228(11)
c31 - 981(34) 467 (11) 1702(12)
32 - 2191(34) 125(11) 1967 (12)
c33 - 2764(34) - 519(11) 1653(12)
C34 - 2126(34) - 820(11) 1074(12)
c35 - 915(34) - 479(11) 808 (12)
36 - 343(34) 165(11) 1122(12)
c4l - 2164(44), 3685(11) 37(12)
C42 - 3227 (44) 4211(11) - 111(12)
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C43
C44
C45
C46
C51
C52
C53
C54
C55
C56
cé6l
Cc62
C63
Cé4
C65

C66
(b)

Hg
C1(1)
C1(2)
P1

P2

Cl1

Cls

4

U1

393(7)

536(25)
589(26)
409(22)

406(22)

U
730(131)

886(162)

X
2934(44)
1580(44)

- 517 (44)

- 809(44)
4020(34)
3819(34)
4981(34)
6345(34)
6546 (34)
5384(34)
3199(46)
3168(46)
3499(46)
3860(46)

'3890(46)

3560(46)

Uy

374(6)

508(38)
635(44)
419(35)

429(36)

C12

Clé

¥
4840(11)
4943(11)
4417 (11)
3787(11)
3157(13)
3563(13)
3784(13)
3600(13)
3194(13)
2973(13)
2101(11)
1348(11)
752(11)
909(11)
1661(11)

2257(11)

Usg

411(6) -
564(47) -1
543(49) -
399(41) -1

383(39) -

U
781(132) Cl3

650(123) c21
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z

523(12)

786(12)

638(12)

226(12)
1068(12)
1671(12)

2059(12)
1844(12)
1241(12)
853(12)
- 27(12)
204(12)

- 238(12)

- 912(12)
- 1143(12)

- 701(12)

Uiz U3

41(12) - 105(7)

43(57) - 7(64)

53(67) .14(67)

26(58) - 120(60)

83(56) - 195(57)

U
955(149) Cl4

312(64) c22

Uss

2(7)

- 135(34)
- 90(38)
- 30(32)

© 8(30)
U
756 (123)

975(163)



Cc23
C31
C35
C43
C51
C55

Cé63

1)
1173(185)
551(89)
752(127)
896 (150)
517(90)
817(130)

754(131)

C24

c32

C36 -

C44
€52
C56

C64

U

844 (155)
464(86)

832(130)
618(113)
630(110)
673(119)

1172(185)

183

C25
C33
C4l
C45
C53
cé6l

Cé5

U

932(169)
529(100)
467(89)
1219(181)
513(98)
482(100)

865(135)

C26
C34
C42
C46
C54
Cc62

C66

U

864(143)
692(107)
802(127)
826 (144)
797 (150)
771(114)

762(131)



Table A.1.2

Final positional (a) and

2

thermal (b) parameters for

d(CY3P)HgC1

a)

Hgl
C1(11)
C1(12)
Pl
Cl11
Cl12
C113
Cl14
.C115
Cl16
Cl21
C122
C123
Cl24
C125
Cl26
Cl131
C132
C133
Cl34
Cl135
C136
Hg2
.Cl(21)
C1(22)

2

X
3371(1)

1539(4)

-5224(4)

3441(3)
2031(12)
1359(13)
63 (14)
380(16)
1122(14)
2367 (13)
3245(12)
2019(13)
1843(17)
1877(18)
3123(17)
3280(13)
5039(11)
5333(14)
6676 (13)
7819(14)
7497 (13)
6167 (12)
3797(1)
3336(8)
6400(4)

pA

19(1)

- 1482(3)
- 731(2)
1602(2)
1442(8)
341(9)
261(10)
960 (12)
2027(11)
2142(9)
2431(8)
1910(9)
2586 (10)
3592(11)
© 4119(10)
3465(8)
2229(9)
1530(10)
2041(11)
2409(13)
3116(11)
2624 (10)
- 4354(1)
- 4930(4)

- 3922(3)
184

z
4592 (1)
5110(3)
3940(2)
4044 (2)
3419(7)
3103(9)
2736(9)
1946 (10)
2206 (10)
2603(9)
5053(7)
5702(8)

© 6550(9)
6284 (10)
5610(10)
4769(8)
3325(7)
2577(8)
1983(9)
2555(9)
3325(10)
3935(8)

