
Structural studies of mercuric halide complexes.

JONES, Terry.

Available from the Sheffield Hallam University Research Archive (SHURA) at:

http://shura.shu.ac.uk/19883/

A Sheffield Hallam University thesis

This thesis is protected by copyright which belongs to the author.    

The content must not be changed in any way or sold commercially in any format or medium 
without the formal permission of the author.    

When referring to this work, full bibliographic details including the author, title, awarding 
institution and date of the thesis must be given.

Please visit http://shura.shu.ac.uk/19883/ and http://shura.shu.ac.uk/information.html for 
further details about copyright and re-use permissions.

http://shura.shu.ac.uk/information.html


L> ■ U l\m \ JL
POND 

SHEhUc-LD SI 1WB 6 W

7917084-01 Q



ProQuest Number: 10697189

All rights reserved

INFORMATION TO ALL USERS 
The quality  of this reproduction is d e p e n d e n t  upon the qua lity  of the copy submitted.

In the unlikely even t that the au thor did not send a c o m p le te  manuscript 
and there are missing pages, these will be noted. Also, if materia l had to be removed,

a no te  will ind ica te  the deletion.

uest
ProQuest 10697189

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C o d e

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 481 06 - 1346



Structural Studies of Mercuric Halide Complexes.

Terry  Jones.

A Thesis submitted to  the Council f o r  Nationa l Academic Awards 

in p a r t ia l  f u l f i lm e n t  f o r  the 

Degree o f  Doctor o f  Phi losophy

Sponsoring es tab lishm en t:  S h e f f ie ld  C i ty  P o ly te c h n ic .

C o l la b o ra t in g  es tab lishm ent: S te e t le y  Chemicals L td . ,

Date: February, 1979.



Qft ?olytechn/c

7  9 — 1 7 0 8 4 - 0 1



AcknoWIedgements

The author would l i k e  to  thank h is  supe rv iso rs  Drs. I.W. Nowell and 

M. G o lds te in  f o r  t h e i r  t im e , adv ice and in te r e s t  shown du r ing  the  course o f  

t h i s  s tudy.

I would a lso  I ik e  to  thank numerous members o f  the  Science fa c u l t y  

a t  S h e f f ie ld  C i ty  P o ly techn ic  w i th o u t  whom t h i s  work could never have been 

completed; n o ta b ly ,  Dr. N.A. B e l l ,  Mrs. S .J . Sheldon and a l l  Technic ian and 

Workshop s t a f f .

Thanks and a p p re c ia t io n  a lso  to  the  c o l la b o ra t in g  es tab l ishm en t,  

S te e t le y  Chemicals L td . ,  e s p e c ia l ly  Dr. P. Halewood, to  Dr. T. Jenkins 

(Department o f Physics, U n iv e rs i ty  Co llege , C a rd i f f )  and Dr. D.M. Adams 

(Department o f  Chemistry, U n iv e rs i ty  o f  Le ices te r )  f o r  the  use o f  t h e i r  

Raman f a c i l i t i e s ,  and Dr. M. T ru te r  (Rothamsted Experimental S ta t io n ,  

Harpenden) f o r  the  use o f  an Enraf-Nonius CAD-4 d i f f r a c to m e te r .

F in a l l y ,  I would l i k e  to  thank the  taxpayers o f  B r i t a i n ,  who, v ia  

the  Science Research c o u n c i l ,  provided me w ith  f in a n c ia l  support f o r  the  

past th re e  years.



A b s tra c t .

Contents

Page

4

Abbrev ia t io n s . 6

Chapter 1: 1n tro d u c t io n 8

Chapter 2: C ry s ta l lo g ra p h ic  s tud ie s  o f  some (L)HgX2 complexes. 50

Chapter 3: Spectroscopic s tu d ie s  o f  some (L)HgX2 complexes. 1 16

Chapter 4: C ry s ta l lo g ra p h ic  s tud ie s  o f  some (L )2HgX2 complexes. 213

Chapter 5: Spectroscopic s tud ie s  o f  some (L )2HgX2 complexes. 2 3 9

Chapter 6 : The c ry s ta l  s t ru c tu re  o f  (PEtN^^CHgCI ^ 2 * 278

Chapter 7: Experi menta1. 2 8 8

Summary and suggestions f o r  fu tu re  work. 2 9 9

Append ices. 303

References. 346

Deta i 1s o f postgraduate s tudy. 353

C urren t pub 1ic a t io n s . 354

3



Abstract

Previous c ry s ta I lo g ra p h ic  and spec troscop ic  data compiled fo r  complexes 

o f  the  type (L)HgX2 and ( 0 2 ^ X 2 (where L= neu tra l un iden ta te  l igand ; X=CI,

Br o r  I)  have been c r i t i c a l l y  reviewed and in d ic a te  th a t  gross assumptions, 

o f te n  in v a l id ,  have been made concern ing the  re la t io n s h ip s  between c ry s ta l  

s t ru c tu re  and v ib ra t io n a l  spec tra .

In an a ttem pt to  p rov ide  a sound bas is  from which meaningful s t r u c t u r e -  

spectra  re la t io n s h ip s  could be drawn and a lso  to  improve our knowledge o f  the  

s te reochem is try  o f  m ercuric  h a l id e  complexes, the  fo l lo w in g  c r y s ta l  s t ru c tu re s  

have been determined.

For the  (L)HgX2 complexes a v a r ie t y  o f  s t ru c tu re s  were observed ranging 

from d is c re te  dimers (I and 2 ) ,  to  a d is c re te  te tram er (3) to  va r ie d  extended 

s t ru c tu re s  (4 ,5  and 6 ) .  D isc re te  fo u r -c o o rd in a te  monomers, w i th  va ry ing  

degrees o f  d i s t o r t io n  from a re g u la r  te tra h e d ra l  geometry, were observed f o r  

the  (L )2HgX2 complexes (7 ,8  and 9 ) .

The donor s tength  (which is  re la te d  to  both s t e r i c  and e le c t r o n ic  

c h a r a c te r is t ic s  o f  the  l igand) and the  ’ small s ize* o f  the  donor l igand  appear 

to  favour extended (L)HgX2 s t ru c tu re s ,  w h i l s t  the same parameters e x p la in  

the  extreme d is t o r t io n  o f  the  ( 0 2 ^ X 2 monomers.

Examination o f  the  s o l id - s ta te  v ib ra t io n a l  spectra  o f  the  above complexes 

and t h e i r  h a lo -d e r iv a t iv e s  have, in s p i te  o f  problems caused by in te rn a l  

I igand mode in te r fe re n c e , in d ic a te d  c e r ta in  s t ru c tu re /s p e c t ra  r e la t io n s h ip s .

a -  This e q u iva le n t  halo complex is  is o s t ru c tu ra I  on the  bas is  o f  s in g le  
c ry s ta l  X-ray photographs.

(1) (PPh^)HgCI2 (Bra , l a )

(2 ) ( I , 2 , 5 -tr iphenyIphosphoIe )H gC I2 (Bra )

(3 ) a-(PBu^)HgCI2

(4 ) (PEt3 )HgCI2

(5) (PMe^)HgCI2 (Bra )

(6 ) (2 ,4 -d im e th y Ip y r id in e )H g B r7
(Cl aT

(9) p a r t ia l  a n a ly s is  o f

(7) (PEt3 ) 2HgCI2

(8 ) (PEtMe2 )2HgBr2

(PBu3 ) 2HgCI2
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These re la t io n s h ip s  have been app lied  to  a number o f  re la te d  complexes o f  

unknown s t ru c tu re .

I t  was s ig n i f i c a n t  t h a t  the  v(HgX) modes found f o r  ( L ) 2HgX2 d is c re te  

monomers f e l l  w i th in  the  reg ion associa ted w ith  v(HgX)^ modes observed f o r  

CL)HgX2 associated s t ru c tu re s .  Consequently, i t  has been shown t h a t  low 

wavenumber v(HgX) modes need not n e ce ssa r i ly  in d ic a te  the  presence o f  Hg-X 

b r idge  bonds.

F in a l l y ,  the  ’ i o n ic ’ s t ru c tu re  o f  (P E tM e^^H gC I2 ) 2 , c o n s is t in g  o f  a 

continuous z ig -zag  chain o f  [ (PEtMe2 )2HgCI] and {PEtMe2HgCI3] ions is  

the  f i r s t  re p o r t  o f  a s t ru c tu re  o f  t h i s  s to ic h e io m e try .
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A b b re v ia tio n s

Genera

TPP — 1, 2 , 5 - t r i  phenylphosphole Me — methy1

MPC - methyl p y r o l id in e - l - c a r b o d i th io a te Et - ethy 1

THD - trans-ha logen  bridged dimer Prn - norma 1-p ro p y 1

0 - cone angle P r ‘ - i so -p ropy1
*

0 - T a f t  constant Bun - norm a l-bu ty l

mL - en tha1py o f  1i gat ion Bu1 - i s o -b u ty 1

ppm - pa rts  per mi 11 ion Ph - pheny1

Mr
- r e la t iv e  m olecu lar mass Bz - benzy1

M - meta 1 atom o - t o 1y 1 - o r th o - to  1y 1

L - neu tra l uni denta te  ligand cy - eye 1ohexy1

X - halogen ( C l , Br o r  1) tu - th  iourea

R - a 1k y 1 -  o r  a r y 1 - py - py r i d i ne

2,4-•Me2C^H^N -  2 ,4 -d im e th y 1p y r id in e DMF - N,N-d i methy1formamide

2 . 6-Me2C^H^N -  2 , 6-d im e th y Ip y r id in e

2 . 4 . 6-Me^C^H2N -  2 ,4 ,6 - t r im e th y lp y r id in e

C ry s ta l lo g ra p h ic
O t»
A -  Angstrom

Fo -  observed s t ru c tu re  fa c to r

Fc -  ca lc u la te d  s t ru c tu re  fa c to r

D -  measured den s itym 1

D -  c a lcu la te d  dens ityc

Z -  number o f  molecules

per u n i t  cel I 

w -  w e igh ting  fu n c t io n

(ooo)

R

y(Mo-Ka)

I  -

number o f  e le c tro n s  
per u n i t  cel I

re f inem ent f a c to r

abso rp t ion  c o e f f i c ie n t

(using molybdenum

Ka— X-rad i a t  ion)

in te n s i t y ,  o f  a

re f  Ie c t io n
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Spectroscop i c

s s trong i .p . i n p 1ane

m med i urn o .o .p . ou t o f  plane

w weak n.m .r nuc lear magnetic

sh shou1der resonance

br broad Ra Raman

v(HgL) m ercu ry -1igand s t re tc h in g IR 1 nf rared

mode 'j(H g -P )  - Mercury-phosphorus

v s (HgX) - symmetric m ercury-ha1ogen coup 1i ng cons tan t

s t re tc h in g  mode 9 gerade

v (HgX) -  as 3 antisym m etr ic  mercury- 

ha 1 ogen s t re tc h in g  mode

u ungerade

6 (HgX) m ercury-ha1ogen bending t term i na1

mode b b r i  dge
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I . I . BACKGROUND AND OBJECTIVES

Since the e a r ly  n in e te e n -s ix t ie s ,  as a r e s u l t  o f  the advent o f  modern 

F o u r ie r  t rans fo rm  spectrophotometers and laser Raman spectrophotom eters, the 

f a r - in f r a r e d  region o f the  e lec trom agnetic  spectrum C<500 cm *) has become 

access ib le  to  the s t ru c tu ra l  chemist on a ro u t in e  bas is .  This low frequency 

reg ion is  o f  p a r t i c u la r  in te r e s t  to  the ino rgan ic  and c o o rd in a t io n  chemist 

f o r  t h i s  is  where metal -  l igand modes may be observed.* Knowledge o f  the 

number, and wavenumber p o s i t io n s  o f these metal -  l igand modes is  p o t e n t ia l l y  

capable o f y ie ld in g  cons ide rab le  in fo rm a tion  as to  the s t ru c tu re  o f  the 

compound under in v e s t ig a t io n .

In o rde r f u l l y  to  u t i l i z e  these v ib ra t io n a l  data i t  is  f i r s t  necessary 

to  e s ta b l is h  a basis from which to  in te r p r e t  the  in fo rm a t io n .  The most 

s a t is fa c to r y  method o f  form ing t h is  basis is  to  examine c ry s ta I lo g ra p h ic a I  Iy 

cha rac te r ised  compounds and to  c o r re la te  the re s u l ts  o f  both c r y s ta I lo g ra p h ic  

and spectroscop ic  techn iques. U n fo r tu n a te ly  t h is  approach has not always been 

fo llow ed and consequently spec troscop ic  data have o f te n  been m is in te rp re te d .

A c la ss  o f  compounds which have received cons ide rab le  a t te n t io n  s ince

the  instrum enta l improvements in the spectroscop ic  techniques are the  simple

and complex halometaI Ia te s ,  and metal h a l id e  a d d it io n  complexes found w ith

neu tra l l igan ds .*  S tru c tu ra l  in ferences have been made fo r  many o f  these

complexes w ith o u t the necessary c r y s ta I lo g ra p h ic  bas is .  The m ercu ric  h a l id e

34a d d it io n  complexes and halomercurate(I I ) complexes prov ide  a prime example 

o f  the  misuse o f  v ib ra t io n a l  spec troscop ic  da ta . I t  is  the m ercu ric  h a l id e  

complexes w ith  neu tra l un iden ta te  ligands (L) which are the s u b je c t  o f  the 

present work. At le as t  e ig h t  d i f f e r e n t  s to ic h e io m e tr ie s  are known to  e x i s t : -  

a) (L)HgX2 b) (L )2HgX2 c) ( L M H g X ^

d) (L )2 (HgX2 ) 3 e) (L )3 (HgX2 )2 f )  ( L ) 6HgX2

g) (L )4HgX2 h) (L )3HgX2
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The f i r s t  two o f  these s to ic h e io m e tr ie s  have received most spec troscop ic  and 

c ry s ta I lo g ra p h ic  a t te n t io n  and the major p a r t  o f  t h i s  work is  concerned w ith  

these types.
2-33

Previous spectroscop ic  data reported f o r  these complexes are

g e n e ra l ly  inadequate, f o r ,  in many cases, the im portant low frequency region 

o f the spectrum (<200 cm ' ) ,  where one might expect to  gain in fo rm a tion  

concerning long range mercury-haIogen in te ra c t io n s ,  which are common in ha lo -  

complexes o f m e rc u ry ( l l )  , has not been recorded. E x is t in g  c r y s ta I lo g ra p h ic  

in fo rm a tion  fo r  these complexes is  very sparse, and so unsystem atic , th a t  

s t ru c tu re /s p e c t ra  c o r re la t io n  is  very d i f f i c u l t .

I t  is  one o f the  foremost aims o f  t h i s  work, th e re fo re ,  to  p rov ide  a 

f i rm  c r y s ta l lo g ra p h ic  basis f o r  these complexes from which meaningful s t r u c tu r e /  

spectra  c o r re la t io n s  can be made. F u r th e r ,  i t  is  attempted to  e s ta b l is h  

'group frequency ' reg ions in the spectrum where one m ight expect to  loca te  

modes associated w ith  mercury-haIogen s t re tc h in g  due to  mercury-haIogen bonds 

o f  a p a r t i c u la r  type .

I t  is we ll known th a t  m ercuric  h a l id e  complexes in the s o l id  s ta te  have

the a b i l i t y  to  increase t h e i r  co o rd in a t io n  numbers beyond th a t  due to  the

35iso la ted  monomeric u n i t ,  t h i s  u su a l ly  being f a c i l i t a t e d  v ia  ha logen-b r idges .

I t  is  o f  s t ru c tu ra l  in te r e s t  to  understand the c r i t e r i a  requ ired  fo r  b r id g in g  

and the  re s u l t in g  s o l id  s ta te  s t ru c tu re s  which are formed. Questions which 

a r is e  are , f o r  example:

(a) What ro le  does the  halogen p lay?

(b) What is  the e f fe c t  o f  va ry ing  the donor atom?

(c) How im portant is  the s t e r i c  nature o f  the  l ig a n d (s )?

A second but no less important aim o f  t h i s  p ro je c t  th e re fo re  is  to  go some 

way towards answering these questions and thereby improving our p resent 

knowledge o f the  s te reochem is try  o f  m ercuric  h a l id e  complexes.
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I .2 .  VIBRATIONAL SPECTROSCOPY AS A STRUCTURAL TOOL

Use o f  both IR and Raman spec troscop ic  techniques in the  f a r  IR region 

o f  the  spectrum (<500 cm *) can in d ic a te  the  presence o f  metal -  l igand 

v ib ra t io n s . *  The number, a c t i v i t i e s ,  symmetries and wavenumber p o s i t io n s  

o f  the  modes o f  v ib r a t io n  o f  a p a r t i c u la r  compound are c h a r a c t e r is t i c  o f  t h a t  

compound’s s t ru c tu re .

Using group theo ry  one may p re d ic t  the  th e o re t ic a l  number, a c t i v i t i e s  

and symmetries o f  the  modes expected f o r  a s t ru c tu re  o f  p a r t i c u la r  symmetry.

I f  p red ic ted  and exp e r im e n ta l ly  observed data correspond, then in p r in c ip le ,  

the  s t ru c tu re  used to  p re d ic t  the  v ib ra t io n a l  modes is  the  c o r re c t  one. There

are two methods which have g e n e ra l ly  been employed f o r  t h i s  purpose.

( i )  P o in t group a n a ly s i s ^  -  where the  m olecu lar symmetry (p o in t  group) 

is  used to  p re d ic t  in fo rm a tion  concern ing in te rn a l (m o lecu la r)  modes o f 

v ib r a t io n .  (Extensions o f  t h i s  method inc lude  two procedures f o r  t r e a t in g  

one o r  two-dimensional po lym eric  s t ru c tu re s  i . e .  l in e  group a n a ly s is ,  where 

one cons iders  symmetry elements o f  a cha in  polymer, and plane group a n a ly s is ,  

where the  symmetry o f  a sheet polymer Is cons ide red ).

( i i )  Factor group ana 1y s ? ^  -  where one cons iders  the  symmetry p ro p e r t ie s

o f  the  p r im i t i v e  u n i t  c e l l  ( fa c to r  group) o f  a c r y s t a l l i n e  substance to  gain 

in fo rm a tion  concern ing both in te rn a l  and ex te rna l ( t r a n s la t io n a l  and r o ta t i o n 

a l )  l a t t i c e  modes. These c o n s id e ra t io n s  in vo lve  knowledge o f  th e  symmetry

o f  the  molecule (p o in t  g roup), the  symmetry associa ted  w i th  the  p o s i t io n  o f  

the  molecules in the  u n i t  c e l l  ( s i t e  group) and a lso  the  poss ib le  in f lu e n c e  

which molecules in the  u n i t  c e l l  may have upon one another ( c o r r e la t io n  

e f f e c t s ) .

In p r in c ip le  these techniques are very u s e fu l ;  however, in p ra c t ic e ,  

because o f  d i f f i c u l t i e s  which a r is e  w h i le  in te r p r e t in g  v ib r a t io n a l  da ta , t h e i r  

f u l l  p o te n t ia l  is  o f te n  not re a l iz e d .  D i f f i c u l t i e s  a r is e  m ain ly  because 

re s u l t s  derived from the  group theory  approach g ive  no in fo rm a t io n  about

12



the  in te n s i t ie s  and wavenumber p o s i t io n s  o f the p red ic ted  v ib ra t io n a l  modes.

The p re d ic t iv e  methods employed in t h i s  work va ry ,  but are those which 

a l low  the most simple spec tra l in te r p r e ta t io n .  D e ta i ls  o f in d iv id u a l  analyses 

maybe found in Appendix. 4 .

1.3. A SURVEY OF THE STEREOCHEMISTRY OF MERCURIC HALIDE COMPLEXES IN THE 

SOLID STATE

1.3 .1 . In tro d u c t io n

The s te ro chem is try  o f  m e rc u ry ( l l )  compounds is  probably  the most d iv 

erse and complicated o f  a l l  metal complexes. These com p lica t ion s  a r is e  main

ly  in the s o l id  s ta te .  The problem is  one o f  dec id ing  whether o r  not the

35atoms which surround mercury may be said to  be in c on tac t  o r  no t .