- 158(1)

- 1672(3)

- 566(3)



P2

C211
c212
c213
C214
C215
C216
c221
Cc222
c223
C224
C225
C226
ca231

c232

c233

C234
€235

C236

H1
H2
H3
HG
HS
H6
H7
HS
H9

H10

x
3236(3)
4653(11)
5163(13)
6328(14)
7444(15)
6972(14)
5808(13)
1866(13)
1499(14)

541(17)

- 499(18)

- 108(15)

867(18)
2807(13)
2628(18)
2510(21)
1364(18)
1487(17)

1636(13)

1346
2028
1106
- 601
- 411
- 429
660
1397
470

3061

185

pA
= 3259(2)
- 2074(8)

- 1596(8)

- 640(9)

- 756(10)

1219(10)
- 2221(9)
- 2935(10)
- 2102(9)
- 1795(12)
- 2562(12)
- 3382(12)
- 3667(12)
- 3844(8)

- 3147(10)

3691(13)
- 4699(12)
- 5347(11)

- 4818(10)

1665
124

.= 155
470

- 510
814
701
2487
2209

1940

z
1060(2)
1124(8)

159(8)
180(9)
561(10)
1513(9)
1501(8)
764(10)
1275(9)
871(12)
500(14)
- 43(11)
342(14)
2177(7)
2990(8)
3880(10)
3945(10)
3145(10)'

2226(9)

3933
2569
3674
3277
2500
1736
1475
1607
2717

2081



H11
H12
H13
H14
H15
H16
H17
H18
H19
H20
H21
H22
- H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38
H39

H40

S

2813

4085

1160
2096
2643

J01
1018
1838
3069
3978
2478
4222
4966
5366
4556
6628
6870
7921
8737
7470
8279
6210
5969
4311
4366
5455
6006
6679
7846

209

<

2919
2583
1722
1226
2702
2212
3480
4064
4819
4280
3350
3838

2866

871

1300
2600
1503
1763
2810
3780
3336
1996
3174
- 1554
- 1438
- 2135
- 81
- 378
- 1249

- 23
186

|~

2826
5412
5354
5923
6942
6966
5954
6894
5417
5967
4381
4351
3010
2800
2149
1654
1467
2845
2125
3027
3748
4282
4435
1586
- 75

- 307

598

- 513

105

611



|
I<
|~

H41 7791 - 1352 1741

H42 6659 - 691 1983
H43 6131 - 2770 1068
H44 5464 - 2498 2190
H4S : 2448 - 2535 157
H46 2392 - 1451 1305
H47 1055 - 2357 1961
H48 | 1100 - 1295 317
H49 97 - 1387 1398
H50 - 1244 - 2911 1070
H51 - 923 - 2219 65
H52 320 - 3115 - 727
H53 - 991 - 4043 -73
HS54 1349 ~ 4027 - 206
H55 312 ~ 4270 865
H56 ' 3665 . - 4035 2252
H57 3475 - 2452 2940
H58 T I - 2981 2984
H59 3429 | - 3822 . 3897
H60 2330 - 3218 4463
H61 442 - 4558 3974
H62 1333 - 5085 4554
H63 2366 - 5540 3149
H64 622 . = 6030 3182
H65 742 - 4655 2199
H66 1791 - 5309 1652
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(b)
Hgl
Cl.(11)
Cl(12)
Pl
c1l11
c112
C113
Cl14
Cl15
C116
c121
c122
€123
C124
C125
C126
C131
C132
C133
C134
C135
C136
Hg2
c1(21)
Cc1(22)
P2
c211
c212

C213

Ull

564.(4)
565(26)
632(24)
323(19)
306 (77)
439(90)
497(99)
518 (101)
423(91)
414 (90)
279(74)
495(92)
872(130)
1068(153)
833(125)
491(90)
351(75)
559(100)
347(87)
444(104)
301(88)
250(77)
515(4)
2309(76)
506(23)
355(20)
365(71)
462(89)

717(110)

U22

407 (3)
575(22)
592(20)
332(16)
395(64)
448(76)
559(84).
851(110)
701(95)
382(70)
418(67)
443(73)
655(88)
767 (107)
494(83)
395(67)
464 (71)
680(91)
905 (105)