For an iso la ted  molecule the re  is  no problem, each chemical bond

represents  one c o n ta c t .  In the s o l id  s ta te  however, i f  the  molecules con ta in

ligands which have e le c tro n e g a t iv e  donor atoms (e .g .  the  halogens, oxygen o r

s u lp h u r ) ,  these molecules can pack to g e th e r  in such a manner as to  g ive  r is e

to  fu r th e r  long-range (b r id g in g )  in te ra c t io n s .  These fu r t h e r  mercury-

ligand d is tances do not fo l lo w  the a d d i t i v i t y  ru le  o f  the atomic r a d i i ,  but

are less than the sum o f  the van der Waals’ r a d i i .  Even when a number o f

atoms o f  the same element surround mercury a range o f  d i f f e r e n t  mercury-

I igand atom d is tances may be found. These obse rva tions  have prompted 

35Grdenic to  propose:-

M A l l  atoms surrounding mercury a t  a d is tance  less than the  sum o f  the  van 

der WaaIs1 rad i i ,

D(Hg -  L) -  R(Hg) + R(L)   Equation I

are in con tac t  and are considered to  belong to  the mercury c o o rd in a t io n  

sphere". Grdenic has a lso  observed th a t  the c o o rd in a t io n  behaviour o f  

m e r c u r y ( l l )  can be c la s s i f ie d  in terms o f  a c h a r a c te r is t i c  c o o rd in a t io n  

number (m), in the system H g L ^  where the Hg -  L bonds are r e la t i v e l y  

s h o r t  and an actua l o r  e f f e c t i v e  co o rd in a t io n  number (n) which inc ludes

13



l igands f o r  which Equation I holds t r u e .  In subsequent d iscuss ion  we sha ll 

use Equation I loose ly  to  descr ibe  the  requirements necessary f o r  a m ercury/

ligand long range in te r a c t io n .  (N.B. The sum o f  th e  van der Waals1 r a d i i

35 °o f  mercury and the  halogens a re , 3 .30 -3 .53 , 3 .45 -3 .68 ,  and 3 .65 -3 .88  A

f o r  Hg-CI, Hg-Br and H g -I ,  r e s p e c t iv e ly . )

The m ercuric  h a l id e  complexes g ive  r is e  to  a wide and va r ied  range o f  

s t ru c tu re s  c o n ta in in g  ha logen-b ridges . There are two main c lasses  o f  such 

compound, v i z . the  ha lom ercura te(I I ) complexes and the  a d d i t io n  complexes 

formed between the  m ercuric  h a l id es  and uni denta te  l igands . In the  next two 

sec t ions  an a ttem pt w iI I be made to  g ive  a general in d ic a t io n  as to  the  d iv 

e r s i t y  o f  ha logen-bridged s t ru c tu re s  found, as well as p ro v id in g  a d e ta i le d  

s t ru c tu r a l  review o f  systems re le v a n t  to  the  present work.

1.3 .2 .  HalomercUrate(I I ) complexes

Polymeric s t ru c tu re s  are o f te n  formed as a r e s u l t  o f  mercury-haIogen 

b r id g in g .  A very common c o o rd in a t io n  arrangement observed fo r  these polymers 

f in d s  mercury in a d is to r te d  octahedra l environment w ith  an e f f e c t i v e  co

o rd in a t io n  number o f  s ix  (n=6 ) and a c h a r a c te r is t i c  c o o rd in a t io n  number o f

38two (m=2). The s t ru c tu re  o f  the  i^HgCI^, H2O complex co n ta in s  d is to r te d

[HgClg] octahedra which share oppos ite  edges; the re  are two s h o r t  ap ica l

Hg-CI bonds and two p a irs  o f  longer e q u a to r ia l  con tac ts  (F igu re  I . I )  which

g ive  r is e  to  a continuous two-dimensional cha in .

39The NaHgCI^,2H20 complex has a s t ru c tu re  which c o n s is ts  o f  two

cha ins , s im i la r  to  t h a t  found in the  prev ious s t ru c tu re ,  l inked  to g e th e r  v ia

a t h i r d  edge o f  the  [HgCI^] octahedra (F igu re  1 .2 ) .  A s im i l a r l y  arranged

40ch lorom ercura te( I I ) ske le ton  has been observed f o r  NH^HgCI 3* ^ 0 , bu t w i th  

a d i f f e r e n t  c a t io n  environment to  the  Na s a l t .

An i n f i n i t e  two-dimensional sheet s t ru c tu re ,  in which [HgClg] o c ta 

hedra share a l l  fo u r  e q u a to r ia l  c h lo r in e  atoms, and co n ta in  two col inea r Hg-

4 1Cl bonds, is  found fo r  a “ NH^HgCI^ (F igu re  1 .3 ) .  The correspond ing Rb

14



r i v a  i nc o in w .iu n c  u r

Distances (A) Angle Q

a = 2.38 " a ^ a = 169.96
b = 2.80 

c = 3 2 5

FIG.1.2 THE STRUCTURE OF N a fHgCigl .2HUO

Distances (A)

a = 2 .3 5  a ^ b  = 180
b= 2.40 
c = 2.81 
d= 3.27 
e= 2.81 
f = 3.27

FIG.1.3 _IHE.STRUCTURE OF q-NHdlHgClgl

O %
Distances (A) Anole 1°)

a = 2.34 a^a = 180
b = 2.96
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ANIONS

ISMe^lHaClj 

Dlstanoes ll) Angus'

a = 2.45 
b= 2.40 
C = 2.42 
d = 3.05 
a = 3.04

a^c =115.6 
bA c=1242

[SMa3lH q l3 

JBiatincai (A) Angles”

a = 2.72 
b= 2jB9 
c= 2.73 
d= 3j69 
a= a52

8^0= 113 
b ^ c = 123

q-fNE^lHoClg 

Dittincca .tAl ADfli**0

a=243  
b=244  
c= 243  
d= 3j05 
•=  39 2

a^b=1189  
aA c= 1229 
bAc=1189

FIG .1.6 T H E  STR U C TU R E O F lN M e .il[HgBivd

-Dlatancaa (A)

a = 2.53 
b = 2.48 
c = 2.56 
d = 2.55 
•  = 2.49 
f = 252 
g = 292  
h= 294

•AnglflaJ!)-
a^b = 121.8 
aA c = 119.1 
b ^ c  = 114.4 
d ^ e  = 1259 
d ^ f  = 116.9 
e A f = 1139

FIG.1.5 tSdNgl HaClj

Distances (A )

a = 2.49  
b= 2.35  
c= 2.43 
d = 3.02 
e= 3.20

-Angles (°)

aA b = 112.9 
aAc = 108.4 
b^c = 138.4 
dAe = 165.4
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Table 1.1
2 -  *  

Bond parameters f o r  some EHqqX^I spec ies .

Compound
Termi na1 

bonds 
a ,b /A

Bridge
bonds
c ,d /A

Termi na1 
ang 1 e 
3 / °

Bridge 
angle 
a / °

[NE+4] 2 rHg2Br5] 50 2.521, 2.500 2.721, 2.749 122.3 89

[Ph,AsO-----H-----OAsPhj)[Hg2Br5] 51 2.51 , 2.52 2.75 , 2.76 127 87

[Hg C 3 , 2 , 3-Ng) B r ]2 [ Hg2Br6] 52 2.49, 2.51 2.65, 2.86 124.4 89.3

tS3C2N2E t4] tH g2 l 6l 53 2.701, 2.582 2.897, 2.950 1 18.5 86.4

[S3C2N2Et4].tHg2 lg ] 53 2.697, 2.669 2.880, 3.044 126.7 86.4

[ (Cu2Au)(Bu2d t c ) , l [ H g 2B rg ]3^ 2.522, 2.513 2.731, 2.717 122.3 89.1

2 -

*  A l l  these species con ta in  a cen tre  o f  symmetry

Fig. 1.7 The structures of some [Hg^Xg]2 species
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Analogue, RbHgCI^ has been reported to  be is o s t ru c tu ra I  from .X-ray powder 

42p a t te rn  s tu d ie s .

D is to r te d  octahedra l geometries based on digonal c h a r a c te r is t i c  co

o rd in a t io n  have a lso  been found f o r  the  s o l id  s ta te  extended s t ru c tu re s  o f

35 43 44H g C y  HgB^ and the  metastab le ye l low  form o f  Hg12 •

D i f f e r e n t  po lym eric  arrangements have been found f o r  the  complexes

45 46 47
[SMe^][HgX^] (X=CI o r  I ) and a - [N E t^ ] [H g C I^ J , each con ta in  columns o f

p lanar [HgX^l u n i ts  held to g e th e r  by r e la t i v e l y  weak a p ica l con tac ts  g iv in g  

r is e  to  continuous chain s t ru c tu re s  (F igu re  1.4) in which mercury l i e s  in a 

d is to r te d  t r ig o n a l  b ipyram ida l environment. A s im i la r  c o o rd in a t io n  p o ly 

hedron, but t o t a l l y  d i f f e r e n t  packing arrangement o f  [H g C y  u n i ts ,  is  found 

f o r  [ S ^ i y  [HgCI^ 3 ^  (F igu re  1 .5 ) .

49Yet another po lym eric  arrangement is  found f o r  [NM e^][HgBr^l, in which

a continuous chain o f  non-p lanar [HgBr^] ions share a bromine atom w i th  the

mercury o f an ad jacen t anion (F igu re  1 .6 ) .  Mercury l i e s  in a very d is to r te d  

te t ra h e d ra l  environment.
2-  .

Quite  re c e n t ly  a number o f  hexahalodim ercury(I I ) anions [h ^ X g ]  » ln

which mercury l ie s  in a d is to r te d  te tra h e d ra l  environment (F igu re  1 .7 ) ,  have

been reported . Table I . I  con ta ins  re le v a n t  bond parameters f o r  these comp- 

5 0 - 5 4I exes•

Before conc lud ing  t h i s  sec t ion  on ha lom ercura te(I I ) complexes i t

2 -should be noted th a t  unassociated s t ru c tu re s  c o n ta in in g  d is c re te  [HgX^]

55te tra h e d ra  have been observed f o r  [SMe^3 2 t H g I a n d  [NMe^]^ [HgX^] (where 

56
X=CI o r  Br) (F igure  1 .8 ) .

I .3 .3 .  A d d it io n  complexes

Considering the vas t  number and va ry ing  s to ich e io m e try  o f  the  complexes 

formed between the m ercuric  ha l id es  and neu tra l uni den ta te  l igan ds ,  l i t t l e  

sound s t ru c tu ra l  data are  a v a i la b le .  The m a jo r i ty  o f  p rev ious da ta , concerned 

w i th  the  1:1 and 2:1 systems, in d ic a te  a tendency f o r  mercury-halogen 

associa ted s t ru c tu re s  to  be formed. A comprehensive survey o f  each o f  these

18



Tab Ie 1.2

Bond parameters fo r  some d is c re te  d im er ic  (D H gX^ s t ru c tu re s

Compound d(Hg-X)/A d(Hg-L)/A  
(d)

Angles/®

(Ph3PSe)HgCI?57

Termi na1 
(a)

Br i dge 
<b,c)

Termi na1 
(3)

Bri dge 
(a)

2.33 2.78, 2.60 2.53 136.3 91 .7

(MPC)HgCI258 2.37 2.78, 2.57 2.42 131.9 92.7

59*
( I -m e thy1 cy tos ine )H gC I2 2.32 2.75 , 2.72 2.17 148.0 95.4

(c y c lo p e n ta d ie n y 1 i de)Hg12^^ 2.68 2 .98, 2.94 2.30 131.5 86.2

There is  a lso  a weak in te ra c t io n  between the oxygen o f I -m e th y Ic y to s in e  
and mercury; Hg-0=2.84 A (sum o f the  van der Waals* r a d i i  o f  mercury 
and oxygen = 3 .0  A ) .

F IG .  1.9 T h e  s t r u c t u r e  o f  s o m e  ( L ) H g X 2 c o m p l e x e s

Cl
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INMe3l2lHSBr4L 
out.nc.a (X) Analtt l°L

a = 2.59 Tha anglaa ranga
b= 2.59 from;
c= 2 .59 a^d = 108.0
d= 2 .5 9  b^d = 113.7

N.B.
Tha corraaponding chloro complax 

ia iaomorphoua

tSMâ |? [HgUl 
P Iatancat_(A L Aw!li.(!L
a = 2.80 
b= 2.73 
c= 2JB9 
d= 2JB8

Tha anglaa ranga 
fro m ;

a^ b x  105.2 
b ^ c *  119:8

F I G X 1 0  _ (2 t4,6-TRIMETHYLPYRIDIM^f

a a 2.50  
b a 2 .54  
c r  2 .9 6  
d a  2 .95  
a a  2.18

DISTANCES <Al ANGLES (°)

a b -  110.1 
• A a a  1225  
bAa m 1284

9»3

H j C ' ^ y ' CH3

FIG.1.11 THE STRUCTURE OF GUANOSINE HqCl3

L

OH

^Pittances (Al 

a x 2.34  

b = 2 .66  

c = 2.76 
d = 2.16

.Aoglflgt0}

a Ad x 155.5 
bAc = 107.9
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systems wi l l  be g iven .

(DHgX^ complexes. Many v ib ra t io n a l  spec troscop ic  data reported  f o r  

the (L)HgX2 system suggest the  presence o f  d is c re te  d im e r ic  ha logen-bridged 

s t ru c tu re s  (F igu re  1.9) in which mercury l ie s  in a te t ra h e d ra l  environment 

and the  ligands are m u tu a lly  t ra n s  to  one ano the r. However, a t  the  o u ts e t  

o f  t h i s  p ro je c t  o n ly  (Ph^PSe)HgCI^  and (MPOHgC^**^ were known to  have

t h i s  s t ru c tu re ,  which, to g e th e r  w ith  the  re c e n t ly  reported  s t ru c tu re s  o f

59 50( I-methy I cytosine )HgC 12 and (eye lopentad ieny I ideJHg^, makes only four

occasions when i t  has j u s t i f i a b l y  been c i t e d .

Table 1.2 con ta ins  re le v a n t  bond parameters f o r  a l l  fo u r  complexes.

I t  should be noted t h a t  the  mercury atom always l ie s  in a very  d is to r te d  

te tra h e d ra l  environment and th a t  each halogen-bridged four-membered r in g  is  

asymmetric.

Although the  complex ( A s E t ^ H g ^ *  has a ls o  been reported  as having a 

d is c re te  d im er ic  s t ru c tu re  the  evidence presented is  no t co n c lu s iv e ;  no bond 

parameters were quoted.

62The (2 , 4 , 6- t r im e th y lp y r id in e )H g C l2 complex g ives r is e  t o  a more 

associa ted s t ru c tu re .  Thus ’ NHgC^ 1 u n i ts  are packed one upon ano ther and 

jo in e d  v ia  two long range H g - C I  con tac ts  r e s u l t in g  in a po lym eric  chain in 

which mercury l i e s  a t  the  cen tre  o f  a d is to r te d  t r ig o n a l  b ipyram id (F igu re  

I .10).

The (guanosine -  N^JHgC^ com p le x^  g ives  r is e  t o  ano the r type  o f  cha in 

l i k e  arrangement (F igu re  1.1 I ) .  There are two s h o r t  bonds to  a c h lo r in e  and 

to  a n it roge n  atom o f  the  l igand , and two longer bonds to  c h lo r in e  atoms 

com pleting an i r r e g u la r  fo u r -c o o rd in a te  environment about mercury r e s u l t in g

in an i n f i n i t e  [ -  Cl - H g - C I  -  Hg - ]  z ig -zag  cha in .

64
The suIphur-donor complex (C^HgSJHgC^ has been described as a sub

s t i t u t i o n  complex ra th e r  than an a d d i t io n  complex and c o n s is ts  o f  a z ig -za g  

ribbon o f  a l te r n a t in g  [C^HgSHgCI]+ and Cl ions (F igu re  1 .12).

I t  has been found t h a t  oxygen and su lphur atoms may compete w i th  the
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r  i v i i Ai a * 1TETHAHYDHQTHIOPHENE1 Ha C U

DISTANC ES(l) ANGLE (°)

a = 2.30 
b = 240  
C = 2.62 
d « 2.83 
a = 3.07

aA b = 142.8

F I G . 1 . 1 3  (DEHYDR0D1THIZ0NE) HqCU

DISTANCES (1)

a = 2.35  
b= 2 .56  
c = 2.40

d :  3 .2 4
•  = 3 .24

a n g l e s n

a ^ b r  1115 
aA c = 1515 
b^c = 9 6 2  
d ^ a s  162.1

If
L *  N

N
H

/*

F I G . 1 . 1 4  THE STRUCTURE OF (TRIPHENYLARSINEOXIDE) HgCI;

Angles (°)

a =2.32 aAb=144.8
b= 2.32 cAd= 97.6 L = Ph3As=0—
c= 2.46 cAd= 82.4
d= 2.48
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halogen to  become the  b r idge  atom. The (dehydrod ith izoneJH gC ^ complex 

has a po lym eric  cha in  s t ru c tu re  c o n ta in in g  su Ip h u r-b r id g e s .

Approxim ate ly t r ig o n a l  p lanar ’ SHgC^ 1 u n i ts  are jo in e d  v ia  two long 

range m ercury/suIphur con tac ts  com pleting a t r ig o n a l  b ipyram ida l polyhedron 

about mercury and g iv in g  a continuous s t ru c tu re  (F igure  1 .13).

’ Mercury-oxygen’ b r id g in g  has a lso  been repo r ted . For example 

(Ph^AsOJHgC^ c o n s is ts  o f  d is c re te  oxygen-bridged d im er ic  molecules (F igu re  

1.14) in which mercury l ie s  in a very d is to r te d  te t ra h e d ra l  e n v i ro n m e n t ,^  

whereas (cyclononanoneJHgC^ c o n s is ts  o f  a continuous chain o f  cyclonanone 

molecules and v i r t u a l l y  u n d is to r te d  HgC^ u n i ts  held to g e th e r  by oxygen- 

b r idges (F igu re  1 . 1 5 ) . ^

In (py r id ine -N -ox ide )H gC I2^  and (qu ino l i ne-N-oxide)HgCI 2^  both 

oxygen and c h lo r in e  br idges are observed. The s t ru c tu re s  o f  both complexes 

are s im i la r  and are shown in F igure 1.16 to g e th e r  w ith  re le v a n t  bond para

meters. The oxygen-bridges appear to  be o f  comparable s t re n g th  in both comp

lexes. The Cl-Hg-CI ang le in  (py r id ine -N -ox id eJH gC ^  (163.1°) and (q u in o l in e -  

N-oxfdeJHgC^ (171°) both approach l i n e a r i t y  which suggests weak Hg-0  in t e r 

a c t io n .  Both complexes may be described as having f ne t l i k e 1 s t ru c tu re s  in 

which mercury l i e s  in a very d is to r te d  octahedra l environment.

The th re e  complexes ( te t r a h y d r o fu ra n J H g B ^ ,^  ( c o u m a r ln M g C ^ *  and 

69(azoxyan iso leJHgC^ a l l  e x h ib i t  the ’ p re fe re d 1 d is to r te d  oc tahedra l e f f e c t 

ive c o o rd in a t io n  behaviour (F igure  1 .17). There are two s h o r t  mercury- 

ha I ogen bonds w i th in  an almost u n d is to r te d  HgX2 u n i t  (X-Hg-X ang les are c£. 

170°), an appa ren t ly  weak Hg-0 bond and th re e  fu r t h e r  long range m ercury- 

halogen con tac ts  a t  c£. 3 A.

A s l i g h t  m o d if ic a t io n  o f  the prev ious s t ru c tu re  has been observed f o r

72 73
(R I^SOHgC^ and (3 , 5-d ib rom opyr id ine -N -ox ide )H gC l2 (F igu re  1 .18). Again,

the  HgC^ u n i ts  are o n ly  s l i g h t l y  d is to r te d  by Hg-0 in te r a c t io n s .  However,

o n ly  two long range m e rcu ry -ch lo r ine  con tac ts  are p resen t here, the  t h i r d

c o n ta c t  being seemingly hindered by the p o s i t io n  o f  the  donor l igand  in
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L =

Distances (A) 
a = 2 .28  

2 .2 8  
2 .2 6  
2.28  
2.91 
2.76

b =
C r

d = 
e =
f ?

Apgfrg L!L
aA b= 177.2 
cA d= 1715  
e A f=  84.1

FIG.1.16 THE STRUCTURE OF SOME (LlHoCI; COMPLEXES

L = L =

L = Pvrid lns-N -oxide  

Distances (A) _ Anglfi-(!)_

a = 2.32 
b = 2.34  
e = 3.18 
d = 3.32 
e = 2.60 
f r  2.59

a^b  = 163.1

L = Q uinoline-N-oxide  

Distances (A)_ Acglfi.(!L

a r  2.30  
b r  2.30 
e = 3.12 
d r 3.35 
e= 2.56 
(= 2.61

a b = 174
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L = Coumarin . X = Cl
a = 2.33 A
b r 2.33 .. a ^ b
c= 2.94 =171°
d= 3.18 ..
e = 3.34
f=  2.38 »

L = Azoxvanitole . X = Cl 
a = 2.28 1
b = 2.29 a^b ■
C :  3.10 „ =175
d = 3.15 .. 
e = 3.18 .. 
f=  2 8 0  ..