1116(128)
828 (108)
632(82)
543(3)

1124 (38)
541(20)
399(17)
312(61)
462(75)

507 (84)

Uss

526(3)
1001(30)
432(18)
369(17)
261(65)
593(83)
564(88)
560(92)
727(101)

777(97)

391(68)

593(82)
439(82)
568(90)
665(102)
461(73)
350(66)
444(80)
412(76)
549(90)
695(99)
423(72)
600(4)
826(33)
919(27)
478(19)
453(72)
552(83)

620(92)

188

U12

220(3)
125(20)
377(19)
113(15)
70(59)
- 61(70)
- 41(76)
197(89)
181(79)
- 21(66)
227(60)
-186(69)
274(89)
565(111)
200(88)
247(66)
158(62)
293(81)
237(81)
334(98).
26(82)
124(67)
= 153(3)
- 245(29)
208(19)
- 93(15)
- 83(55)
40(64)

134(71)

Uiz

- 107(3)
- 95(22)
- 161(17)
- 77(15)

16(58)

197(73)

306(78)

250(79)

359(76)
- 67(58)
60(71)
9(80)

- 150(96)
- 116(94)

- 76(65)

.~ 94(57)

- 148(73)
57(66)
145(79)

- 175(76)
- 75(61)

157(3)

921(42)
179(20)

198(16)

234(58)

196(69)

104(81)

301(81)

Uss

39(2)
207(21)
-.144(15)
9(14)
0(53)
178(67)

- 98(73)

. = 45(83)

80(79)
109(68)
- 76(56)
113(66)
21(71)

- 212(82)

- 38(77).

- 118(58)

40(57)
- 47(72)
- 59(74)

159(93)
167(88)

= 49(64)

273(3)
446 (45)
221(18)
159(16)
44 (55)
165(70)

161(80)



C214
C215
C216
'C221
c222
c223
C224
C225
C226
c231
C232
C233
C234
Cc235

C236

U1

474(95)
534(15)
407(86)
449(87)
565(95)
817(130)
978(150)
614(106)
960(143)
488(86)
1173(159)
1487(196)
984(146)
825(131)

406(89)

Uso

559(86)
685(91)
597(81)
684(87)
538(81)
840(113)
973(123)
1107(123)
980(125)
549(72)
499(81)
1086(141)
852(109)
600(92)

545(82)

U33

809(105)
653(91)
451(74)
799(100)
801(97)
1347(149)
1622(176)
1007(117)
1907(188)
388(72)
416(73)
396 (96)
667(102)
924(117)

763(98)

189

U12

60(74)
146(80)
117(70)
378(77)
239(75)
629(100)
692(123)

590(101)

Upg Uss

- 97(80) 214(78)

311(76) - 96(75)

177(64) 10(63)

286(78) - 336(80)

247(78) - 321(73)

426(116) - 302(108)

887(140) =~ 515(124)

586(93) - 557&100)

788(119) - 1026(144) =~ 934(130)

199(66)
209(94)
538(140)
362(108)
125(91)

- 64(72)

- 74(60) - 39(57)
- 167(85) - 55(64)
- 192(111) - 12(97)

85(96) 226(90)
73(98) 1176(91)
21(74) - 35(75)



Table A.1.3

Final positional (a) and thermal (b) parameters for (MezPhP)CdCI2

(a) (Cd x 107)

X A z
cd 25381)  2221(2) 5148(2)
c1(1) 4219(2) 936 (1) - 978(1)
c1(2) 648(2) - 1399(1) - 13(1)
P 2623(2) 850(1) 2405 (1)
c11 1522 (10) - 173(3) 3186(4)
c12 2384 (10) - 601(6) 4081 (5)
c13 1447 (12) - 1397(6) 4612(5)
Clé - 331(12) -~ 1707 (6) 4313(5)
c15 ~1202(10) - 1293(6) 3414(5)
c16 - 263(8) - 515(5) 2864 (4)
c2 1336(12)  2079(5) 2639(5)
c3 4952(11) 1097 (6) 3002(6)
H12 3765 - 321 4336 °
H13 2159 - 1774 5279
H14 - 1072 - 2278 4773
H15 2592 - 1569 3143
H16 - 948 - 176 2171
H2l - 96 2010 2306
H22 2038 2744 2286
H23 1299 - 2213 3465
H31 5838 402 2903
H32 4836 1252 3819
H33 5574 1784 2640