L=Tetrahvdrofuran . X= Br 
a = 2/48 a
b= 247  
c = 3.15 
d= 227  
a = 247  
f = 287

a b e 
= 1748

FIG.1.18 THE STRUCTURES OF SOME (L)HgCI;  COMPLEXES

L=Diohenvlsulohoxide 
I>i9tancoa (A )_ Pittances (A)
a = 2 2 9 a = 2 2 9
b= 2 2 9 b= 231
c = 3.28 Ph c= 221
d= 2 2 3 Ns=o » d= 212
e= 2 5 8 Ph/ e= 2.51
Airal««.(!L Anglfl.(fL
a ~ b = 172.4 a ~ b = 17315
b~e= 94.3
b^d= 8 2 5
a~d = 94.7

*Cr
o
♦

FIG.1.20 THE STRUCTURE OF ( THIOUREA U H a U

Distances (A)
a,a'= 2.84
b,b'= 3.86
c,c'= 2.46

a A a ' r  1 0 2

aAc = 121 
aAc'= 95 
a'Ac = 95 
a'Ac' = 121 
cAc' = 124

L = N̂ = S -
N H ,
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each case.

(UgHgXg complexes. Monomeric ( L ) 2 HgX2  te t rahedra  have been observed 

on a number o f  occasions f o r  t h i s  system (F igure  1.19).  Table 1.3 conta ins  

re le v a n t  bond parameters t o  descr ibe each s t r u c t u r e .  I t  can re a d i l y  be seen 

t h a t  mercury l i e s  in a very d i s to r t e d  te t ra h e d ra l  environment in each o f  these 

s t ru c tu r e s .

Associated s t r u c tu re s  have a lso  been repor ted f o r  complexes o f  t h i s

s to ic h e io m e t ry . In the case of  ( t h i o u r e a ) 2 HgX2  (X=CI, Br o r  I ) the re  is  a

79
v a r i a t i o n  in the mode o f  assoc ia t ion  depending on X. The iodo compound 

c ons is ts  o f  d i s to r t e d  ^ H g ^ ’ te t rahedra  l inked toge the r  v ia  weak Hg-I

80contac ts  forming a loosely  bound chain (F igure  1.20).  The bromo complex 

has a s im i l a r  s t r u c tu r e  but the te t rahedra  show g rea te r  assoc ia t ion  r e s u l t 

ing in a more t i g h t l y  bound chain in which mercury l i e s  in an e f f e c t i v e

d i s to r t e d  octahedra l  environment (F igure  1.21).

8 1The complex ( th iou rea^H gCI  ^ has a s t r u c tu r e  which may best be 

descr ibed as ion ic  con ta in ing  t r i g o n a l  p lanar  ^ H g C I * ’ ca t ions  and Cl
O

anions.  There is  f u r t h e r  con tac t  (3 .2  A) between the ca t ion s  (Figure 1.22) .

82An apparent ly  s im i l a r  s t r u c tu r e  has been reported f o r  (pen ic i  I lamine^HgCI
O

H2 O. The two Hg-S d is tances are about 2.34 A, w h i l s t  the s h o r te s t  Hg-CI

d is tance is 2.85 A. The S-Hg-S angle is 171.6°.

83The complex ( th  iosemicarbaz i de^HgCI ^ has a s i m i l a r  cha in  l i k e  

arrangement to  those found f o r  ( t h i o u r e a ) 2HgX2  (X=Br o r  I) (F igure  1.21).

Very d i s to r t e d  ^ H g C ^ ’ u n i t s ,  w i th  S-Hg-S angles o f  160.7° and Hg-CI bond
0

lengths of  ca_. 2.8 A, are held toge the r  v ia  longer Hg-CI con tac ts  which

complete a d i s to r t e d  octahedral  environment about mercury.

84 85 86
The complexes (Py^HgC^# (methanol ^ H g C I^ ancl ( phenoxathi i n ^ H g C I ^

each have the ’ p re fe re d ’ d i s to r t e d  octahedra l  arrangement based on digonal

c h a r a c t e r i s t i c  c o o rd in a t io n .  Each s t r u c t u r e  conta ins  p e r f e c t l y  l i n e a r  HgC^

u n i t s  w i th  very weak mercury-donor atom in te r a c t io n s .  These fo u r  coo rd ina te
o

un i t s  are held toge the r  v ia  two long Hg-CI contac ts  o f  ca.  3 A which complete
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Table I .3

Bond parameters f o r  some d is c re te  monomeric (U^HgX^ te tra h e d ra

Compound d(Hg-X)/A d(Hg-L)/A o< / q B /°

C PPh3 ) 2Hg 1274 2.733, 2.763 2.574, 2.574 110.43 108.95

75(O -e thy1th  i oca rbamate)2H9C1̂ 2.62 , 2.58 2.45 , 2.43 96.2 129.9

( 1, 4 - th  i oxa n)2HgC1̂ 2.43 , 2.52 2.54 , 2.59 1 14.0 1 15.0

(Ph3AsO)2HgCI277 2.33 , 2.32 2.32 , 2.37 146.6 92.5

78
(6-mercaptopur i ne^HgCI ^ 2.622, 2.622 2.460, 2.460 Not reported 139.8

Fig 1.19 The structures of some (L)2 HgXp complexes

L

L
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L = Thiourea X= Br L = Thioaemtcarbazide X= Cl

Distances (&) 
a = 2.81 
b = 3.00  
c = 2.42 
d = 2.42 
e= 3.32  
f = 3.41

Angle* Q
a Ab = 84  
c Ad= 145

HN-N
y:=-s-¥

h2n 
Distances (A) 
a = 2.82  
b= 2.82  
c= 2.42 
d= 2.42  
e= 3.25  
f = a25

_AD81«lL L  
aAb = 96.6  
cAd = 160.7

FIG.1.22 THE STRUCTURE OF (THIO U REA),, H qC U

016
Distances (A)

a = 2.57 
b = 2.42 
c = 3.22 
d = 3.34

Ancles (°)

bAb = i3 a e  
aAb = 110.8

FIG.1.23 THE STRUCTURE OF SOME (L)gHaCi; CQMPLEX.ES.

L= MethanolL=Phenoxathiin

Distances (A) Ancle (°) 

a = 2.34 aAa= 180
b= 2.60 

c = 3.25

T
Distances (a )

a =2.33 

b= 3.12 

c = 3.08

Angle (°) 

aAa=180

C H 3 OH

Distances (A) Angle Cl.
a =2.31 aAa= 180
b = 2.82  
c = 3.07
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FIG.1.24 THE STRUCTURE OF (cis-4-CHLOROPHENYL  
-T H IA N -1 -O X ID E U  HaC U

L

L= Cl

s=o

Distances (A)

a = 2.28 
b= 2.30 
c= 2.70 
d = 2.48 
e= 2.97

Angle (°) 

a^bs 164.0
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the d i s to r t e d  octahedral  environment r e s u l t i n g  in a cont inuous chain 

(Fi gure I .23) .

D is to r ted  octahedral  coo rd ina t ion  has a lso  been found f o r  the unique 

oxygen-br idged d imer ic  s t r u c tu r e  o f  (c i s  -4 -p -ch  loropheny I t r i a n - 1  -ox i  de^HgCI 2  

(Figure I .24)

1.3 .4 .  Factors a f f e c t i n g  the s tereochemis t ry  o f  mercur ic  h a l id e  complexes 

i n the so I i d s ta te

There have been some at tempts t o  r a t i o n a l i z e  the fa c to r s  i n f l u e n c in g  

the coo rd ina t ion  behaviour o f  m e r c u r y  Cl I ) in the s o l i d  s t a te .  Approximately  

o n e - t h i r d  o f  the  s t ru c tu re s ,  presented in the previous s e c t io n ,  form two

r e l a t i v e l y  s t rong digonal  bonds, which suggests a tendency towards digonaI

c h a r a c t e r i s t i c  c o o rd in a t io n .  This phenomenon has been exp la ined by Orgel 88

and Nyholm in terms of  a r e l a t i v e l y  small 5d*— ■5d 6s sepa ra t ion .  The

dz and s o r b i t a l s  can be mixed toge the r  to  g ive  two new o r b i t a l s .  I f  two

2 2 +e lec t ron s  from the dz o r b i t a l  o f  Hg are put in to  the ds hybr id  o r b i t a l ,  

s t rong e l e c t r o n e g a t i v i t y  w i l l  develop along the +z and -z  axes which favours  

l i n e a r  two c o o rd in a t io n .

©
‘ s ’

10 9Small d -  d s separa t ion  is conducive to  g rea te r  m ix ing .

C h a ra c te r i s t i c  coo rd ina t ion  numbers o the r  than two are j u s t  as common.

lodo complexes o f  mercury ( 11) in p a r t i c u l a r  have a tendency t o  take up h igher

35c h a r a c t e r i s t i c  coo rd ina t ion  numbers than t h e i r  c h lo ro  o r  bromo e q u iv a le n ts .  

U n fo r tuna te ly  no equ iva len t  theory  has been put forward t o  e x p la in  these
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10 9obse rva tions  and i t  can o n ly  be deduced t h a t  the  small d — ► d  s separa tion

* 35is  not an o v e r - r id in g  c o n s id e ra t io n .  However, Grdenic has made the  e m p ir i

cal obse rva tion  t h a t  the  e le c t r o n e g a t iv i t y  o f  the  ligands a ttached to  mercury 

( I I )  is  a major f a c to r  in f lu e n c in g  the  re s u l ta n t  c o o rd in a t io n  number. A 

c r i t i c a l  va lue o f  e le c t r o n e g a t iv i t y  X (L )  is  2 .5 .  G enera l ly  when X ( L )  >2.5 

digonal c h a r a c te r is t i c  co o rd in a t io n  is  p re fe re d , whereas when X (L) <2.5  

te tra h e d ra l c h a r a c te r is t i c  c o o rd in a t io n  is  p re fe re d . At the  t im e t h i s  

obse rva tion  was made (1965), th e re  were a number o f  v io la t io n s  o f  t h i s  r u le

which Grdenic expla ined in terms o f  c r y s ta l  packing and s t e r i c  requ irem ents.

90 9 1C e r ta in ly  the  re s u l ts  o f  some recen t r e l i a b le  spec troscop ic  s tu d ie s  * 

on the  complexes [NR^^HgX^ and [NR^JHgX^ (R= a l k y l ;  X=CI, Br o r  I )  in d ic a te  

s t e r i c  requirements are very im portan t. For the  te t ra h a lo m e rc u ra te (1 1 )

species, when [NR^]+ is  a la rge c a t io n  the  [HgX^]^ ions e x is t  as d is c re te

9 1 2-te tra h e d ra l  u n i ts  where m=n=4. Th is  is  t r u e  even f o r  the  [HgCI^] anions

where X(C I ) = 3 . 5 .  I t  is  found f o r  the  t r ih a lo m e rc u ra te ( I  I ) s a l t s  t h a t

small c a t io n s  a re  conducive to  extended s t ru c tu re s  o f  the  type IHgX^]"

(where n is  an in te g e r ) ,  whereas la rg e r  c a t io n s  g ive  r i s e  to  d is c re te  d im er ic

2 -9 1u n i ts  o f  the  type  [Hg2X^J . We should perhaps up-date G rden ic1s r a t io n a le  

fo r  the  fa c to rs  in f lu e n c in g  H g ( I I )  c o o rd in a t io n  th e re fo re ,  by in c lu d in g  

s t e r i c  requirements as j u s t  as s ign i f ic a n t  a parameter as e le c t r o n e g a t iv i t y .

As a lready  ind ica ted  in Section 1 .3 .2 , f o r  a d d i t io n  complexes th e re  is  

the  p o s s i b i l i t y  o f  long-range in te ra c t io n  v ia  any o f  the  c o o rd in a t in g  groups. 

Consequently in t h i s  s i t u a t io n  the  e le c t r o n e g a t iv i t y  o f  the  donor atom o f  the  

o rgan ic  ligand a lso  becomes im portan t in de term in ing  the  re s u l t a n t  s o l i d -  

s ta te  s t ru c tu re .

1.4 . A SURVEY OF MERCURY(ID- HALOGEN STRETCH ING MODES

1.4 ,1 . Halomercurate(I I ) complexes

The v ib ra t io n a l  spectra o f  ha lom ercura te(I I ) complexes, to  some 

e x te n t  co rro bo ra te  the  wide range o f  s t ru c tu re s  shown. The data presented

31



in  Table 1.4 c o n s is t  o f  what are f e l t  to  be the  more r e l i a b le  spec troscop ic

s tu d ie s ,  i . e .  those based on sound c ry s ta I lo g ra p h ic  evidence. (N.B. on ly

s t re tc h in g  modes are  presented as in the  main o n ly  these have been re p o r te d ) .

These data are by no means comprehensive but w i l l  serve as general in d ic a to rs

o f  s p e c i f i c  mercury-halogen co o rd in a t io n  behaviour.

I t  should be re a l iz e d  th a t  the  n o ta t io n  v(HgX), used in Table 1.4 does
t

not r e fe r  to  a s p e c i f i c  type o f  te rm ina l mercury-halogen s t re tc h in g  mode but

ra th e r  re fe rs  t o  s t re tc h in g  o f  what is  the  s h o r te s t  Hg-X bond e .g .  the  te rm -
2 -

ina l Hg-X bond in a d is c re te  IHg2X^] dimer, and even then fas the re  are a 

number o f  (HgX)^. modes in such species) the  na ture  o f  the  v ib r a t io n  is  not 

s p e c i f  ied.

As one m ight expect the  h ighes t observed wavenumber p o s i t io n s  f o r

mercury-halogen s t re tc h in g  modes are  found f o r  the  m ercu ric  h a l id e s  them- 

92-94
se lves . F u r th e r ,  th e re  is  a trend  whereby the  h ighes t observed mercury-

ha logen modes decrease in wavenumber in  a d im in is h in g  sequence f o r  s t ru c tu re s

-  2 -co n ta in in g  X-Hg-X u n i ts ,  to  [ HgX^l u n i ts ,  to  iHgX^) u n i ts ,  r e s p e c t iv e ly .

This observa tion  is  not s u rp r is in g  when one cons iders  the  e f fe c ts  o f  inc reas ing

c o o rd in a t io n  upon the  o r ig in a l  HgX2 u n i t .  Therefore  some in d ic a t io n  o f  the

c h a r a c te r is t i c  c o o rd in a t io n  about mercury can be obta ined by study o f  the

h igher wavenumber reg ion o f  the  mercury-halogen v ib ra t io n a l  spectrum. F u r the r

in fo rm a tion  w ith  respect to  the  way in which in d iv id u a l  u n i ts  pack to g e th e r

(o r  no t)  to  g ive  extended (o r  monomeric) s t ru c tu re s  is  conta ined in th e  lower

wavenumber reg ions o f  the spectrum where vtHgXJ^ modes occur.

U n fo r tu n a te ly ,  low wavenumber data a v a i la b le  f o r  mercury-halogen b r idge

s t re tc h in g  modes are  ra th e r  l im i te d .  Only f o r  the  d im er ic  systems such as

those presented in Table 1.4 have v a l id  assignments been made. For example,

v(HgBr)^ modes have been assigned a t  128 and 125 cm * in  the  IR spectrum o f  
2 -

the  [Hg2Brgl species conta ined In (NEt^) 2 tHg2Br^3 . The c h lo ro  and lodo 

complexes show analogous spec tra .

Modes a r is in g  from weaker b r idg e  in te r a c t io n ,  i . e .  from c o n ta c t  approach-
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ing the  sum o f the  van der Waal s ’ r a d i i  o f  mercury and the  halogen, have o n ly  

been assigned on a few occasions. The reasons f o r  t h i s  a re  tw o - fo ld .  F i r s t l y ,  

th e re  is  a problem o f  d e f i n i t i o n .  The d i f f i c u l t y  in d e f in in g  a mercury-halogen 

b r idge  bond (Section 1 .3 .1) again m an ifes ts  i t s e l f  when t r y in g  to  exp la in  what 

is  a mercury-halogen b r idge  mode. I t  w i l l  be remembered th a t  a wide range 

o f  mercury-halogen b r idge  d is tances  are  observed so we may s im i l a r l y  expect 

to  f in d  a wide wavenumber range w i th in  which v(HgX)^ modes w i l l  l i e .  For the  

lower wavenumber bands a r is in g  from mercury-halogen v ib r a t io n s ,  a problem 

o f  in te r p r e ta t io n  a r is e s  as to  whether o r  not to  c a l l  these bands v(Hg-X)^ 

modes, where th e re  is  s t i l l  considered to  be some bonding in te r a c t io n ,  o r  to  

c a l I  them ex te rna l l a t t i c e  modes where the re  is  no longer any bonding in t e r 

a c t io n ,  U n fo r tu n a te ly  the re  is  no c le a r  change over p o in t  from one to  the  

o th e r  and i t  appears from the  l i t e r a t u r e  t h a t  d e f in i t i o n  is  l e f t  t o  the  

s p e c tro s c o p is t ’s d is c re t io n ,  apparen t ly  on a s t r u c tu r e - to - s t r u c tu r e  b as is .  

Consider f o r  instance some o f  the  associa ted s t ru c tu re s  presented in Table 1.4. 

Mercury-halogen b r idge  s t re tc h in g  modes, o r  more c o r r e c t l y  in -p la n e  o r  o u t -  

o f -p la n e  deform ations, have been assigned f o r  a - [NH^][HgCI^] a t  92 cm  ̂ ( IR ) ,  

and f o r  f^ IHgC I^] ,1^0 a t  168 and 125 cm  ̂ ( IR ) .  However, no such vfHgX)^ 

modes have been assigned f o r  the complexes a - fN E t^ ] [H g C I^ ] , (SM e^)[HgCl^ l, 

[NMe^J[HgBr^] and [SMe^][Hg1^1. A l l  these complexes, in both groups, are

known to  con ta in  br idge bonds as de fined by Equation I (Sec tion  1 .3 .1 ) .  Barr

95and G o lds te in  s ta te  t h a t  b r idge  in te ra c t io n s  present in the  l a t t e r  group 

o f  s t ru c tu re s  are "so weak as to  have l i t t l e  o r  no in f lu e n c e  on th e  v ib ra t io n a l  

spectrum." Presumably the  modes o f  v ib r a t io n  a r is in g  from these f b r id g e ? 

in te ra c t io n s  are in te rp re te d  as ex te rna l l a t t i c e  modes. Externa l l a t t i c e  

modes have not been assigned f o r  these complexes, probab ly  as a r e s u l t  o f  

the  com p lex ity  o f  the  lower wavenumber reg ions o f  the  spec tra .  The complex 

nature o f  the  lower reaches o f  the  v ib ra t io n a l  spectra  is  the  second reason 

fo r  the  lack o f  low wavenumber mercury-halogen br idge  s t re tc h in g  mode data .
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In t h i s  region one may expect to  observe var ious  types o f  bending modes and 

a lso  begin to  observe o the r  ex terna l  l a t t i c e  modes. Consequent ly one may 

envisage cons iderab le  band over lap  which would make assignment very d i f f i c u l t .

In conc lus ion ,  th e re fo re ,  i t  may be s ta ted t h a t  a t  the present t ime 

v ib r a t i o n a l  data can g ive some in fo rmat ion  about the c h a r a c t e r i s t i c  coo rd ina 

t i o n  about mercury, but  in fo rmat ion  concerning b r idg ing  in te r a c t io n s  is 

r e s t r i c t e d  as a r e s u l t  o f  l i m i t a t i o n s  to  spec t ra l  i n t e r p r e t a t i o n  a t  very low 

wavenumbers.

I .4 .2 .  Add i t ion  complexes

The present work is concerned w i th  the a d d i t io n  complexes o f  1:1 and 

2:1 s to ic he iom e t r ies  formed between un iden ta te  l igands and mercur ic  h a l id es .

The v ib ra t io n a l  data given in Sect ion 1.4.1 f o r  halomercurate( I  I ) complexes 

are f a i r l y  r e l i a b l e ,  having been based on sound c ry s ta I  Iographic knowledge. 

U n fo r tuna te ly  the same cannot be said f o r  the data reported f o r  a d d i t i o n  

complexes. This may be a t t r i b u t e d  to  th ree  reasons:

a) m is in te r p r e ta t io n  o f  c r y s ta I l o g ra p h i c  data;

b) neg lec t  o f  re levan t  c r y s ta I l o g ra p h i c  data;

c) inadequate v ib r a t i o n a l  spect roscopic  s tud ies  ( e s p e c ia l l y  t r u e  o f  e a r l i e r  

w o rk ) .

Furthermore,Raman data have o f te n  not been reported and even the  IR 

s tud ies  have terminated a t  ca. 200 cm thus not cover ing  the complete f a r -  

IR reg ion .  A f a i r l y  comprehensive survey o f  e x i s t i n g  spec t roscop ic  data f o r  

the (L)HgX2  and (L ) 2 HgX2  complexes wi l l  now be presented.

(L)HgX2  complexes. Previous data,  and those data publ ished w h i l s t  t h i s  

work has been in progress,  are presented in Table 1.5. Authors i n f e r  from 

the m a jo r i t y  o f  these data t h a t  complexes o f  the 1:1 s to iche iom e t ry  e x h i b i t  

d i s c re te  d imer ic  s t ru c tu re s  in which mercury l i e s  in a t e t r a h e d ra l  environment 

w i th  the donor l igands mutua l l y  t rans  to  one another.  ( In  subsequent d iscuss ion  

t h i s  s t r u c tu r e  sha l l  be donoted by the abb rev ia t ion  t ran s  halogen -  br idged 

dimer, THD).
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Using the  p o in t  group approach one may p re d ic t  the  fo l lo w in g  s t re tc h 

ing modes f o r  a molecule o f  t h i s  symmetry (C2^ ) :~

v (HgL)+ , v (HgX)+ , 2 xvCHgX)^ IR -a c t ive

v (HgL)^. , v (HgX)+ , 2 x v (H g X )^  R a -ac t ive

The evidence f o r  the  in ferences made in Table 1.5 have, in many cases,

been based on the  assignment o f  a s in g le  v(HgX)^ IR -a c t iv e  mode. For example,

2 10 19the  cons ide rab le  work on N-donor complexes, * * some work on P(As)-donor

5 6 II 14complexes, '  ’ p y r id in e -N -o x id e  t y p e ’ complexes and R2S(Se, Te) complexes.

C le a r ly  t h i s  s i t u a t io n  is  not s a t is fa c to r y  because ha logen-b r idge  in t e r 

a c t io n s  have been in fe rred  w ith o u t  a c tu a l ly  observ ing v(HgX)^ modes. I t  is  

a lso  in te re s t in g  to  note the  s u r p r is in g ly  wide wavenumber ranges w i th in  which 

v(HgX)^. modes f o r  a dimer have been assigned f o r  complexes o f  re p o r te d ly  

s im i la r  s t ru c tu re ,  i . e .  273-349, 179-253 and 123-160 cm * f o r  c h lo ro ,  bromo 

and iodo complexes re s p e c t iv e ly .

There have been s tud ie s  where the  THD s t ru c tu re  has been in fe r re d  in
4

which v(HgX)^ modes have been assigned, no tab ly  some P(As)-donor complexes, '

5 ,7 ,80 ,90 ,95  M . . 10,19 . c . . 14,16 r9 * N-donor complexes, ' and S-donor complexes. * G enera l ly

the  basis f o r  these assignments is  poor; they are u s u a l ly  no more than

guesses. Furthermore, the  wavenumber p o s i t io n s  o f  the assigned bands cover

s u r p r is in g ly  wide ranges when one cons iders  t h e i r  supposedly s im i la r  o r i g i n ,

v i z . 83-230, 61-195, and 34-137 cm * f o r  c h lo ro ,  bromo and iodo complexes

re s p e c t iv e ly .  P o in t group an a ly s is  p re d ic ts  two se ts  o fv ^ H g X )^  modes, each

se t c o n s is t in g  one IR -a c t ive  and one R a -ac t ive  mode. On the  few occasions

where modes from both sets  have been assigned th e re  appears to  be some

con trove rsy  as to  t h e i r  r e la t i v e  wavenumber p o s i t io n s .  For example, we

f in d  f o r  (PBu^)HgX2^  and (PPh^)HgX2^ (X=CI, Br o r  I)  a r e l a t i v e l y  small

wavenumber sepa ra tion  is  g iven , whereas f o r  (PCy^)HgX2 ,^  (AsPh^)HgX2#**

(SbPh2Me)HgX2^ and (PPh^)HgX2^ (X=CI, Br o r  I)  a r e la t i v e l y  la rge  wave-

number separa tion  is  proposed.

3 9



96 104
Only the s tud ie s  o f  (Ph-jPSe)HgX2, (dehydrod ith izone)HgX2

27(X=CI, Br o r  I)  and (Ph^AsOHgC^ have been based on known c ry s ta l  

s t ru c tu re s .  Only in the  f i r s t  o f  these cases d id  the  au tho r study the  

Raman as we ll as the  IR spectra  and then, even w ith  the  c r y s ta l lo g ra p h ic

knowledge, i t  was concluded t h a t  complete assignment o f  v(HgX) modes was

+ •l i 96not p o ss ib le .

Other s tu d ie s ,  no tab ly  on ^ S O J H g C I ^  complexes o f  the  type 

(pyr id ine-N -ox ide)H gX2, and ^ S J H g C ^ * 0^ have been in te rp re te d  bearing 

in mind re la te d  c ry s ta l  s t ru c tu re s .  G enera l ly  however, re le v a n t  c r y s t a l l o 

graph ic  da ta , which in d ica te s  a v a r ie t y  o f  s t ru c tu re s  f o r  the  1:1 system,

2 10 14 19has been ignored. '  '  '  The m a jo r i ty  o f  v ib ra t io n a l  spec troscop ic  data

presented in Table 1.5 has been in te rp re te d  using the  p a r t ia l  c r y s ta l  Io -  

g raph ic  an a ly s is  o f  ( A s E t ^ ) H g a s  a bas is .

The r e l i a b i l i t y  o f  v(HgL)^. assignments is  que s t ionab le .  There appears 

to  be a general u n c e r ta in ty  as to  t h e i r  wavenumber p o s i t io n  as in d ica ted  

by the  wide wavenumber ranges w i th in  which they have been assigned v i z .

v(HgN)+ a t  10 4 -4 2 0 ,10,30,96 v(HgP)+ a t  I 10 -364 ,4 ,7 ,97  v (H g -0 )+ a t  9 5 -414 , 11'

13,30,101,102 . , u c . . onQ - I  14,16,103'  ' '  and v(HgS)^. a t  209-347 cm . '  '

( L)2H9X2 comp I exes. Although th e re  appears to  be b e t te r  use o f

a v a i la b le  c r y s ta l lo g ra p h ic  data fo r  these compounds, the  v ib r a t io n a l  data

used to  make s t ru c tu ra l  in fe rence  are g e n e ra l ly  incomplete (Table 1 .6 ) .

Only the  re p o r ts  on (Py>2HgX2, ^  (PR^)2HgX2 ^ °  KNN^JHCSj2^ 9* 2 * ° °

[(EtNH^CS] 2^9X2 *^ (X=CI, Br o r  I ; R^=Bu^ o r  EtMe2 ) have conta ined both

IR and Ra data cover ing  a l l  the  fa r - IR  reg ion  (<500 cm * ) .

The (P y ^ H g C ^  complex, known to  have a po lym eric  s t ru c tu re  w ith

mercury in a d is to r te d  octahedra l environment, has been s tud ied  by va r iou s  

2 5 8 98workers. ' '  '  The most recent and most thorough o f  these s tu d ie s  is  t h a t

98 2 18by Barr and G o lds te in ,  which in d ic a te s  th a t  the p re v io u s ly  reported  data *

are erroneous due to  decomposition du r ing  experiments:
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(Py)2HgC12  *  (Py)HgCI2 + Py

As the  spec tra l in te r p r e ta t io n  o f  several s u b s t i tu te d  p y r id in e  
2

complexes has been based on erroneous re s u l t s  f o r  (Py)2HgCI2 , such ass ign -

98ments must be in ques tion . The assignment o f  Barr and G o lds te in  is  very

in te re s t in g  because a lthough the  s t ru c tu re  o f  (p y )2HgCI2 c o n ta ins  s h o r t

® - I
Hg-CI d is tances o f  2.34 A, no v(HgCI) modes are observed above ca_. 200 cm

O
(Table 1 .5 ) .  The 3.25 A b r id g in g  in te ra c t io n s  in t h i s  s t ru c tu re  are sa id  

t o  have cons ide rab le  in f luence  on the  v ib ra t io n a l  spec tra .  A l l  modes are 

described as v(HgCI)^ o f  the  [ (Py^H gC I21 cha in , w i th  motion o f  both s h o r t  

and long Hg-CI bonds c o n t r ib u t in g  to  a l l  these modes.

The d is c re te  te t ra h e d ra l  monomer is  known to  be a common s t ru c tu re  

f o r  t h i s  system (Section 1 .3 .3 , Table 1 .3 ) .  Table 1.6 in d ic a te s  the  numer

ous occasions fo r  which v ib ra t io n a l  spectra  have been used to  in fe r  t h i s  

type o f  s t ru c tu re .  I t  is  s u rp r is in g  to  note the  very wide wavenumber ranges 

over which the  v(HgX) modes have been assigned, v i z . 200-335, 128-235 and 

105-200 cm * f o r  the  IR -a c t iv e  modes o f  c h lo ro ,  bromo and iodo complexes 

re s p e c t iv e ly .  Another s u rp r is in g  obse rva tion  (Table 1.6) is  t h a t  complexes 

o f  very s im i la r  v(HgX) spectra  have been in fe r re d  to  have t o t a l l y  d i f f e r e n t  

s t ru c tu re s .  For example, I (MeNH^CS] 2HgBr2 , which has v(HgBr) a t  145 cm *, 

is  sa id  to  have a d is to r te d  octahedra l po lym eric  s t ru c tu re  whereas 

( (Me2N)2CS] 2HgBr2 which has v(HgBr) a t  152 cm * is  sa id  to  have a te t ra h e d ra l  

monomeric s t r u c tu r e . * ^

Reports o f  o the r  s t ru c tu r a l  types in fe r re d  from v ib r a t io n a l  data in -
4

elude s tud ie s  o f  (PMe^)2HgX2 (X=CI, Br o r  I ) ,  where io n ic  s t ru c tu re s  con

ta in in g  l in e a r  IP -H g -P l^+ and 2X ions are suggested, and o f  (PEtMe2 )2HgX2 

90(X=CI, Br o r  I ) ,  where po lym eric  s t ru c tu re s  are t e n t a t i v e l y  proposed in 

which th e re  are l in e a r  IP-Hg-P) u n i ts  surrounded by fo u r  halogens a t  longer 

d is tances in an e q u a to r ia l  p lane. Although so Iu t ion -phase  s tu d ie s  employ

ing measurements o f  c o n d u c t iv i t y  and ^*P n .m .r .  spectra  have been c i t e d  in
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4 90
suppor t  o f  these proposals ,  there is  no sound c r y s ta I l o g r a p h i c  bas is .  *

Assignments o f  v (HgL) modes in d ic a te  a general u n c e r ta in ty  as to  t h e i r

. . . .  r- I M /u  M \ 4- I O-Z A I C 3 , 1 0 , 1 8 , 1 9 , 9 8wavenumber p o s i t i o n s .  For example, v(HgN) a t  123-415,

r u  c \  +  m o  -zn-i  16,23,25,26,99,100 , , u  - I  4 ,6 ,7v(HgS) a t  192-327, * * * * * a n c j v(HgP) a t  104-337 cm .

C e r t a in l y ,  the problem of  assignment o f  v(HgP) modes may be a t t r i b u t e d  to

106t h e i r  gene ra l l y  low i n t e n s i t i e s .  F i n a l l y ,  mention is  made of  (e thy lene -  

22 23th io u re a ^ H g C I ^  * f ° r  which there  is  some con t roversy  as to  whether the

22l igand is  b iden ta te ,  bonding v ia  N- and S-,  o r  un iden ta te ,  bonding v ia  

23S-. The spect roscopic  evidence presented in e i t h e r  case is  no t  e n t i r e l y  

sound.

1- 5 - THE SCOPE OF THE PRESENT WORK

In an at tempt  t o  r a t i o n a l i z e  the coo rd ina t ion  behaviour o f  m e rcu ry ( | | )  

in the (L)HgX2  system and a lso  to  prov ide a sound c r y s ta I  Iographic  bas is  

from which meaningful s t r u c tu re / s p e c t ra  c o r r e la t i o n s  may be made, the c rys ta  

s t ru c tu re s  o f  the complexes (PR^JHgC^ (PR^PMe^, PE+^, PBu^, PPh^ and TPP) 

and the complex (2,4-Me2C^H^NJHgEl^ were determined. Wherever poss ib le  

p re l im in a ry  s i n g le - c r y s ta l  X-ray  s tud ies  have been used t o  i n d ic a te  whether 

o r  not equ iva len t  halo complexes are i s o s t r u c t u r a I .

S t ru c tu re / s p e c t ra  r e la t i o n s h ip s  have been f u r t h e r  in ves t iga ted  by 

examinat ion o f  the v ib r a t i o n a l  spectra o f  some (L)HgX2  complexes (L=Ph^PS, 

C4H8S, MPC, 2 , 4 , 6 - t r im e t h y I p y r i d i n e ,  coumarin,  quino I ine -N -ox ide  and Pf^SO) 

o f  known c r y s ta l  s t r u c tu r e .

The s t ru c tu r e / s p e c t ra  c o r r e la t i o n s  observed from the above work have

been app l ied  t o  a number o f  o the r  (L)HgX2  complexes o f  unknown s t r u c t u r e

where (L) is a N- o r  P- donor l igand.

A s im i l a r  approach has been adopted f o r  study o f  ( L ) 2 HgX2  compounds.

R a t i o n a l i s a t io n  o f  the c oo rd ina t ion  behaviour o f  m e r c u r y ( | | )  in t h i s  system 

and p ro v is io n  o f  a f i r m  basis f o r  s t r u c tu r e / s p e c t ra  c o r r e l a t i o n  has been 

at tempted by dete rminat ion  o f  the c r y s ta l  s t r u c tu re s  o f  ( P E t ^ ^ H g C ^  and

42



( P E tN ^ ^ H g B ^ ,  and the  p a r t ia l  c ry s ta  I lograph ic  a n a ly s is  o f  (PBul^HgCI 2 « 

The v ib ra t io n a l  spectra o f  a number o f  o th e r  (PR^)2HgX2 complexes 

have been s tud ied  and have been in te rp re te d  in the  l i g h t  o f  the  above 

work.
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Chapter 2

C ry s ta I lo g ra p h ic  s tud ie s  o f  some 

(DHgX^ complexes.
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2.1,  CRYSTALLOGRAPHIC METHODS

The general methods o f  s t ru c tu re  s o lu t io n  and re finem ent used in t h i s  

work are very s im i la r  f o r  a l l  the  s t ru c tu re s  s t u d i e d , ^  and th e re fo re  a 

general d e s c r ip t io n  o f  the  c r y s ta l lo g ra p h ic  approach used w i l l  be o u t l in e d .  

Note is  g iven to  spec ia l cons ide ra t ion s  requ ired  f o r  in d iv id u a l  s t ru c tu re s  

as they are d iscussed.

Space group d e te rm in a t io n . Space groups were determined by examination o f  

o s c i l l a t i o n ,  Weissenberg and precession photographs. I n i t i a l l y  c r y s ta l  

systems were determined by examination f o r  a x ia l  symmetry, then lo c a t io n  o f  

system atic  absences allowed space group assignment. In instances where 

photographs could not un ique ly  de f in e  the  space group, e .g .  d i f f e r e n t i a t i o n  

between PI and P i and a lso  between Cc and C2/c , the f i n a l  de te rm ina t ion  

was c a r r ie d  ou t dur ing  s t ru c tu re  s o lu t io n  and re f inem ent.

P i f f r a c t i o n  d a ta . A l l  data c o l le c te d  in t h i s  work, unless o the rw ise  s ta te d
o II

have been c o l le c te d  using Mo-Ka r a d ia t io n ,  A=0.71069 A, w ith  a Stoe S t a d i2 

t w o - c i r c le  d i f f ra c to m e te r  using the background, oi-scan, background techn ique . 

In a l l  cases Lorentz and p o la r is a t io n  c o r re c t io n s  have been made and a l so 

where poss ib le  abso rp t ion  c o r re c t io n s  have been app lied  (Appendix I ) .

S t ru c tu re  fa c to rs  have been co rrec ted  f o r  the  real and imaginary components

, . . . .  109o f  anomalous d is p e rs io n .

S tru c tu re  s o lu t io n  and re f in e m e n t. The i n i t i a l  s o lu t io n  f o r  each s t ru c tu re  

involved use o f  standard Patterson syntheses to  loca te  the  mercury atoms, 

fo l low ed  by succesive F o u r ie r  syn thes is  to  loca te  remaining non-hydrogen 

atoms. The s t ru c tu re s  were re f in e d  by f u l l - m a t r i x  le as t  squares methods w i th  

a l l  non-carbon atoms given a n is o t ro p ic  thermal parameters o f  the  fo rm :-  

exp I  -27r2 (UH h2a* 2 + U22k2b* 2 + U33 l 2c* 2 + 2U)2hka*b* + 2U(3h l a V

+ 2U23k l b V ) ]

Carbon atoms and atoms o f  comparable atomic number were given is o t r o p ic
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temperature fa c to rs .  S c a tte r in g  fa c to rs  used were those f o r  neu tra l 

108,109atoms.

The w e igh ting  schemes,**^ used were o f  the fo rm :-  

w = k/tcr 2 |F01 + abs (g )|F . |  2 ] .

Wherever necessary in te r - la y e r  sca le  fa c to rs  have been a p p l ie d .  

Computation was c a r r ie d  ou t  on an IBM 370/135 computer using the  'SHELX*

X-ray computing package.**^

2 .2 .  CRYSTALL06RAPH1C STUDIES OF SOME (L)HgX2 COMPLEXES (WHERE L= A NEUTRAL

UN I DENTATE LIGAND AND X = C l ,  Br o r  I )

2 . 2 . 1. In tro d u c t io n

For the  small number o f  e x is t in g  c r y s ta I lo g ra p h ic  s tu d ie s  reported  f o r

t h i s  1:1 system one observes a range o f  s o l i d  s ta te  s t ru c tu re s .  U su a lly ,

these s t ru c tu re s  r e f l e c t  va ry ing  degrees o f  long range mercury-halogen 

57-73in te r a c t io n .  U n fo r tu n a te ly  one is  not ab le to  draw any conc lus ions  as

to  the  re la t io n s h ip s  between s t ru c tu re  and chemical fo rm u la . Th is  may be 

a t t r ib u te d  to  the  nature o f  the  complexes s tud ied  w ith  regard to  the  d ive rse  

range o f  l igands they c o n ta in .  Factors which may wel l  in f lu e n c e  s o l i d  s ta te  

s t ru c tu re s  inc lude :

a) the  nature  o f  the  donor atom (N,P,S, e t c . ) ;

b) the  e le c t r o n ic  e f f e c t  o f  the s u b s t i tu e n ts  attached to  the  donor atom;

c) the  s t e r i c  e f f e c t  o f  the  s u b s t i tu e n ts  attached to  the  donor atom;

d) the  nature  o f  the  halogen atoms.

The importance o f  each o f  these p ro p e r t ie s  can o n ly  be determined by 

a sys tem atic  c ry s ta I  Iograph ic  study o f  the  (L)HgX2 system.

The small number o f  c r y s ta l lo g ra p h ic  s tud ie s  to g e th e r  w i th  the  l im i te d  

understanding o f  the c r i t e r i a  which determine the  s o l i d  s ta te  s t ru c tu re s  o f  

(L)HgX2 complexes a re , in p a r t  a t  le a s t ,  respons ib le  f o r  the  poor q u a l i t y  o f  

many o f  the  v ib ra t io n a l  spectroscop ic  re p o r ts  f o r  t h i s  system. Consequently, 

the  v ib ra t io n a l  sp e c tro s c o p is t  may a l so  b e n e f i t  from such a sys tem a tic
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c ry s ta l lo g ra p h ic  s tudy.