190



(b) -

Cd
Cl(1)

Cc1(2)

Cl1
Ci2
C1i3
Cl4
Cl5
Clé
c2

C3

U11

290(2)
298(5)
310(5)
375(6)
383(24)
504(33)
721(48)
638(42)
430(32)
374(26)
807 (50)

490(36)

Uz

411(2)
450(5)
374(5)
340(4)
402(20)
704(35)
695(37)
640(33)
750(37)
516(24)

440(25)

,654(33>

Usg

337(2)
379(5)
675(7)
337(5)
310(18)
457(26)
480(28)
553(31)
570(31)
467(24)
592(32)

646(35)

191

U12

- 23(1)
24.(4)
20(4)
20(4)
21(15)
- 72(27)
- 96(33)
- 196(30)
- 175(28)
- 20(20)

191(28)

- 150(27)

U U

13 23
53(1) 29(1)
52(3) 82(4)

- 56(5) - 40(4)
29(4) - 20(4)
22(16) - 35(14)

155(24) 88(25)

- 93(28) 97 (26)

- 92(27) 44(27)
20(24) 14(27)

- 23(19) - 2(20)

115(30) - 132(23)

- 115(27) =~ 116(28)



Table A.l.4

Final positional (a) and thermal (b) parameters for

(MGZPhP)CdBrZ
(a) x
cd 7550(1)
Brl 9157(2)
Br2 5707(2)
P 7723(5)
c11 6650(20)
c12 7487(29)
c13 6522(37)
cl4 4882(29)
c15 4019(28)
c16 4965(23)
c2 9966 (29)
c3  6541(30)
H12 8840
H13 7146
HL4 4224
HL5 2646
H16 4356
H21 10800

. H22 9906
H23 10548
H31 5150
H32 7204
H33 6562

b

209(1)

1018(1)

- 1477(1)

856(3)

- 97(11)

= 514(15)

- 1260(16)

- 1591(16)

- 1175(14)

- 450(13)

1112(16)

2091(13)
- 271
- 1569
- 2196
- 1401
- 159
415
1304
1770
2021
2727

2261

192

z
5516(1)
3998 (1)
4956(1)
7360(3)
8174(11)
9068(13) "
9619(18)
9335(15)
8430(16)
7854(13)
7902(17)
7558(15)
9333

10328
9769
8189
7134
7819
8708
7502
7257
7167

8372



(b)

cd

Bl
| Br2
P

Cl1
C12
C13
Cl4
- C15
C16
c2

C3

U11

544(6)
537(8)
546(8)
601(20)
557(76)
958 (128)
1171(194)
790(126)
771(117)
620(94)
880(134)

1025(136)

U22

460(5).
462(7)
385(6)
372(15)
454(63)
700(100)
736(121)
744(109)
662(99)
575(81)
646(104)

414(70)

Uss

586(6)
649(8)
897(11)
614(21)
567(73)
569(89)
873(143)
814(116)
796(114)

689(92)

872(129)

833(111)

193

U12

= 53(4)
13(5)
10(5)
32(13)

60(63)

- 53(%0)
- 12(110) - 133(124)

- 44(87)

- 76(78)
33(64)

- 169(87)

133(72)

Uis

34(4)

29(6)
= 130(7)
- 24615)
- 19(52)

- 207(80)

- 7(88)
- 26(84)
- 81(69)
- 34(99)

71(93)

Uss

= 45(4)
649(8)
897(11)
614(21)
561(73)
569(89)
873(143)
814(116)
796(114)
689(92)
872(129)

833(111)



Table A.1.5

Final positional (a) and thermal (b) parameters for the structure

(MezPhP)CdI2
(a)