The present work has been designed to  examine the  fa c to rs  in f lu e n c in g  

the  s o l i d  s ta te  s t ru c tu re s  o f  (L)HgX2 complexes. I n i t i a l  s tu d ie s  inc lude 

a c ry s ta I lo g ra p h ic  in v e s t ig a t io n  o f  the  complexes formed between HgX2 and 

the  wide l y  used t e r t i a r y  phosphines, PPh^, ^ ^ 3  and PMe^. Th is  study a l l ows 

one to  m on ito r the  e le c t r o n ic  and s t e r i c  e f fe c ts  o f  the  s u b s t i tu e n ts  attached 

to  phosphorus and a l so  prov ides a f i r m  bas is  from which s t ru c tu re /s p e c t ra  

c o r re la t io n s  may be made.

The p e c u l ia r i t y  o f  I ,2 ,5 - t r ip h e n y Ip h o s p h o le  (TPP) w ith  regards i t s  

e le c t r o n ic  and s t e r i c  p ro p e r t ie s  as a p o te n t ia l  ligand and a l so  the  s i m p l i c i t y  

o f  the  v ib ra t io n a l  spectra  o f  the  (TPP)HgX2 (X=CI o r  Br) complexes has prompted 

the  c ry s ta I lo g ra p h ic  examination o f  the  la t t e r  compounds.

The v ib ra t io n a l  spectra  o f  the  (PBu^)HgX2 (X=CI, Br o r  I)  complexes 

could not be s a t i s f a c t o r i l y  expla ined in terms o f  the  o th e r  s t r u c tu r a l  data 

presented in t h i s  work. Therefore  c r y s ta l lo g ra p h ic  examination o f  these 

complexes were undertaken.

C ry s ta I lo g ra p h ic  s tud ie s  o f  (2 , 4-d im e thy lp y r id ine )H gX 2 (X=CI o r  Br) and 

(AsPh^JHgC^ were undertaken in o rde r to  in v e s t ig a te  in a p re l im in a ry  way 

the  e f fe c t  o f  d i f f e r e n t  donor atoms upon the  s o l i d  s ta te  s t r u c tu r e .  A t the  

same t im e these s tud ie s  a l so provided fu r t h e r  d e f i n i t i v e  s t r u c tu r a l  data f o r  

s t ru c tu re /s p e c t ra  c o r r e la t io n .
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2 .2 .2 .  C rys ta l log raph ic  examination o f  the  (PPh^HgXg (X=CI, Br o r  I)  

comp I exes.

The c ry s ta l  s t ru c tu re  o f  the  ch lo ro  complex has been determined.

C rys ta l Data

CI8HI5PH9CI2; M -5 3 3 .7 8 ,  M o n o c l in ic ,

a = l2 .304(8), b=I I .356 (7 ) ,  c = l3 . 444(10) A

a =90.00, 3= 92 .50 (5 ),  *Y=90.00.°

Dm= l.9 2  g cm ^(by f l o t a t i o n  using CHCI^/CHBr^), Dc = l.8 9  g cm

Z=4, F, ,=1007.82, u (Mo-K )=82.33 cm” 1.(ooo) ' H a

Systematic absences:

hoi r e f le c t io n s  are  absent f o r  (h+ l )  = 2n+1 

oko r e f le c t io n s  are absent f o r  k = 2n+1

These absences un ique ly  assign the  c r y s ta ls  to  the non-standard space 

group P 2 j/n .

Data Col Ie c t io n  and S tru c tu re  Ref inement. A c o lo u r le s s  c r y s t a l ,  

approximate dimensions 0.37 x 0.47 x 0 .20 mm, was mounted about _b. Eleven 

laye rs , h o i — h10 1, were c o l le c te d ;  1635 r e f le c t io n s  were recorded w ith
o

20 <50 o f  which 1616 had I / a ( I )  ^ 3 .0  and were used f o r  re f inem en t.  U n it  

weights were used.

An a ttem pt was made to  apply an abso rp t ion  c o r re c t io n ,  bu t no improve

ment was observed e i th e r  f o r  the  R va lue  o r  in the  e r ro rs  assoc ia ted  w i t h  the  

atomic and thermal parameters. This may r e f l e c t  the  d i f f i c u l t y  encountered 

in a c c u ra te ly  d e f in in g  the  shape o f  what was an i r r e g u la r l y  shaped c r y s t a l .

The th re e  phenyl r in g s  o f  the  t r ipheny Iphosph ine  ligand  were re f in e d  as
o

id ea l ized  re g u la r  hexagons, w ith  C-C d is tances o f  1.395 A. The s t r u c tu r e  was

re f in e d  by f u l l  m a tr ix  leas t squares methods, f i n a l l y  w i th  a l l  non-carbon atoms
2

a n is o t ro p ic .  The fu n c t io n  minimised was £( IF  I -  IF I )  . The f i n a l  R va lu e ,  r o c —

given by'
R= I  IF I -  IF I —  o  c —

E IFCI

s e t t le d  a t  0 .083.
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Final  atomic and thermal parameters are g iven in Table A2. I  (Appendix 2 ) .  

Ca lcu la ted  and observed s t ru c tu re  fa c to rs  are conta ined in Appendix 3 (Table 

A 3 , I ) .  A complete se t  o f  bond d is tances and bond angles may be found in 

Table 2 . I .

D e s c r ip t io n  o f  S t ru c tu re . The s t ru c tu re  c o n s is ts  o f  d is c re te  c h lo r in e -  

bridged dimers (F igu re  2 . 1) in v/hich mercury l i e s  in a d is to r te d  te t ra h e d ra l
o

environment w ith  angles about mercury ranging from 85,4(3)  to  128.7(4) . The 

PPh^ ligands are arranged m u tua lly  t ra n s  to  one ano ther. A t the  ce n tre  o f  

the  p lanar four-membered r in g  th e re  is  a cen tre  o f  symmetry; th e re  are  no 

f u r t h e r  elements o f  p o in t  symmetry in the  molecule and the  molecule belongs 

to  the  C. p o in t  group. The Hg-CI b r idge  d is tances  are a lmost equal a t
O

2,62(1)  and 2 .66(1) A. This s i t u a t io n  is  in c o n t ra s t  t o  the  b r idge  d is tances  

found f o r  o th e r  d im er ic  s t ru c tu re s  (Table 2 .2 ) where the  fo u r  membered r in g  

is  asymmetric. The Hg-CI( 2 ' ) -H g ’ b r idge  ang le, the P -H g -C I( l)  te rm in a l 

angle and the  Hg-CI ( I )  te rm ina l bond found in the present study are comparable 

to  the  e q u iv a le n t  bond parameters found f o r  the o th e r  known d im e r ic  systems 

(Table 2 . 2 ) .

The m olecu lar packing diagram (F igu re  2 .2 ) shows how the  d im e r ic  

molecules are  arranged w ith  respect to  one ano the r, w i th  two dimers per u n i t  

c e l l .  As one can see th e re  is  no f u r t h e r  Hg-CI in te ra c t io n  beyond the  dimer 

s tage. The c lo s e s t  in te r -d im e r  d is tance  is  between C(25! ) and C(34M) a t
O

3.77 A. The geometry o f  the complexed ligand can be compared w i th  t h a t  o f

I I I  0the f re e  l igan d . The average P-C d is tance  (1.80 A) found here is  c lose
o

to  t h a t  observed f o r  the f re e  PPh^ ligand (1.828 A ). The c o o rd in a t io n  

polyhedron around phosphorus is  a f fe c te d  on comp Ie x a t io n ;  th e re  appears to  

be less d i s t o r t io n  o f  the C-P-C angles from re g u la r  te t ra h e d ra l  f o r  the
o o

complexed l igand (av. 108 ) as compared to  the f re e  ligand (av. 103.0 ) .

Th is  is  not s u rp r is in g  when one re a l is e s  t h a t  the  lone p a i r ,  which p robab ly
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causes c o n t ra c t io n  o f  the  C-P-C angles in the f re e  ligand , is  drawn away 

from the  P-C bonds as a r e s u l t  o f  bonding to  mercury. The C-P-Hg angles 

are a l so  c lose  to  the  re g u la r  te tra h e d ra l  va lue (Table 2 . 1 ) .

The th re e  phenyl r in g s  w i t h i n  the  complexed ligand are  p la n a r ,  as they
o

are in PPh^, a l l  d e v ia t io n s  from p la n a r i t y  f o r  PPh^ being less than 0.01 A 

(Appendix 6 ) .  The c o n f ig u ra t io n  o f  the  r in g s  in the complexed l i gand is 

very s i m i l a r  to  t h a t  found f o r  f re e  PPh^; the  angles between the mean planes 

are g iven in  Table 2 .1.

The corresponding bromo and iodo complexes have been s tud ied  by s ing le '  

c r y s ta l  X-ray photographic techn iques, which in d ic a te  th a t  both compounds 

are isomorphous and are probably is o s t ru c tu ra I  (Table 2 . 9 ) .
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Table 2 .1 .

Bond distances and angles fo r (PPh-JHaCI^ 

with standard deviations in parentheses.

o
Pi stances/A 

Hg-C1(1) = 2.370(10)

Hg-CI(2) -  2.658(8)

Hg-CI( 2 ' )  = 2.623(8)

Hg-P = 2.406(7)

O
Angles /  ,

Hg-Hg’

P-C(I I ) 

P -C (2 I ) 

P—C( 3 1)

= 3.881(3)

= 1. 8 6 ( 2 )

= 1.75(2)

= 1.80(2)

Mean PIanesc 

A-B 

B-C 

C-A

C l ( I ) -Hg-C I (2) = 104.7(3)

C l ( I ) -H g -C I (2 ! ) = 103.8(3) 

C l ( I ) -Hg-P = 128.7(4)

C I (2 ) -H g -C I (2 f ) = 85 .4 (3 )

C l (2 ) -Hg-P = I 14.3(3)

C l (2 ' ) -H g -P  = 111.1(4)

Hg-CI(2») -Hg! = 94 .6(3)

C ( l I )—P—C(21) 

C ( l I )—P—C( 3 1) 

C(I I )-P-Hg 

C ( 2 1 ) —P—C ( 3 1 ) 

C(2I)-P-Hg 

C( 3 1)-P-Hg

= 109(1) 

= 106(1) 

= 110( 1) 

= 109(1) 

= I 14(1) 

= 109(1)

Free I i  gand 

84.0°
O

78.1

76.5°

Angles between mean planes f o r  : -  

11 I Complexed l igand 

84.4°

80.1°

75.4°

a -  mean planes equat ions may be found in Appendix 6.
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Tab[e 2 . 2 .

A comparison o f  the s t r u c tu r e  o f  (PPh,)HgCj2 

w i th  o the r  d imer ic  systems.

0
Dis tances/A

O
Angles/

Compound d(Hg-C1)+ d(Hg-CI)b d(Hg-L)+ (L-Hg-CI)+ <Hg-C!-Hg)b

(Ph3PSe)HgCI252 2.33 2 .78 ,2 .60 2.53 136.3 91.7

(MPC)HgCI253 2.37 2.78,2 .57 2.42 131.9 92.7

(PPh3 )HgCI2 2.37 2.66,2 .62 2.41 . 128.7 94.6
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2 ,2 ,3 .  Crys ta ITographic  examinat ion o f  the  C l ,2 ,5 - t r iphenyIphospho le )HgX^

(X=CI o r  Br) complexes.

The c r y s ta l  s t r u c t u r e  o f  (TPPJHgC^ has been determined 

Crys ta l  Data

C22H| 7PHgCI2 ? Mr =583.84, T r i c l i n i c ,

a=I I .854(10),  b=10 . 0 4 1(10) ,  c=9 .443(9) A

a=84 .16(5),  8=103 .38 (5 ) ,  y = l 14 .29(5)° .

Dm= I .97 g cm ^ (by f l o t a t i o n  using CHCI^/CHBr^ m ix tu re ) ,  Dc = l .95  g cm 

Z=2, F (ooo)= 555,91 * y(Mo-Ka )=77.56 cm” 1.

Systemat ic absences:

None.

The c r y s t a l s  belonged to  e i t h e r  o f  the t r i c l i n i c  space groups PI o r

P i .  Subsequent s t r u c tu r e  s o lu t i o n  unambiguously d is t i n g u is h e d  the

I I 12space group as PI (C.,  No.2 ) .  •

Data Col le c t i o n  and S t ru c tu re  Refinement. A ye l low  c r y s t a l ,  approximate 

dimensions 0.16 x 0.08 x 0.08 mm, was mounted about _b. Eleven layers ,
O

h O l—► h l o l ,  were c o l l e c te d ;  2932 r e f l e c t i o n s  were recorded w i th  20 <50 of

which 1272 had I / a ( I )  ^4 .0  and were used f o r  re f inement .  I n t e r l a y e r  s c a l in g

was used and an absorp t ion  c o r re c t i o n  was app l ied .

The f i n a l  we igh t ing  scheme used was:-

w = 1.4848 / ( a2 IF I + 0.002649 IF I 2 ) u o o

Ful l  m a t r ix  re f inement w i th  a n i s o t ro p ic  temperature f a c to r s  f o r  the 

non-carbon atoms gave Rw=0.074. The Rw f a c t o r  is  given by:

R = Z 11F I -  IF l l  x /vT w 1 o c 1

Z I F | x JvT o ^

where w = we igh t ing f u n c t io n .  R= 0 .0 7 0 ,

Atomic and thermal parameters are given in Table A2.2 (Appendix 2 ) .  Ca lcu la ted  

and observed s t r u c t u r e  fa c to r s  are contained in Appendix 3 (Table A 3 .2 ) .  A 

complete se t  o f  bond dis tances and angles maybe found in Table 2 .3 .
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~ D esc r ip t ion  o f  S t r u c tu r e . The s t r u c tu r e  o f  (TPPJHgC^ (F igure  2 .3) is 

very  s im i l a r  t o  t h a t  found f o r  (PPh^JHgC^ >n That i t  c o n s is ts  o f  d is c re te  

ch lo r in e -b r id g e d  dimers in which mercury l i e s  in a d i s t o r t e d  te t ra h e d ra l
o

environment w i th  the angles about mercury ranging from 86.5(4)  t o  127.8(5) , 

and w i th  the TPP l igands arranged mutua l ly  t ra n s  to  one ano ther.  Again the 

dimer belongs t o  the C. p o in t  group. The Hg-CI(2) -Hg! b r idge  ang le  o f  

93.5(4)  , the P-Hg-C I( l )  te rm ina l  angle o f  127.8(5) , the te rm ina l  Hg -C I( I )
o o

bond o f  2.40(1) A and the  Hg-P bond o f  2.44(1)  A are a l l  very  s i m i l a r  t o  the 

equ iva len t  parameters found f o r  the (PPh^HgC^ complex (Sect ion  2 . 2 . 2 ) .

Again,  the re  is  no f u r t h e r  Hg-CI i n t e r a c t i o n  beyond the dimer s tage. There i s ,  

however, a s ub t le  d i f f e r e n c e  between the two s t r u c tu r e s ,  f o r  in  the  presen t 

case the  Hg-CI br idge d is tances are o f  d i s t i n c t l y  d i f f e r e n t  length a t  2 .54(1)
O

and 2.75(1) A. This s i t u a t i o n  is s im i l a r  t o  the  br idge d is tances  found f o r

52 53o the r  dimer species * (Table 2 .2 ) .  The c lo s e s t  in te r -d im e r  con tac t  i s
o

between C(20) and C(21 ' )  a t  a d is tance  o f  3.35 A.

In comparison o f  the  geometry o f  the complexed and f r e e * * ^  TPP l igand 

(Table 2 .3 ) ,  i t  is  noted t h a t  accuracy o f  atom p o s i t i o n s  is  g re a te r  f o r  the f re e  

l igand .  This may be explained by the presence o f  the heavy mercury atom, f o r  

the complexed l igand,  which dominates the  d i f f r a c t i o n  data w i t h in  the 20 

range recorded.

The P-C d is tances  in the present case are not s i g n i f i c a n t l y  d i f f e r e n t

from one ano ther,  which is  a lso  the  case f o r  the  f re e  l i g a n d . * * ^  The average

0 113P-C d is tance (1.83 A) compares favourab ly  w i th  those found f o r  f r e e  TPP

(1.822 A), the  f ree  PPh^ l igand***  (1.828 A) and the (PPh^JHgC^ complex

(Sect ion 2 . 2 . 2 ) .  The c oo rd ina t ion  about phosphorus is d i s t o r t e d  t e t r a h e d r a l ,

the angle between C ( l ) - P - C ( 4 ) ,  w i t h in  the phosphole r i n g ,  not s u r p r i s i n g l y ,
O

has the la rge s t  dev ia t ion  from regu la r  te t ra h e d ra l  a t  93(1) . The coo rd ina 

t i o n  around phosphorus in the f re e  l igand has been descr ibed as " e s s e n t i a l l y  

t e t r a h e d r a I h o w e v e r  comparison between C( I )—P—C(4) angles cannot be made
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because n e i th e r  t h i s  angle nor atomic coord ina tes  were repor ted .  A s im i l a r
O

C-P-C angle o f  93.9(9)  , w i t h i n  the phosphole r i n g ,  has been observed f o r  

5-(p-bromobenzyI)-5-phenyl-dibenzophosphonium b r o m i d e . T h e  carbon-carbon 

d is tances w i t h in  the  phosphole r in g  f o r  f r e e  and complexed l igand are not 

s i g n i f i c a n t l y  d i f f e r e n t  f rom one another (Table 2 . 3 ) .  As found f o r  the f re e  

l igand ,  the h e te ro c y c l i c  r in g  is almost p lanar  (Table 2 . 3 ) ,  the  degree o f  

d i s t o r t i o n  from p l a n a r i t y  being s l i g h t l y  g re a te r  in the  present  case. ”fhe 

phenyl r ing  C at tached d i r e c t l y  to  phosphorus and both phenyl r in g s ,  A and B, 

at tached t o  the phosphole r in g  (F igure  2 .3) have been re f ined  as re g u la r  

hexagons and as such are p lanar .  The angles between the  mean plane o f  the
O

phosphole r in g  and those o f  the  th ree  phenyl r ings  are 25.6,  52.5 and 87.4 

f o r  r in g s  A, B and C, r e s p e c t i v e l y .  U n fo r tuna te ly ,  these parameters have not 

been reported f o r  the  f re e  l igand and so cannot be compared w i th  the presen t 

r e s u l t s .  I t  is  d i f f i c u l t  t o  understand why the angles between the planes o f  

the phosphole r in g  and r in g  A (25 .6 ° ) ,  and r in g  B (52 .5°)  d i f f e r ;  t he re  is  

no i n d ic a t i o n  o f  any s t e r i c  in te r fe re n c e .

P re l im ina ry  s i n g le - c r y s ta l  X-ray  photographs in d ic a te  t h a t  (TPPJHgB^ 

is  isomorphous and probably i s o s t ru c tu ra I  w i th  the c h lo ro  analogue (Table 2 . 9 ) .  

The equ iva len t  iodo complex could not be prepared by s i m i l a r  methods.
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Table 2 . 5 .

Comparison o f  the  phosphole r i ngs w i t h in  the f ree  

and complexed I , 2 , 5 - t r iphenylphosphole l igands.

Parameter
O

Complexed 1igand/A Free 1i gand* * ^/A

av. P-C d is tance 1.83 1.822

CCI ) - C (2) 1.35(6) 1.35(1)

C(2)-C(3) 1.56(5) 1.44(1 )

C(3)-C(4) 1.33(3) 1.35(1)

P d e v ia t io n  f rom mean p
*

ane 0.048 0.0370

C ( l )  "  11 " »i -0 .053 -0.0051

C(2) "  " " n 0.031 -0.0335

C(3) "  " " ii 0.019 0.0705

C(4) "  "  ” n -0.045 -0.0689

The equat ion f o r  the  mean plane o f  the  phosphole r in g  maybe found 
in Appendix 6.
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Table 2 .4 .

.Bond d is tances  and anq l es f o r  (TPP)HqCI  ̂

w i th  standard dev ia t ion s  in parentheses.