X b z
cd 2595(2) 193(1) 5510(1)
Il 824(2) - 1588(1) 4919(1)
12 4040(2) . 1161(1) 3953(1)
P 2894 (7) 906 (4) 7275(3)
c11 | 1951(29) 35(14) 8105(11) -
c12 2686 (52) - 380(18) 9004(15)
c13 1854 (53) - 1068(22) 9602 (16)
Cl4 251(58) - 1329(21) 9352(18)
c15 - 567(42) : - 986(21) 8466(19)
Ccl6 276 (44) - 322(20) 7872(15)
c2 1844(35) 2160(15) . 7482(15)
c3 4999(40) 1139(26) 7778(20)
H12 3970 _ - 146 : 9250
H13 2499 - 1393 10265
Hl4 - 424 - - 1816 9855
H15 - 1861 - 1235 8263
H16 - 383 -71 ‘7184
H21 520 2121 _ 7202
H22 2481 2770 7103
H23 1915 2323 8268
H31 5761 449 7697
H32 4980 1331 8555
H33 ' 5546 - 1777 7390

194



(b)

Cd
| I1
I2
P
Cli
Cl2
C13
Cl4
C15
Clé6
c2

c3

U1

752(11)
568(8)
578(8)
665(31)
730(128)

1594 (308)

1466(321)

1483(320)
866 (200)
1162(225)
969(165)

684(175)

Uso

858(10)
645(7)
709(7)
655(23)
639(89)
657(111)
870(162)

844(139)

911(153)

894(139)
588(87)

1464(259)

U33

408(5)
621(6)
478(5)
410(16)
405(59)
587(94)
540(91)
611(109)
765(122)
522(86)
614(88)

704(120)

195

U12

~ 185(7)
- 13(5)
- 12(5)
87(20)
108(86)
- 327(153)
329(184)
162(176)
18(107)
80(141)
44.(95)

- 81(162)

U3

167(5)
- 56(5)
138(4)
15(17)
0(65)
- 197(136)

- 66(135)

336(153)

162(120)
97(107)
- 65(95)

- 132(113)

Uss

- 140(5)
- 5(5)
41(4)

- 170(15)
57(60)
33(87)

181(98)
215(101)
1189(138)
104(90)
- 109(74)

- 229(142)



Table A.1l.6

Final positional (a) and thermal (b) parameters for the structure

(E t3P)CdI

2
(a)

X pA z
cd  8514(1) 4812(1) 833(4)
11 - 11901(1) 5019(1) 1020(1)
I2 - 7484(1) 2516(1) 1471(1)
P 7297(2) 6919(2) 1372(1)
c11 5620(15) 7470(13) 645(7)
c12 4756 (19) . 8677(20) 929(11)
c21 6502 (14) 6687 (14) 2414(6)
c22 7717(17) 6089(15) 3085(7)
c31 8664 (13) 8300(12) 1528(7)
32  9400(20) 8693(17) 695(8)
H111 4779 6666 567
H112 6055 7696 31
H121 3790 8918 453
H122 5567 9502 ' 1003
H123 4291 8471 1539
H211 5494 | 6031 2328
H212 6128 7634 2645
H221 7189 5970 3686
H222 8729 6740 318D
H223 8095 5138 2964
H311 9617 8022 2003
H312 4 8037 9138 1761
H321 10202 9514 827
H322 8462 8982 215

H323 10042 7867 457
196



(b)

Cd.
Il

I2

Cl1
C12
Cc21
c22
C3l

c32

Uy

468(4)

425(3)
621(4)
396(8)
654(56)
731(75)
680(58)
847(73)
595(48)

1023(104)

U22

399(4)
735(5)
487(5)
381(1)

567(68)

780(106)

716(74)
639(77)
481(54)

673(88)

Uss
523(4)
451(4)
694 (4)
456(9)
576(49)

1007 (98)
475(41)
532(48)
600(48)

675(61)

197

U12

- 5(2)
- 78(2)
- 132(3)
- 15(7)
63(47)
195(76)
- 5(51)
- 227(62)
- 159(41)

- 267(78)

U13

132(3)
18(2)
88(3)
70(7)

- 51(42)
= 29(66)

243(40)

107 (46)

114(39)

82(62)

Uss

15(2)
51(2)
121(3)
- 27(7)
- 79(43)
- 14(80)
- 128(44)
" 24(46)
~ 40(40)

210(58)



Table A.1.7

Final positional (a) and thermal (b) parameters for

-
d

oL~ (CysP)CdCI

2
(@) x z z
cdl 2753(1) 140(1) 9158 (1)
C1(11) 2592(2) - 99(1) | 9249(2)

c1(12) 2592(3) 1842(2) 7951(1)
P1 - 4347(2) 2107(1) 10100(1)
111 5118(9) 2382(5) 9564 (5)
cl12 5435(10) 1617(6) 9271(7)
c113 5917 (13) 1856 (8) 8735(9)
Cll4 ' 6824 (13) 2411(9) 9074 (8)
C115 6527 (10) 3152(8) 9385(6)
cl16 6023(9) 2939(6) 9925(5)
c121 5163(9) 1495(6) 10892(5)
c122 4563(11) 899(6) 11143(6)
c123 5249(13) 365(6) 11768(6)
C124 5959(12) 877(8) 12392(6)
C125 6605 (10) 1443(8) 12145(6)
126 5921(8) 1996 (6) 11538(5)
C131 4052 (8) 3074(5)  10447(5)
C132 3451(9) . 3640(4) 9812(5)
c133 3250(11) 4465(6) 10096 (6)

' C134 2690(11) 4354(7) - 10602(7)
C135 3245(9) 3770(7) 11217(6)
C136 . 34643(9) 2955(6) 10928(5)
cd2 646(1) 135(1) 9284 (1)
c121) 1037(2) 1632(1) 9250(2)
cx22) 1183(2) - 489(2) 10509(1)

198



P2

C211
c212
Cc213
C214
C215
C216
c221
Cc222
Cc223
C224
C225
C226
Cc231
Cc232
C233
C234
C235

C236

H1l
H2
H3
H4
H5
H6
H7
H8

H9

X

- 321(2)

1682(8)

1752(10)

2869(18)

3675(14)

3544(12)

2444(11)
'226(9)
- 251(10)
343(12)

597(15)

1080(9)

455(11)
- 301(8)
- 748(8)
= 715(9)

382(10)

827(10)

798(10)

4605
5982
4759
5345
6167
7088
7435
7212

5993

199

b4

- 675(1)
- 346(6)
561(7)

853(14)

335(17)
- 565(13)
- 838(11)
- 682(5)

1276(6)

- 1311(8)

- 541(9)
51(6)
:114(7)

1748(5)

1858(5) -

2746(6)
3085(6)
2968(6)

2079(6)

2750
1270
1252
2160
1370
2601
2090
3506

3510

2

8115(1)
7746(5)
7564(7)
7411(11)
6844(9)

7050(9)

.7160(7)

7415(5)
6789(5)
6301(7)
6085(8)
6708(5)
7186(6)
8638(5)
8951(5)
9175(6)
9455(5)
8875(7)

8646 (6)

9119
9717
8989
8271
8553
8655
9502
9674

8941



H10
H1l
H12
H13
H14
H15
H16
H17
H18
H19
H20
- H21
H22
H23
H24
H25
H26
H27
H28
H29
H30
H31
H32
H33
H34
H35
H36
H37
H38

H39

S

5752
6581
5644
4027
4087
5700
4793
5516
6485
7084
7084
5491
6405
4782
3877
2719
279%
3983
2637
1925
3974
2779
3875
2713
1952
1208
1588
2954

2988

4428

<

3493
2650
1139
1237
512
- 15
- 15
1221
477
1092
1810
2393
2358
3348
3732
3359
4845
4754
4940
4125
4032
3668
2564

2673

- 439

896
664
1485

790

545
200

|

10002
10407
10694
11328
10690
11562
11970
12631
12802

11943

12604

11748
11347
10780
9470
9493
9639
10394
10833
10289
11567
11530
11383
10607
8180
8021
7083
7246

7915

6785



H40
H41
H42
H43
Hb4
H45

H46
H47
H48
H49
H50
" H51
H52
H53
HS54
H55
H56
H57
H58
H59

H60

H61

H62

H63

H64

H65

H66

%

3588

4105

3656

!