(a) Distances/A : -

H g -C I ( I )

Hg-CI(2)

Hg-CI( 2 ' )

Hg-P

Hg-Hg’

= 2.40(1)

= 2.54(1)

= 2.75(1)

= 2.44(1)

= 3.855(4)

P-C( I ) 

P-C(4) 

P-C(5)

C( I ) -C (2) 

C(2)-C(3) 

C(3)-C(4)

.88(4) 

.81(4) 

.81(2)  

.35(6)  

.56(5)  

.33(6)

(b) AnqIes /°  : -

CI ( I ) -Hg-C I (2) 

Cl ( I ) -H g -C I (2» )  

Cl ( I ) -Hg-P 

C l (2 ) -H g -C I (2*)  

C l (2 )-Hg-P  

C l ( 2 ’ )-Hg-P

107.4(5) 

95.4(5)  

127.8(5) 

86.5(4)  

I 18.4(4) 

I 10.3(4)

Hg-P-C( I ) 

Hg-P-C(4) 

Hg-P-C(5) 

C ( l ) -P -C (4 )  

C ( I ) -P -C (5 )  

C(4)-P-C(5)

= 114(1) 

= 106(1) 

= 119(1) 

= 93(2)

= 110(1) 

= 112( 2 )

Hg-CI(2 )—Hg1 = 93.5(4) P -C ( l ) -C (2 )

C ( I ) -C (2 ) -C (3 )  

C(2) -C(3)-C(4)  

C(3) -C(4)-P

= 105(3) 

= I 19(4) 

= 110(4) 

= 113(3)

N.B. The phenyl r ings  in the TPP l igand have been re f ined  as
O

regu la r  hexagons w i th  C-C d is tances o f  1.395 A.
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2 .2 .4 .  C ry s ta l l o g ra p h ic  examination o f  (PEt -̂ H g C I^ •

The c r y s ta l  s t r u c tu r e  o f  CPEt^JHgC^ has been determined.

Crys ta l  Data

C&H | jjPHgC 12 ; Mr =389.65, Monoc l in ic ,

a=7.454(8) ,  b = l I . 5 4 3 ( 10), c = l 3 . 673(12) A

a=90.00, 8=105.94(5),  y=90.00°.

Dm=2.3l g cm ^ (by f l o t a t i o n  using CHCI^/CHBr-j m ix tu re ) ,  Dc =2.29 g cm

Z=4, F, ,=719.83, u(Mo-K ) = l 36.33 cm” 1
* (ooo) r  a

Systemat ic absences:

oko r e f l e c t i o n s  are absent f o r  k = 2n + 1 

hoi " " M " I = 2n + 1

These absences un ique ly  de f ine  the c r y s ta l s  as belonging t o  the space 

group P2 1 / c  (No.14 ) . *  12

Data C o l l e c t i o n  and S t ruc tu re  Ref inement. A c o lou r les s  c r y s t a l ,  

approximate dimensions 0.33 x 0.17 x 0.23 mm, was mounted about a. Nine 

layers ,  o k l —»fc8 k l ,  were c o l l e c te d ;  1467 r e f l e c t i o n s  were recorded w i th
O

20 <45 o f  which 1240 had I /c r ( I ) ^4 .0  and were used f o r  re f inem ent .  U n i t  

weights and i n t e r l a y e r  s c a l ing  were used, and no absorp t ion  c o r re c t i o n  was 

appI i  ed .

D i f f i c u l t y  was encountered on t r y i n g  to  loca te the e thy l  carbon atoms

114 115o f  the PEt^ l igand.  This phenomenon has been observed on o the r  occasions 9

f o r  o ther  heavy m e ta l -ha l ide  t r i e th y Ip h o s p h in e  complexes and has been

I 14a t t r i b u t e d  to  d iso rde r  o r  cons iderab le  v i b r a t i o n  of  the e thy l  groups a t

I I 5room temperature.  S im i la r  phenomena, toge the r  w i th  the  f a c t  t h a t  d i f f r a c 

t i o n  data in the 20 range measured are dominated by in fo rm at ion  concern ing 

c h lo r i n e ,  phosphorus and in p a r t i c u l a r  mercury,  may be the cause in the  present  

case. Whichever the reason the high temperature fa c to rs  and high e r ro r s  on 

p o s i t i o n a l  parameters r e f l e c t  the u n c e r ta in ty  in the exact p o s i t i o n s  o f  the 

e thy l  carbon atoms w i th  the r e s u l t  t h a t  P-C and C-C bond lengths have high
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e r ro rs  associated w i th  them.

F u l l - m a t r i x  re f inement w i th  a n i s o t ro p ic  temperature f a c to r s  f o r  a l l  

non-carbon atoms gave R-  0.087. The f i n a l  atomic and thermal parameters are 

contained is  Table A2.3 (Appendix 2 ) .  Ca lcu la ted and observed s t r u c tu r e  

f a c to rs  are contained in Appendix 3 (Table A3 .3 ) .  A f u l l  se t  o f  bond d i s t 

ances and angles may be found in Table 2 .5 .

D esc r ip t ion  o f  S t r u c tu r e . This s t r u c t u r e  may be descr ibed as a c h l o r i n e -

br idged polymer (F igure  2 . 4 ) ,  in which d i s c r e t e  d imer ic  species cannot be 

d i s t i n g u is h e d .  Mercury l i e s  in a d i s t o r t e d  t r i g o n a l  b ipyramidal  environment
o

w i th  two r e l a t i v e l y  s ho r t  Hg-CI bonds a t  2.42(1)  and 2 .56(1)  A and a sho r t
O

Hg-P bond a t  2 .35(1)  A l y ing  in equa to r ia l  p o s i t i o n s  and two longer ap ica l  

Hg-CI con tac ts  a t  3.04(1) and 3 .21(1)  A. The P, Hg, C l ( I )  and C l (2) atoms are 

not cop lanar ,  the dev ia t ion s  f rom the  mean plane (Appendix 6) being ca. 0 .6 ,
o

0 .9 ,  0.7 and 1.0 A re s p e c t i v e l y .  The angles w i t h in  the f PHgCl2 ! u n i t  range 

from 98.7(3)  f o r  C I (2 )—Hg—C1(1),  t o  145.4(4) f o r  the P-Hg-CI(2) ang le .

The angle between the two longer ap ica l  con tac ts ,  C l ( I * ) —Hg—C l (2*)  i s  c lose  

t o  l i n e a r i t y  a t  170.8(3) . The Hg—C I ( I )—Hg’ and Hg1—C1(2)—Hg b r idge  angles
O

are 93.2(3)  and 91.1(3) r e s p e c t i v e l y .

There are cent res  o f  symmetry a t  the  cent res  o f  each p lanar  f o u r -

membered r in g  formed by the  polymer.  As no o th e r  symmetry i s  presen t the  cha in

belongs to  the C. l i n e  group. There are two o f  these chains per u n i t  c e l l

arranged as shown in Figure 2 .5 ,  running p a r a l l e l  t o  the  £  -  a x i s .

S im i la r  chain-1 ike arrangements have been observed f o r  a number o f

45-47 62ch loromercura te( I  I ) complexes and f o r  ( 2 ,4 ,6 - t r im e th y lp y r id i n e ) H g C l2  

(Sect ions 1.3.2 and 1 .3 .3 ) ;  however, the  co o rd in a t io n  polyhedron about mercury 

in these s t ru c tu re s  is  c lo s e r  t o  re g u la r  t r i g o n a l  b ipy ram ida l .

As a l ready  mentioned the re  are high e r ro rs  assoc ia ted w i th  the p o s i t i o n a l  

and thermal parameters o f  the carbon atoms conta ined in the PEt^ l i gand .  These 

e r ro rs  are o f  the  o rder  reported f o r  some o the r  e thy l  carbon atoms con ta ined

6 9



114 115
in o the r  PEt^ complexes o f  heavy meta ls .  * L i t t l e  can be said about

the e thy l  groups, but i t  does appear t h a t  bond lengths w i t h in  the  sets  o f

both P-C and C-C bonds are s i g n i f i c a n t l y  d i f f e r e n t  from one ano ther.

D i f f e r e n t  conformat ional  arrangements o f  3-carbon atoms o f  e thy l  groups

in PEt^ are known t o  e x i s t ,  e .g .  the expected ’ propel lo r *  arrangement in

which 3-carbon atoms are skew ( I ) ,  skew ( I ) ,  skew ( I )  w i th  respect  t o  the

mercury atom**^ (F igure  2.6a) and a lso  the  skew ( I ) , a n t i ,  skew (2) conform- 

114 115a t io n  ' (F igure  2 .6b ) .  In (P E t ^ H g C ^  the re  is  ye t  another conformat iona l  

arrangement i . e .  skew ( I ) ,  a n t i ,  skew ( I ) .  R a t i o n a l i z a t io n  o f  the  f a c to r s  

in f lu e n c in g  conformat ional  preference is  d i f f i c u l t .  The energy d i f f e re n c e s  

between the th ree  conformat ions are probably on ly  very small C£. 20 kJ mol *

(by comparison w i th  analogous conformers o f  butane),  and the  conformer adopted 

is  probably dependent upon on ly  very s ub t le  v a r i a t i o n s  in e l e c t r o n i c  and 

s t e r i c  environment o f  the  complexed PEt^ l igand.
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T a b le -2 ,5 .

Bond d is tances and bond ang les f o r  (PEt-JHqCU 

w i th  standard dev ia t io n s  In parentheses.

o
(a) D is ta nces /A : -

Hg-CI(1) = 2.56(1) P -C( l) = 1.74(5)

Hg-CI( 1 ’ ) = 3.04(1) P-C(2) = 2.04(9)

Hg-CI(2) .= 2.42(1) P-C(3) = 1.73(7)

Hg-CI( 2 f ) = 3 .21(1)

Hg-P = 2.35(1) C ( l ) -C (4 ) = 1.67(7)

Hg-Hg ’ = 4.057(2) C(2) -C(5) = 1.59(9)

C(3)-C(6) = 1.40(7)

O
Anqles/  : -

Cl (1 ) -Hg-C I ( 1 M = 86.8(3) C ( l ) -P -C (2 ) = 101(3)

Cl (1) -Hg-C I (2) = 98.7(3) C ( 1)-P-C(3) = 106(3)

Cl (1) -H g -C I ( 2 f ) = 86.7(3) C( l) -P-Hg = 1 15(2)

Cl (1) -Hg-P = 115.6(3) C(2)-P-C(3) = 120(4)

Cl (1 ’ ) -H g -C I (2) = 98.8(3) C(2)-P-Hg = 104(3)

Cl (1 f ) -Hg-C1(2») = 170.8(3) C(3)-P-Hg = 111(2)

Cl ( 1 f )-Hg-P = 85.2(3)

Cl (2) -Hg-CI(2») = 88.9(3) P -C ( l ) -C (4 ) = 118(3)

Cl (2) -Hg-P = 145.4(3) P-C(2)-C(5) = 106(5)

Cl ( 2 ’ )-Hg-P = 91.6(4) P-C(3)-C(6) = 122.(5)

Hg-CI( I ) -H g ’ = 93.2(3)

Hg-C I(2) -Hgf = 91.1(3)



2 ,2 .5 .  C ry s ta l l o g ra p h jc  examinat ion o f  the  (PMe-^HgX^ (X=C1, Br o r  I ) 

comp I exes.

The c r y s ta l  s t r u c tu r e  o f  the  c h lo ro  complex has been determined.

Crys ta l  Data

C3H9PH9CI2J M -=347.56, T r i c l i n l c ,

a=6.408(6 ),  b=8.894(9),  c=7 .270(9) A;

a = 8 9 .13(5),  3=92.00(5) ,  y=95.83(5)°  .

Dm=2.79 g cm 3 (by f l o t a t i o n  using CHCI^/CHBr^ m ix tu re ) ,  Dc =2.80 g cm 3 , 

Z=2, F(ooo)=31 1 *91, Jl(Mo-K^) = l87.1 I cm"1.

Systemat ic absences: -  

None.

The c r y s t a l s  belonged t o  e i t h e r  o f  the  t r i c l i n l c  space groups PI o r  

P i .  Subsequent s t r u c tu r e  s o lu t i o n  unambiguously d is t i n g u is h e d  the 

space group as Pi  ( c j ,  No. 2 ) . * * ^

Data C o l l e c t i o n  and S t ruc tu re  Ref inement. A c o lo u r le s s  c r y s t a l ,  

approximate dimensions 0.15 x 0.12 x 0.27 mm, was mounted about £ .  Eleven 

la ye rs ,  hkO—»-hk lO ,  were c o l l e c te d ;  1732 r e f l e c t i o n s  were recorded w i th  

20 <60° o f  which 1674 had I / a ( I )  >3.0 and were used f o r  re f inement .  U n i t  

weights and i n t e r l a y e r  sca l ing  have been used, and an absorp t ion  c o r r e c t i o n  

has been app l ied  (Appendix I ) .

F u l l - m a t r i x  ref inement w i th  a n i s o t ro p ic  temperature f a c to r s  f o r  a l l  

non-carbon atoms gave fR = 0.057. The f i n a l  atomic and thermal parameters 

are given in Table A2.4 (Appendix 2 ) .  Ca lcu la ted and observed s t r u c t u r e  

f a c to r s  are contained in Appendix 3 (Table A3 .4 ) .  A complete se t  o f  bond 

d is tances and angles may be found in Table 2 .6 .

D esc r ip t ion  o f  S t r u c tu r e . The s t r u c tu r e  may best be descr ibed as 

’ i o n i c 1, con ta in in g  [Cl-Hg-PMe^J+ and Cl ions a l t e r n a t e l y  arranged in a 

z ig -zag cha in  (F igure  2 .7 ) .

The ICI-Hg-PMe^l+ ca t ion  is  almost l i n e a r  w i th  a Cl-Hg-P ang le  o f
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162.1(1) . The Hg-CI 12). and Hg-P bond lengths are 2.355(4)  and 2.365(3) A, 

r e s p e c t i v e l y .  The e f f e c t i v e  c o o rd ina t ion  number o f  mercury is  f i v e  as a
o

r e s u l t  o f  th ree  f u r t h e r  Hg Cl contac ts  a t  2 .782(4 ) ,  2.941(4) and 3.489(4) A

between Hg and C l ( I ) ,  Cl ( I ’ ) and C l ( I ” ) r e s p e c t i v e l y .  The ! i o n i c T d e s c r ip t i o n  

i s  p re fe r red  in the present case because o f  the  almost l i n e a r  C l (2 )-Hg-P  

angle and the  cons iderab le  d is tance from the  C l (2 )-Hg-P  species to  the next 

’ c h l o r i d e  i o n ’ .

Th is  c h a i n - l i k e  arrangement is  d i f f e r e n t  to  t h a t  found f o r  (P E t ^ H g C ^  

in t h a t  br idge i n te r a c t io n  occur rs  v ia  on ly  one o f  the c h l o r i n e  atoms o f  the 

’ C^HgPMe^’ u n i t .  There are cent res  o f  symmetry located a t  the  cen t res  o f  

both four-membered r ings  formed by the  ’ i o n i c ’ cha in .  The atoms making up 

the cha in  are v i r t u a l l y  cop lanar ,  w i th  no atom d e v ia t in g  from the mean
O

plane by more than 0.14 A (Appendix 6 ) .

64A very s im i l a r  s t r u c tu r e  has been observed f o r  (C^HgSJHgC^ (Sect ion
0

1 .3 .3 ) ,  but  in t h i s  case the Cl-Hg-S angle (142.8 ) is  f u r t h e r  f rom l i n e a r i t y
O

and Hg Cl contac ts  are p r o p o r t i o n a l l y  sh o r te r  a t  2.62, 2.83 and 3.07 A.

The geometry o f  the  complexed PMe^ l igand is  s i m i l a r  t o  t h a t  observed in 

I 18
( P M e ^ P tC ^  and is  c lose  t o  an ideal  te t ra h e d ra l  arrangement.

P re l im ina ry  s i n g le - c r y s ta l  X-ray  photographs in d ic a te  t h a t  in comparison 

w i th  the  c h lo r i d e  the equ iva len t  (PMe^HgB^ complex is  isomorphous and 

probably i s o s t r u c t u r a I , whereas the  iodo complex is  not isomorphous and 

probably not i s o s t ru c tu ra I  (Table 2 . 9 ) .
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Table 2 .6 .

Bond dis tances  and anq les f o r  (PMe^)HgCJ2 . 

w i th  standard dev ia t ions  in parentheses.
O

(a ) D is tances /A : -

= 2 .7 8 2 (4 )  P-C( l)

= 2.941(4) P-C(2)

= 3.489(4) P-C(3)

= 2.355(4)

= 2.365(3)

= 3.884(2)

= 4.826(2)

Hg-CI( I )

Hg-CI (.|»).

H g - C I ( I M )

Hg-CI(2)

Hg-P 

Hg-Hg»

Hg-Hg”
o

(b) Angles /

C l ( I ) -Hg -C I ( I 1) = 94.6(1)

CI ( I ) - H g - C I ( I ’ ’ ) = 79.6(1)

C l ( I ) -H g -C I (2) = 98.2(1)

C l ( I ) -Hg-P = 98.2(1)

C I ( I T)-Hg -C I ( I 11) = 170.6(1)

Cl ( I ’ ) -Hg -C I (2) = 90.6(1)

C I ( I ’ )-Hg-P = 95.2(1)

Cl (I M )-Hg-CI (2) = 97.6(1)

Cl ( I ’ 1)-Hg-P = 78.4(1)

C l(2 )-Hg-P = 162.1( I )

C( I)-P-Hg 

C ( l ) -P -C (2 )  = 

C ( l ) -P -C (3 )  = 

C(2)-P-Hg 

C(2)-P-C(3) = 

C(3)-P-Hg

I .82(2) 

I .80(2) 

I .83(2)

I I I .4 (7 )  

104.6(9) 

107.7(9) 

I I I .0 (7 )  

108.2(9) 

I 13.5(7)
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2 .2 ,6 .  ' Crysta 1 lograph ic  examinat ion o f  the  (PBu^HgX^ (X=C1, Br o r  I ) 

comp 1 exes.

V ib ra t io n a l  spec t roscop ic  s tud ies  (Sect ion 3 . 3 . le)  have shown the re  

to  be two isomeric forms o f  (PBu^JHgC^* The c r y s ta l  s t r u c t u r e  o f  one 

o f  these forms has been determined and is  h e r e in a f te r  r e fe r re d  to  as the 

Ofr-form.

Crys ta l  Data

C,2H27PHgCI2 ; Mr =473.75, M onoc l in ic ,

a = l3 . 698(12),  b=25.475(17), c= IO .621(9) A;

a=90.00, 3=100.75(5), Y=90.00 .

~3 -3Dm= l . 7 0  g cm (by f l o t a t i o n  using CCI^/CHI^ m ix tu re ) ,  Dc = l .73  g cm ,

Z=8 (w j th  two independent F^ooqj= I823 .65 ,  U(Mo-Ka )=84.79 cm *.
molecu les),

Systemat ic absences: -

hoi r e f l e c t i o n s  are absent f o r  (h+ l)  = 2n + 1 

oko " ”  u n k = 2n + 1

These absences un ique ly  assign the  c r y s ta l s  t o  the non-standard space 

group P2 j /n .

Data C o l l e c t i o n  and S t ruc tu re  Refinement. A c o lo u r le s s  c r y s t a l ,

approximate dimensions 0.42 x 0.23 x 0 . I 3  mm, was mounted about Jb. Eleven

layers ,  h 0!—►  h lO l ,  were c o l l e c te d ;  4380 r e f l e c t i o n s  were recorded w i th

°20 <60 o f  which I464 had I / c r ( l ) £ - 4 . 0  and were used f o r  re f inem ent .  U n i t

weights were used, and no absorp t ion  c o r re c t i o n  was app l ied .

The temperature f a c to r s  observed f o r  a l l  atoms suggests cons ide rab le  

v i b r a t io n a l  movement o f  the molecules w i t h in  the  u n i t  c e l l .  These thermal 

parameters would appear t o  r e f l e c t  both the  low m e l t ing  p o in t  c a . 80°C o f  

the s o l i d  and a lso  the very  long in te rm o lecu la r  d is tances  w i t h i n  the  u n i t  c e l l  

(F igure  2.,9) ,  suggest ing q u i t e  low l a t t i c e  energy ho ld ing  the  molecules in 

the c r y s ta l  toge the r .  The high degree o f  freedom o f  the molecules in the  

u n i t  c e l l  was f u r t h e r  brought t o  l i g h t  when p re l im in a ry  data c o l l e c t i o n  a t
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low temperature (ca. I00K) showed cons iderab le  volume c o n t r a c t i o n  o f  the 

u n i t  cel I (ca. 6.3$ c o n t r a c t i o n ) .

Dens i ty  measurement showed the re  were e ig h t  ’ monomers1 per u n i t  c e l l ;  

consequent ly the re  are two independent molecules present.  F u l l - m a t r i x  

re f inement ,  w i th  a n i s o t ro p ic  temperature f a c to rs  f o r  a l l  non-carbon atoms 

gave R = 0.083. Final  atomic and thermal parameters may be found in Table A2.5 

(Appendix 2 ) .  Ca lculated and observed s t r u c t u r e  fa c to rs  are conta ined in 

Table A3.5 (Appendix 3 ) .  Bond dis tances and angles are given in Table 2 .7 .