2342

2327
981
- 274

~ 1024

- 81

1074

1111
- 119
1115

1850
- 261

887

- 772
= 1531
- 289
- 993
1210
369
866
1616

375

1079

1277

201

<

411

- 920
- 650
- 766
- 1468
- 926

- 1872

1080

1664

- 1613
- 622
- 280

648
- 154
421
466

~ 2099

- 1639

- 1504

- 2791

3096

3726

2766

3174

3325

2023

1724

In

6331
6619
7553
6651
7328
7734
7013
6456
5818
6607
5806
5711
6490

7041

6875

7670
7894
8738
9427
9609
8708
9574
9946
9085
8400
8214

9114



(b)

U U U U U U

11 22 33 12 13 23
Cdl  506(4)  508(4)  468(3) - 76(3)  198(3) - 51(3)
C1(11) 546(17)  464(12)  807(16) 37(11) 301(13) - 30(11)
C1(12)1002(26)  955(21)  433(13) - 198(18)  207(14) 51(13)
Pl 434(14)  416(11)  394(11) - 9(9)  167(10) - 29(9)
Cl1l  590(71)  442(49)  577(51) 28(44)  346(48) 1(40)

Cl12  695(80) 578(55)  832(71) 21(48) 501(62) - 135(49)
Cl13  475(126) 826(82) 1073(115) - 46(77) 717(102) - 143(78)
Cll4  942(117) 1004(95)  941(92) 8(79)  710(88) 67 (74)
Cl15 541(76) 897(87) 698(62) = 27(6l) 357(S54) 120(59)
Cll6 680(66) 562(56) 658(53)  =- 71(47)  389(47) 40(43)
Cl21  652(70) 499(50)  420(46) 55(46) 246 (45) 51(40)
Cl22  879(95) 480(53) 620(6l) —- 124(52) 259(61) - 5(44)
Cl23 1211(130) 589(57) 749(71) 95(63)  551(81) 136(51)
Cl24 1100(125) 870(79)  465(61) 150(76)  311(70) 147(56)
Cl25 683(82) 1002(81)  584(66) 261(65)  158(57) 114(60)
C126  454(65)  660(59)  394(45) = 63(47)  34(42)  =-.79(40)
C131 501(63)  457(46), 415(43) 95(40)  128(40) 2(35)
C132 560(68) 645(59)  458(51) 201(51)  85(45) 3(46)
C133  883(101) 488(58)  788(65) 135(58)  440(65) 17 (48)
C134 770(97) 619(63)  996(81) 98(58) 513(73) - 158(56)
C135 560(76) 754(67) = 667(62) - 87(52) 375(56) - 294(53)
C136 572(68) 589(55)  545(48) 47(46)  350(46) 40(40)
cd2  489(5)  440(3)  429(3) - 58(3)  213(3) - 32(3)
cl21) 690(19)  417(12) 1021(20) 23(11) 510(16) - 46(12)
ci22) 571(16) 733(14)  416(11) 124(11)  220(10) 26(10) .
P2 410(13)  453(11) 351(10) - 20(9)  162(9) - 30(8)
C211  421(60) 796(66)  480(50) 134(45)  143(41) 56(44)
C212  647(86) 945(79)  683(68) 409(65)  202(60) 348(60)

. 202 .



213
c214
215
C216
c221
c222
223
224
c225
226
c231
c232
233
234
€235

C236

Ull

1158(195)
931(120)
452(100)
552(86)
835(76)
762(83)

1177(116)

1592(155)
616(73)
793(89)
488(62)
571(64)
662(75)
873(885
685(88)

564(74)

Usa

1655(190) 1155(151)

2922(314)
2101(182)
1439(129)
460(45)
673(61)
1029(91)
1164(99)
628(59)
617(59)
416(44)
519(49)
621(56)
549(58)
493(51)

596(58)

203

U33

833(88)

824(97)

634(75)

516(48)
485(50)
741(68)
786(84)
560(52)
628(62)
500(44)
574(53)
560(57)
509(54)
820(75)

631(57)

U12

754(160)
1054(150)
- 29(103)

8(79)

- 174(44)
- 226(54)
- 511(82)
~ 508(96)
- 222(50)
= 147(58)
- 38(39) .
- 24(41)
- 80(49)
- 119(55)
120(50)

- 4(49)

U13

U .
23

531(147) 539(145)

320(79)
61(75)
75(61)

454(49)

430(53)

613(74)

825(97)

220(48)

251(59)

242(42)

317 (46)
253(51)
184(53)
259(65)

257(51)

415(131)
448(109)
333(60)
108(36)
128(45)
466(67)
159(72)
32(44)
114(50)
- 78(36)
67 (40)
10(45)
146(44)
94(49)
6(46)
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