D esc r ip t ion  o f  s t r u c t u r e . This  s t r u c t u r e  cons is ts  o f  d i s c re te  t e t r a -  

meric u n i t s  (Figure 2 .8 ) .  W i th in  each te t ram er ,  mercury i s  both f o u r -
O

and f i v e - c o o r d in a te .  Hg( I ) and Hg(2) are 3.793(4) A apa r t ,  and two c h l o r i n e  

atoms, C l (3) and C l (2 ) ,  are arranged so as to  g ive  r i s e  t o  an unsymmetric 

c h lo r in e -b r id g e d  dimer,  the Hg-CI br idge dis tances having values o f  2 .6 3 (2 ) ,
O

2 .7 1 (2 ) ,  2.67(2)  and 2 .90(2)  A. Two o f  these unsymmetric dimers are r e la te d  

v ia  a cen t re  o f  symmetry and are jo ined  by r e l a t i v e l y  long con tac ts  o f  

3 ,38(3)  A between H g (2 ) -C I (4 ’ ) and Hg( 2 ’ )—C1(4);  the Hg (2 ) -Hg(2 ' )  d is tance
O

is  4.142(6) A. There is  no o the r  symmetry associated w i th  the  te t r a m e r i c  

u n i t  and consequent ly the re  is C. p o in t  symmetry.

The c o o rd ina t ion  polyhedron about the te rm ina l  Hg( I ) atom is  very 

d i s to r t e d  te t rahedron  w i th  the C I (2 )—Hg( I )—C1(3) angle a t  92 .6(7)  and the  

P ( I ) - H g ( I )—C I ( I ) angle a t  147.8(7) . Because o f  the  a d d i t i o n a l  i n t e r a c t i o n  

w i th  C l (4 ) ,  the Hg(2) atom is s i t u a te d  in a d i s t o r t e d  t r i g o n a l  b ipyramida l
o

environment.  The angles w i t h i n  the equa to r ia l  plane range from 98.6(7)  f o r  

C l (4 )—Hg(2)—C I (2) t o  150.6(7) f o r  P(2 )—Hg(2 )—C I (4 ) ,  these fo u r  atoms ly in g
O

approximate ly  in one plane dev ia t ion s  in A from the mean plane a r e : -  Hg(2),  

0.159; C l (2 ) ,  -0 .027;  C l (4 ) ,  -0 .065;  P(2) ,  -0 .068 .  The ang le ,  C l ( 3 ) - H g ( 2 ) -
O

Cl (4 ’ ) ,  between the two ap ica l  bonds is  c lose  to  l i n e a r i t y  a t  177(1) .

*  -  Carr ied ou t  a t  Rothamsted Experimental S ta t io n .  The low temperature
c e I I  i s : — o

a=13.4723(93) b=24.9602(94) c=10.3914(36) A;
a=90.00 8=102.44(4) y=90.00°
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The b r idge angles w i t h i n  the asymmetr ic dimer po r t io n s  o f  the  te t ram er
O

are c lose  t o  90 , as observed f o r  d i s c re te  centrosymmetr ic dimer spec ies ,  

v i z . H g ( I ) -C I (3 ) -H g (2 )  = 86 .6 (7 ) °  and Hg( I ) -C I (2 ) -H g (2 )  = 89 .8 (6 )  A. The 

H g (2 ) -C I (4 ) -H g (2 ! ) b r idge  angle is  92.1(7)  .

The way in which te tramers  pack toge the r  is  shown in F igure 2 .9 .  There 

is  no f u r t h e r  Hg-CI in te r a c t io n  beyond the te t ram er  stage,  the next s h o r t e s t
O

Hg-CI d is tance being ca. 7.2 A.

P re l im ina ry  s in g le - c r y s ta l  X-ray photographs in d ic a te ,  even though 

f u l l  space group de te rm ina t ion  has not been performed, t h a t  the  bromo and 

iodo complexes are isomorphous and probably i s o s t ru c tu ra I  w i th  one another 

(Table 2 .9 ) ,  There appears to  be no r e la t i o n s h i p ,  however, between the 

s in g le - c r y s ta l  X-ray  photographs o f  these halo analogues and those o f  the 

c h lo ro  complex. V ib ra t io n a l  spect roscop ic  data on the o th e r  hand do suggest 

s i m i l a r  molecu lar  s t ru c tu re s  f o r  a l l  t h ree  complexes (Sect ion 3 . 3 . l e ) .
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C<64>

CC63)

C(62)

C<61)

Cl(4)P(2)

CC5‘ Hg(2)
CC42) K54)i

C(41> CC34)

CC44) C<33>CIC3:
C<43>

C(32)

iC<31)CIC1) HgCl
P(1)

,CC21)
C(23)C(12)

CC22 £C24>

C(14>
C<13>
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a —  Omitting carbon atoms
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Table 2 . 7 .

Bond d is tances  and anq Ies f o r  a- (PBui]HjgCJ^ 

w i th  standard dev ia t ions  in parentheses.
O

(a ) Pi stances/A

H g ( l ) - C I (1) = 2.27(3) P ( l ) - C d l )  = 1.77(18)

Hg( 1 ) -C 1(2) = 2.71(2) P ( l ) - C ( 2 ! )  = 2 . 0 2 ( 16)

Hg(1) - C I (3) = 2.63(2) P (1 ) —C (31 ) = 1.79(15)

Hg(1 )—P(1) = 2.35(2) P (2) —C (41 ) = 1.86(8)

Hg(2)-C1(2) = 2.67(2) P (2 ) -C (5 I )  = 1.77(11)

H g (2 ) -C I (3) = 2.90(2) P (2 ) -C (6 I )  = 1.90(8)

Hg(2)-C1(4) = 2.28(3)

H g (2 ) -C I ( 4 ’ ) = 3.38(3) Average C-C

Hg(2)-P(2) = 2.34(3) d is tance 1 .54

Hg(2)-Hg(2’ ) = 4.142(6)

H g (2 ) -H g ( l ) = 3.792(4)
0

(b) Anales/

C1(1) “ Hg(1) - C I (2) = 98.4(7)

C l ( 1 ) - H g ( l ) - C I (3) = 102.4(7)

C l ( 1 )-Hg( 1 ) - P ( l ) = 147.8(7)

C l (2 ) -H g ( 1 ) - C I (3) = 92.6(6)

C l ( 3 ) - H g ( l ) - P ( l ) = 102.1(7)

C l (2 ) —Hg(2 ) —C1(3) = 87.8(6)

C l (2 )—Hg(2 ) —C1(4) = 98.6(7)

C l (2 ) - H g (2 ) - C I (4 1) = 90.9(7)

C l ( 2 ) - H g ( 2 ) - P ( l ) = 101.1(7)

C l (2 ) -H g (2 ) -P (2 ) = 107.7(6)

C l (3 ) -H g (2 ) -C 1(4) = 95.1(7)

C l (3 ) - H g (2 ) - C I ( 4 f ) = 177 (1)

C l (3 ) -H g (2 ) -P (2 ) = 98.7(7)

C l (4 )—Hg(2 )—C1(41) = 87.9(7)

C l (4 ) -Hg (2 ) -P (2 ) = 150.6(7)

C l ( 4 ' ) -Hg(2 )-P(2) = 79.1(7)

Hg C1) - C 1(2)-Hg(2) = 89.8(6)

Hg(1 ) -C 1(3)-Hg(2) = 86.6(7)

Average te t rahe d ra l  angles 
about phosphorus atoms 0

= 109 .



2 .2 .7 .  Crys ta l  Iograph ic  examinat ion o f  (2 ,4 -d imethy Ipyr id ine)HgXp (X=CI o r  

Br) complexes.

The c r y s ta l  s t r u c tu r e  o f  (2 ,4 -d im e th y Ip y r id in e J H g B ^  has been 

determi ned.

CrystaI  Data

CyHgNHgB^; Mr =467.55, Monoc l in ic ,

a = l2 . 750(11),  b = l0 . 8 0 4 ( I I ) ,  c=7 .780(8) A;

a=90.00, 3=94.00(5) ,  Y=90.00°.

-3  -3
Dm=2.9l  g cm (by f lo ta t io n  using CHBr^/CHI^ m ixture), Dc =2.90 g cm ,

Z=4, F, . =831.82, y (Mo-K ) =21 1.63 cm” 1.'  (ooo) . '  a

Systemat ic absences: -

hkI r e f l e c t i o n s  are absent f o r  (h+k) = 2n + 1 

hoi " "  "  "  I = 2n + 1

These absences suggest the  c r y s ta l s  belong t o  space group C2/c o r  Cc.

Subsequent s t r u c t u r e  s o lu t i o n  and p o in t  symmetry c o n s id e ra t io n s ,

4 112unambiguously d i s t ingu is hed  the  space group as Cc(Cs , No. 9 ) .

Data Col l e c t i o n  and S t ru c tu re  Ref inement. A c o lo u r le s s  c r y s t a l ,  

approximate dimensions 0.17 x 0.18 x 0.28 mm, was mounted about £ .  E igh t  

layers ,  h k 0 - » - h k 7 ,  were c o l l e c te d ;  927 r e f l e c t i o n s  were recorded w i th
O

20 <50 o f  which 684 had I / c r ( I )  £-2.0 and were used f o r  re f inem ent .  I n t e r -

layer  s c a l ing  was used and no absorp t ion  c o r re c t i o n  was ap p l ie d .

The we igh t ing  scheme used was:-

w = 0 .5 2 6 2 / (ct^IF I + 0.0026491F I2 ) o o

Only the y -coo rd ina te  o f  the  mercury atom could be found from the  Pa tterson 

syn thes is ,  the x -  and z -  coord ina tes  remaining unassigned. In t h i s  space 

group the re  is  no unique o r i g i n  p o in t  on the  g l i d e  plane c, so the  x -  and 

z -  coord ina tes  were assigned a t  x=0.00 and z=0.25. For t h i s  space group i f  

one atom is  located a t  (0 .00, y,  0.25) another atom wi l l  be located a t  

(0.00, y,  0 .25 ) .  I t  is  obvious t h a t  these two atoms are r e la te d  by a cen t re
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of  symmetry even though the  space group is  non-centrosymmetr ic.  Consequent ly 

when the  phase angles,  deduced on the basis o f  the  Hg p o s i t i o n ,  were used 

t o  phase the  subsequent d i f f e r e n c e  Fou r ie r  syn thes is  the e le c t r o n  dens i ty  

map showed peaks f o r  both the  t r u e  s t r u c t u r e  and t h a t  o f  a ’ gho s t1 s t r u c t u r e  

which was re la ted  by a pseudo-mi rror plane. At  t h i s  stage i t  was not poss ib le  

t o  determine which molecule was genuine. Th is  problem was overcome by 

r e f i n i n g  the mercury atom plus one o f  the fo u r  ' p o s s ib le '  bromine atoms one 

a t  a t ime and computing f u r t h e r  d i f f e r e n c e  Fou r ie r  syntheses on a t r i a l  and 

e r r o r  bas is .  The c o r r e c t  bromine p o s i t i o n s  were r e f l e c te d  by the  d isappear

ance o f  the  ghost s t r u c t u r e ,  brought about by the in t r o d u c t i o n  o f  adequate 

asymmetry in to  the phase angles.  The n i t rogen  atom and carbon atoms o f  the  

he terocyc le  were r e a d i l y  found from subsequent Fou r ie r  syntheses. The e r ro r s  

associated w i th  the  p o s i t i o n a l  parameters f o r  the  l i g h t e r  n i t rogen  and carbon 

atoms, which a lso  man ifes t  themselves in the e r ro rs  assoc ia ted w i th  N-C and 

C-C bond d is tances ,  may again be a t t r i b u t e d  to  the  presence o f  the  very large 

mercury and bromine atoms.

F u l l - m a t r i x  re f inement w i th  a n i s o t ro p ic  temperature f a c to r s  f o r  the  

non-carbon atoms gave Rw=0.054; Final  atomic and thermal parameters may be 

found in Table A2.6 (Appendix 2 ) .  Ca lcu la ted and observed s t r u c t u r e  f a c to r s  

are given in Table A3.6 (Appendix 3 ) .  Bond d is tances and angles may be 

found in Table 2 .8 .

Desc r ip t ion  o f  S t r u c tu r e . The s t r u c t u r e  is e s s e n t i a l l y  po lymeric  

(F igure 2 .10) .  Mercury is  f i v e - c o o r d in a te  ly ing  in an ext remely  d i s t o r t e d  

t r i g o n a l  b ipyramidal  environment.  There are th ree  r e l a t i v e l y  s h o r t  bonds in 

the equa to r ia l  plane between H g - B r ( l ) ,  Hg-Br(2) and Hg-N a t  2 .621 (3 ) ,  2 .486(4)
o o

and 2.21(4)  A, r e s p e c t i v e ly ,  separated by angles ranging from 106(1) f o r  

B r ( l ) -H g-N  t o  129(1)° f o r  Br(2)-Hg-N. The degree o f  p l a n a r i t y  o f  the  'N H g B ^ 1 

u n i t  is  ind ica ted  by the dev ia t ion s  o f  Hg, 0 .15;  B r ( l ) ,  - 0 .0 4 ;  B r (2 ) ,  - 0 .0 6 ;
o

and N, -0 .06  A from the  ca lcu la ted  mean plane (Appendix 6 ) .

* -  R = 0.053
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The coo rd ina t ion  polyhedron about Hg is  completed v ia  two long-range 

in te r a c t io n s  o f  2.911(3) t o  B r ( l ! ) and 3.548(4) A to  B r (2 t ! ) ,  the  angle
O

between these two ap ica l  bonds being 164.9(2) . The r e s u l t i n g  bromine-

64br idged polymer is  d i f f e r e n t  t o  t h a t  found f o r  ( 2 ,4 ,6 - t r im e th y lp y r id i n e ) H g C I^

in t h a t  the re  are no cent res  o f  symmetry w i t h in  the four-membered r ings  formed

by the  mercury and bromine atoms o f  the b r idges .  The cha in  t h e r e fo re  belongs

t o  the  Cj I ine  group.

As f a r  as i t  i s  poss ib le  t o  t e l l ,  t a k in g  in to  account the  high e r ro rs

associated w i th  N-C and C-C bond d is tances ,  comparison w i th  o th e r  complexes

64 119o f  methyl s u b s t i t u te d  p y r id in e s  ' ind ica tes  t h a t  the dimensions o f  the
o

h e te ro c y c l i c  r i n g  are normal. The N-C d is tances ,  av. = 1.34 A, and C-C
o

d is tances ,  av.  = 1.40 A, o f  the  conjugated r in g  are ,  as one would expect,
O

s i g n i f i c a n t l y  sho r te r  than the C-C s in g le  bonds (av. = 1.51 A) o f  the  methyl 

groups at tached to  the r i n g .  A l l  angles about and w i t h in  the h e te r o c y c l i c
o

r in g  are c lose  to  120 .

The atoms contained in the h e te ro c y c l i c  r i n g  are e s s e n t i a l l y  cop lanar ,
O

the maximum d e v ia t io n  o f  any atom from the  mean plane being 0.04 A f o r  

(Appendix 6 ) .  As one may note (Figure 2 .9)  the  mean plane o f  the h e te r o c y c l i c
O

r in g  is  s l i g h t l y  tw is ted  (22.5 ) from the  mean plane o f  the 'N H g B ^ 1 u n i t ,

64a s im ila r  s itu a tion  to tha t  found fo r (2 ,4 ,6 -fr im ethy lpyrid ine )H gC l2  (the
o

angle between the planes being 30.9 ) .

S in g le - c ry s ta l  photographs in d ic a te  t h a t  the analogous c h lo ro  complex 

is  i s o s t ru c tu ra I  w i th  i t s  bromo coun te rpa r t  (Table 2 .9 ) .
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Table 2 .8 .

Bond d is tances  and ano les f o r  (2 . 4-d im ethv lp v r id in e )H qBr2__

w ith  standard d e v ia t io n s  in parentheses.

Ca) Pi s tances /A : -  

Hg-BrCI)

Hg—B r( I *) 

Hg-Br(2)

Hg-Br (.2*)

Hg-N

Hg-Hg’

= 2 .621(3) 

= 2.91 I (3) 

= 2.486(4) 

= 3 .548(4) 

= 2 . 21(2 )

= 3.972(1)

N-C( I )

C ( I ) -C (2 )

C(2)-C(3)

C(3)-C(4)

C(4)-C (5)

C(5)-N

C ( I) -C (7 )

C(3)-C (6)

= 1.30(5) 

= 1.37(5) 

= 1.33(5) 

= 1.49(5) 

= I .40(5) 

= 1.38(5) 

= 1.54(5) 

= 1.47(6)

Br( 1 -Hg- Br (1 ’ ) = 92 .4(2) C( 1)-C (2 )-C (3 ) = 123(4)

Br( 1 -H g -B r(2) = 122. 2 (2 ) C (2 ) —C (3) —C (4) = 115(3)

Br( 1 -Hg-Br (2 M ) = 83.5 (2 ) C (3)-C (4)-C (5) = 118(3)

Br( 1 -Hg-N = 106(1) C(4)-C (5)-N = 123(3)

Br( 1 )-H g -B r(2) = 100. 8 (2 ) C (2 ) -C (1)-C (7) = 121(3)

Br( 1 )-H g -B r(2 ! 1) = 164.9(2) C (7 ) -C (1)-N = 114(3)

Br (1 )-Hg-N = 90(1) C(2)-C (3)-C (6) = 126(4)

Br(2 -H g -B r(2 ’ 1) = 93.6(2) C (6 )-C (3 )-C (4 ) = 119(3)

Br(2 -Hg-N = 129(1) C ( l) -N -C (5 ) = 117(3)

Br(2 ’ )-Hg-N = 77(1) C(l)-N -Hg = 128(3)

C(5)-N-Hg = 115(2)

Hg-Br(2 ) -Hg1 = 80.3 (2 )

Hg-Br(1 1)-Hg! = 91 .6(2)
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2 .2 .8 .  CrystaIlographic examination of the (AsPh-^HgCI^ complex.

P re l im in a ry  c ry s ta I lo g ra p h ic  in v e s t ig a t io n  o f  the  (AsPh^JHgC^ complex

has shown i t  to  be is o s t ru c tu ra I  w i th  (PPh^H gC ^* U n it  c e l l  dimensions 

and re le v a n t  bond parameters are l i s te d  below, using the  same n o ta t io n  as 

in F igure 2 .1 .

a = l2 .263(13), b=I 1.51 I (10 ) ,  c = l3 . 520(14) A;

a=90.00, 8=93.85(5), Y=90.00°.

o o
Bonds w i th in  the  dimer (A) Angles w i th in  the  dimer ( )

Hg( I )—C I (2) = 2.64 C l ( 3 ) - H g ( I ) - A s ( I ) = 128.4

H g ( l ) -C I (2 » )  = 2.59 Cl (2M-Hg ( I )-CI (2) = 86.3

Hg( I ) - C I (3) = 2 .3 6  H g ( I ) - C I ( 2 f ) -H g (11) = 93.7

H g ( l ) - A s d )  = 2.50

This geometry is  v i r t u a l l y  id e n t ic a l  to  t h a t  o f  the  (P P h^H gC ^ complex 

suggesting very s im i la r  donor atom-mercury in te ra c t io n  and very  s im i la r  

packing requirements.

2 .2 .9 .  Single-crystal photographic studies of some (DHgXp complexes.

Whenever poss ib le  s in g le -c r y s ta l  photographic s tud ie s  have been

undertaken to  in d ic a te  whether o r  no t the  analogous halo complexes o f  those 

compounds which have received f u l l  c r y s ta I lo g ra p h ic  a n a ly s is  are  is o s t ru c tu ra I  

and / o r  isomorphous. U n it  cel I dimensions have been used to  in d ic a te  iso 

morphism and comparison o f  the  r e la t i v e  in te n s i t ie s  o f  d i f f r a c t i o n  p a t te rn s  have 

been used to  in d ic a te  whether o r  not compounds are is o s t r u c t u r a I . The 

dimensions o f  rea l c e l l s  and an in d ic a t io n  o f  the is o s t ru c tu ra I  na ture  o f  

these complexes are  given in Table 2 .9 .
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2 .3 .  DISCUSSION OF THE FACTORS INFLUENCING THE STRUCTURES OF (L)HgX2

COMPLEXES IN THE SOL ID STATE.

2 .3 .1 .  T e r t ia r y  phosphine complexes

With regards (TPPJHgC^ and the  fo u r  (P R ^H gC ^ complexes s tud ied  in

t h i s  work, no two have id e n t ic a l  s t ru c tu re s .  The s t ru c tu re s  observed are

summarized in Table 2.10.

Apart from the  gross d i f fe re n c e s  in s t ru c tu ra l  appearance th e re  are

o th e r  more s u b t le  d i f fe re n c e s ,  concerned w i th  the  mercury c o o rd in a t io n

sphere, which need t o  be exp la ined as fo l lo w s :
*

(a) Why does the  C l--Hg-P angle vary so g re a t ly  w i th in  the  se r ies?

(b) Why is  one o f  the  Hg-CI bonds s u b s ta n t ia l l y  longer than in HgC^ and

why does i t s  length vary so widely?

(c) Why is  the re  a v a r ia t io n  in the  e x te n t  o f  b r id g in g  in te r a c t io n  w i th in

the  series?

In o rde r  to  r a t io n a l iz e  the  fa c to rs  which in f luence  c o o rd in a t io n  

behaviour and f i n a l  s t ru c tu r a l  arrangement, i t  is  poss ib le  to  cons ide r  the  

probable re a c t io n  pathway from re a c ta n ts ,  HgCI2 + PR-j in s o lu t io n ,  through 

to  p roducts , [ (PR ^H gC ^] n ' n +he s o l id  s ta te ,  as occur ing in th re e  stages:

a) I n i t i a l  Hg-P in te ra c t io n  in  s o lu t io n :

P:

Cl
I

Hg
I

c i

Cl

► Hg
\

Cl

b) Formation o f  the  most s ta b le  s o lu t io n  s ta te  species:
/

R^ .Cl

-►Hg'
I

Cl

Rv  Cl
\  /

R P ►Hg'
/  I

Rx  Cl

the  s u b s c r ip t  s denotes s h o r te s t ,  and re fe rs  t o  the shortestHg-CI 
d is tance  w i th in  a s t ru c tu re .
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Table 2.10.

Summary o f  the  s t ru c tu re s  o f  some 

( t e r t i a r y phosphine)HqCI2 comp I exes.

Comp 1 ex S tru c tu re C ls-Hg-P* 

/  °

d(Hg-P)+

/A

d(Hg-CI) *
O 2

/A

d (H g-C I)b

A

Coord i na t ion  

polyhedron 

about mercury

(TPP)HgCI2 asymmetric 
d i mer

127.8(5) 2 .44(1) 2.40 2 .54 ,2 .75 d i s to r te d  
te trahed ron

(PPh3 )HgCI2 symmetric 
d imer

128.7(4) 2.406(7) 2.37 2 .62 ,2 .66

(PBu3 )HgCI2 te tram er 147.8(7) 2 .35(2) 2.27 2.63,2.71
2 .67 ,2 .90

a. "

150.6(7) 2 .34(3) 2.28 3.38 b. d is to r te d  
t r i  gona1 
b ipy ram ida1

(PEt3 )HgCI2 polymeric  
chai n

145.4(3) 2 .35(1) 2.42 2 .56 ,3 .04
3.21 it

(PMe3 )HgCI2 ’ io n ic ’ 162.1(1) 2 .365(3) 2.355 2 .78 ,2 .94
3.49

d is to r te d  square 
pyrami da 1

-  the  s u b s c r ip t  denotes s h o r te s t ,  and re fe rs  to  the  s h o r te s t  Hg-CI 

d is tance  w i th in  a s t ru c tu re .
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c) Solid state  structures:

n > I n £-2

s o lu t io n  sol id

An a p p re c ia t io n  o f  the  d r iv in g  fo rces  w i th in  each in d iv id u a l  step may 

help to  exp la in  the  r e s u l t in g  s o l id  s ta te  s t ru c tu re s .

(a) I n i t i a l  Hg-P in te ra c t io n  in s o lu t i o n .

The e x te n t  o f  i n i t i a l  Hg-P in te ra c t io n  w i l l  be dependent upon the  donor 

p ro p e r t ie s  o f  th e  PR^ l igand , which, in tu rn  is  dependent upon the  na ture  o f 

the  R -s u b s t i tu e n ts  jo ine d  to  the  phosphorus atom.

Donor p ro p e r t ie s  o f  PR^ l igands may be re la te d  to  the  fo l lo w in g  para

meters : -

*  121
( i )  T a f t  constants  GCa ) -  which are pu re ly  e le c t r o n ic  in o r ig in

a r is in g  from the  in d u c t iv e  e f fe c ts  o f  the  R -s u b s t i tu e n ts .

12 1( i i )  B a s ic i t y  values (pkg ’ s) -  exp e r im e n ta l ly  determined values o f  the

ex te n t  o f  in te ra c t io n  between PR^ and a proton in aqueous s o lu t io n .

122C i i i )  Cone angle (0) -  a s t e r i c  parameter, which is  a measure o f  the

degree o f  congestion around the  bonding face o f  phosphorus ( f o r  f u l l e r

d e s c r ip t io n  see Appendix 7 ) .

I Z|Henderson and S t re u l i  have measured the pka values o f  a range o f

PPh^_nRn l igands . F igure 2.1 I shows the  re s u l ts  they ob ta ined p lo t te d  a g a in s t  

T a f t  cons tan ts .  This curve in d ic a te s  the  importance o f  e le c t r o n ic  e f fe c ts  

in t h i s  re a c t io n ,  however, the  d e v ia t io n s  from the  curve found f o r  the

121t r la lk y Ip h o s p h in e  s e r ie s  has been exp la ined in terms o f  s t e r i c  e f f e c t s .

122To I man, in a recent review brought to g e th e r  q u i te  a conv inc ing  a r ra y  

o f  s t r u c t u r a l ,  spectroscop ic  and e q u i l i b r i a  data some o f  which cou ld  be 

c o r re la te d  w ith  cone angle (0 ), and some o f  which could more r e a d i ly  be
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FiG. 2.11

P lo t  of  pKq o f  PR-, _l_iqands in water versus

* I 2 1
T a f t  constants  Ea

®PCy, PEt

PEtoMe9 -

® PCH9CH9CNMe-
6 -

P O cty l2C H 2 CH2 CN5-

4 -
P(CH2CH2CN)2Me

P(C H oC H oC N )

0-

0.5 2 .00.0 1. 0- 0 .5 1.5

*
Ea
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I 22expla ined in terms o f  e le c t r o n ic  parameters. To I man s tressed th a t

e le c t r o n ic  and s t e r i c  e f fe c ts  are in t im a te ly  re la te d  and i t  is  d i f f i c u l t

to  make a c le a r  separa tion  between the  two.

An example o f  t h i s  i n t e r - r e la t i o n  between s t e r i c  and e le c t r o n ic  para-

123 31meters has been reported by Mann, who measured P chemical s h i f t s  f o r  a 

range o f  t e r t i a r y  phosphines and found i t  was not poss ib le  s a t i s f a c t o r i l y  

to  e xp la in  the  chemical s h i f t  values ob ta ined , s o le ly  in terms o f  the  

e le c t r o n e g a t iv i t i e s  o f  the  R -s u b s t i tu e n ts  jo in e d  to  phosphorus. I t  was 

concluded th a t  C-P-C angles were a lso  a dominant f a c to r .  There fo re  as a 

r e s u l t  o f  s t e r i c  e f fe c ts  the e le c t r o n ic  environment about phosphorus can be 

d r a s t i c a l l y  a l te re d .

For the  present s e r ie s  o f  PR^ ligands the  o rde r  o f  donor s tren g th s  

p red ic ted  by each parameter a r e : -

( i )  B a s ic i ty  values (pka)

PEt3 ( 8 .6 9 ) ~  PMe3 ( 8 .6 5 ) ~  PBu3 (8.64) > PPh3 (2 .7 3 ) ,  TPP*
*

( i i )  T a f t  constan ts  (Ecr )

PBu3 (-0 .39 )  ~  PEt3 ( -0 .3 0 )  >  PMe3 (0.00) >  PPh3 ( + l .8 0 ) ,  TPP*

( i i i ) Cone angles (0)

PMe3 ( M 8° )  >  PBu3 (I3 2 ° )  >  PEt3 ( l3 2 ° )  >  PPh3 ( l4 5 ° )  >  TPP(I62°)*

The rea c t io n s  between th re e  o f  the  above PR3 l igands , PBu3, PPh3 and

TPP, and m ercuric  c h lo r id e  have been s tud ied  thermodynamically  by G a llagher 

124
e t  aj_. who reported t h e i r  e n th a lp ie s  o f  l i g a t io n  (AH^). A lthough t h i s

term a lso  inc ludes the  en tha lpy  o f  d im e r iz a t io n  (o r  f u r t h e r  a s s o c ia t io n )

the  authors s ta te  t h a t  n the  en tha lpy  o f  d im e r iz a t io n  is  o n ly  very  s m a ll ,

- 1 "almost c e r ta in ly  10 kJ (g-atom Hg) . Th is  is  o n ly  ca .̂ 10$ o f  the  t o t a l  

AH^ term . Therefore  AH^ should be a good guide as to  the  e x te n t  o f  i n i t i a l  

Hg-P in te ra c t io n .

*
T a f t  and pka va lues are not a v a i la b le  f o r  TPP, however the  cone ang le (6 ) 
has been determined in the present work.
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TheAH^ values (kJ(g-atom Hg)~*) obta ined f o r  the  present s e r ie s  o f  PR^

ligands in d ic a te  the  fo l lo w in g  o rde r  o f  donor s t r e n g th : -

PBu^(123) > PPh3 (75) > TPP(67)

In a d d i t io n  to  these PR^ l igands , th e A H ^  values f o r  a range o f

124PPh3_nRn ligands were a lso  determined. G allagher e t  aj_. in d ic a te  f o r  t h i s  

s e r ie s  th a t  the re  is  a c o r r e la t io n  between A a n d  T a f t  cons tan ts  ( the  

e le c t r o n ic  e f fe c ts  o f  the  s u b s t i tu e n ts )  (F igure  2 ,1 2 ) .  U n fo r tu n a te ly  the 

reac t ion s  between HgC^ and the  sm a lle r  PEt^ and PMe^ ligands were not exam

ined. In view o f  the obse rva tions  th a t  the  exp e r im e n ta l ly  determined pka 

and "^P chemical s h i f t  values f o r  PMe^ and PEt^ appear to  be dependent upon 

the  s t e r i c  as we ll as the  e le c t r o n ic  nature  o f  these phosphines, a t  t h i s  

stage i t  is  d i f f i c u l t  to  p re d ic t  unequ ivoca lly  the  l i k e l y  e x te n t  o f  t h e i r  

i n i t i a l  in te ra c t io n  w ith  HgC ^.

A l l  parameters (T a f t  cons tan ts ,  pk^ values and cone ang les) do suggest, 

however, t h a t  PEt^ and PBu^ w i l l  e x h ib i t  a s im i la r  degree o f  Hg-P in te ra c t io n  

and th a t  in te ra c t io n  w ith  PMe^ w i l l  be o f  the  same o rde r i f  not la rg e r .  

A d d i t io n a l ly  these th re e  phosphines w i l l  e x h ib i t  a f a r  g re a te r  i n i t i a l  Hg-P 

in te ra c t io n  than w i l l  PPh^ o r  TPP.

(b) Formation o f  the  most s ta b le  so lu t ion -pha se  spec ies .

This the second step o f  the  proposed re a c t io n  pathway is  ve ry  im portan t

because in fo rm a tion  concern ing the  s t ru c tu re  o f  the  most s ta b le  so lu t io n -p h a s e

species m ight shed l i g h t  both on the  e f fe c ts  o f  i n i t i a l  Hg-P in te r a c t io n  and

on the  e f fe c t  o f  these species upon one another du r ing  c r y s t a l l i z a t i o n .

U n fo r tu n a te ly ,  the s o l u b i l i t i e s  o f  the  present s e r ie s  o f  complexes in

s u i ta b le  so lve n ts ,  w ith  the  exception o f  (PBu3 )HgX2 (X=C1, Br o r  I ) ,  were

too  low to  enable so lu t ion -phase  study (e .g .  r e la t i v e  m olecu lar mass d e te r -  

31m ina t io n ,  P n .m .r  o r  v ib ra t io n a l  spectroscopy) t o  be undertaken.

L i te ra tu re  data f o r  o th e r  (PR3 )HgX2 complexes in s o lu t io n  are  a ls o  

sparse, probably f o r  s im i la r  reasons as above, but the  l im i te d  data a v a i la b le
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are given in Table 2 . | I .

M olecu lar mass de te rm ina t ions  s u g g e s t , a t  le a s t  f o r  t r i 

a lk y  I phosph I ne comp I e x e s , th a t  the  most s ta b le  species in s o lu t io n  is  d im e r ic .

124GaIlagher e t  a_k, however, have reported  th a t  i f  one o f  the  s u b s t i tu e n ts  

jo ine d  to  the  PR^ l igand is  a phenyl group, the  re s u l ta n t  ^P h ^ _ nRn)HgX2 

complex w i l l  be monomeric in s o lu t io n .  [ I t  should be noted, however, t h a t  

in the  present work the  (PPh^H gC ^ complex was i n s u f f i c i e n t l y  s o lu b le  in 

benzene to  a l lo w  m olecu lar mass de te rm ina t ion  even though G allagher e t  a I . 

have s ta ted  t h a t  t h i s  complex is  monomeric in benzene. I t  can o n ly  be 

assumed th a t  t h i s  de te rm ina t ion  was c a r r ie d  o u t  a t  extremely low concen tra 

t io n s ]  ,

3 1Much o f  the  P n .m .r  data presented in  Table 2.11, mostly  a t t r i b u t a b le

127 125to  Shah and to  Grim e t  have been in te rp re te d  on the  assumption th a t

n 90 *  n *dimers are present in s o lu t io n .  However, on ly  f o r  (PBu^)HgX2 » ' (PPr^)HgX2

(X=CI, Br o r  I ) ,  and ( P P h B u ! J ) H g I h a s  t h i s  d e f i n i t e l y  been confirmed by

m olecu lar mass de te rm ina t ions .

I t  is  in te re s t in g  to  note t h a t  J(Hg-P) values ob ta ined f o r  the  complexes

known to  be d im er ic  in s o lu t io n  are o f  th e  same o rd e r  as those J(Hg-P) va lues

127 j 25
reported by Shah and Grim e t  aj_. Although these comparisons add

125 127evidence t o  support the  assumption o f  Grim e t  £j_. and Shah t h a t  the  

compounds they stud ied  are d im er ic  in s o lu t io n ,  one must remember t h a t  th e re  

is  no in fo rm a tion  regard ing the  o rde r o f  J(Hg-P) values c h a r a c t e r is t i c  o f  

(PR^)HgX2 monomers o r  h igher polymers in the l i t e r a t u r e  w ith  which to  compare.

I t  should be noted th a t  f o r  some (PR^JHg^ complexes, two s t r u c t u r a l l y  

d i f f e r e n t  species in  e q u i l ib r iu m  in s o lu t io n  have been Ind ica ted  e .g .  

(PBu^)Hgl290,125 and (PPhEt2 )HgI2 - 125

Although dimers and monomers have been shown to  e x i s t  in s o lu t io n  th e re  

is  no d e ta i le d  knowledge as to  t h e i r  s t ru c tu r e .  The o n ly  in d ic a t io n  o f  the

* Present work (Section 3 .3 .3 )
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Table 2 . | | .

S o lu t io n -phase data f o r  (PFL)HqX^ comp I exes.

Compound S tru c tu re Sol vent 31DP n .m .r
chemica1
s h i f t  ppm

Other 

determi na t ions

Ref.

(L)HgCI0 comp I exes 
I =L-

PBu^ (a^form) d 1meric benzene M , IR r*
*

Bu^ ( 3- fo rm ) d im eric cd2c i 2 7412 M , IR, Ra r '  * 90

PBu^? d im eric benzene Mr 124

PBu^ ? Assumed d im er ic benzene 7446 125

PBu^ ? Assumed d im er ic 7480 126

P (C6H | 2 ) 3 d im eric benzene Mf 6

P ( 0 c t y l )3 Assumed d im er ic 7380 126

PPhPr^ Monomeric benzene Mr 124

PPhBu^ Monomeric benzene Mr 124

PPh3 Monomeric benzene 124

PPhBu" Assumed d im er ic ch2c i 2 7514 125

PPhEt2 Assumed d im er ic CH2CI2 n .o . 125

PPh2 (CgH^CgH|^-p) Assumed d im er ic CH2C I2 7506 127

P(C6H4SiMe3- p )3 Assumed d im er ic ch2c i 2 7546 127

P(C6H4CMe3- p )3 Assumed d im eric CH2CI2 6559 127

PPr" d im er ic benzene 7389 M , IR r '
*

(L)HgBr0 complexes
I =

PBu3 d im eric benzene M , IR r '
*

PBu" d im eric ch2c i 2 6628 M , IR, Ra r* * 90

PBu3 t r im e r ic - te t r a m e r ic benzene Mr 124

PBun Assumed d im eric ch2c i 2 6624 125

PBu" Assumed d im eric 6680 126

P (O c ty l) 3 Assumed d im eric 6620 126

PPhBu2 Assumed d im eric ch2c i 2 6658 125

PPh2Bun Assumed d im eric ch2c i 2 6553 125

PPh3 Monomeric benzene Mr 124

PPhEt2 Assumed d im er ic ch2c i 2 6627 125

PPhEt2 d i meric benzene Mp 128
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Table 2 . I I , continued.

Compound S tru c tu re So lven t P n .m .r 
chemi c a 1 
s h i f t  ppm

Other 
determi na t ions

Ref.

(L)HgBr0 complexes, c o n t i  nued

L=

PPhEt2 I . 2- 1.6 asso c ia t io n Acetone Mr 128

PEt2 tC6H4CF3 ) d im eric benzene Mr 128

pEt2 (C5H4c F3 ) 1 .4 -1 .7  a sso c ia t io n Acetone Mr 128

PPrS d im eric benzene 6611 IR, Mp *

PPrQ 1.5-1.85 a sso c ia t io n bo i 1i ng M 128D
Acetone r

pph2 (c6H4C8H| 7- p ) Assumed d im er ic CH2CI2 6427 127

PPh2 (W 6 Hl3-P» Assumed d im er ic CH2CI2 6491 127

P(C6H4SiMe3- p >3 Assumed d im er ic CH2CI2 6391 127

P(C6H4CMe3- p )3 Assumed d im er ic CH2CI2 6559 127

( L)HgI0 complexes

L=
PBu^ d im er ic benzene Mp, IR *

PBu" d im er ic CH2C! 2 5088 Mp, IR, Ra 90

PBu^ d im er ic benzene Mr 124

PBu^ d im er ic CH2CI2 5120,4358 Mr 125
PBu" Assumed d im eric 5440 126

PPhMe2 Monomeric benzene Mr 124

PPh2Bun Monomeric benzene Mr 124
PPBu" d im er ic CH2CI2 5020,4250 Mp 125

PPr^ (a-form) d im er ic benzene 5071 -Mr , IR *

PPr3 (a-form ) d im er ic benzene Mr 61
PPr^ ($-form) d im eric benzene 5053 Mp, IR *

PPr^((3 -fo rm ) d im eric benzene Mr 61

P (O c ty l)3 Assumed d im er ic 5380 126
P(n-amyI)^ 1. 2- 1.3' a s s o c ia t io n Acetone Mr 61

P(C6H4CMe3- p )3 Assumed d im er ic CH2CI2 4907 127

*  -  Present work (Section 3 .3 .3 )
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nature  o f these species has been determined by some v ib ra t io n a l  spec troscop ic  

s tud ie s  on the  d im er ic  (PBu^)HgX2 (X=CI, Br o r  I )  complexes in benzene c a r r ie d  

ou t in  the  present work. By comparison o f  the  s o lu t io n  phase IR spectrum 

o f  (PBul^HgC^ w ith  a range o f  s o l id  s ta te  v ib ra t io n a l  spectra  o f  compounds 

f o r  which c ry s ta I lo g ra p h ic  data a lso  e x is t  (Section 3 .3 .1 ) ,  i t  is  proposed 

th a t  (PBu^H gC ^ e x is ts  as a t ra n s  c h lo r in e -b r id g e d  dimer w i th  a s h o r t  Hg-CI^.
o o

bond o f  ca_. 2.3 A and w ith  Hg-CI^ bonds o f  ca. 2 .7 A o r  g re a te r .

Obviously f u r t h e r  work is  requ ired  to  gain f u r t h e r  s t r u c tu r a l  in fo rm a tion

fo r  these compounds in s o lu t io n  but f o r  the  purpose o f  subsequent d iscuss ion

i t  seems reasonable to  assume, a t  le a s t  f o r  t r ia Ik y Ip h o s p h in e  complexes

stud ied  in t h i s  work v i z . (P R ^H gC ^ (PR^=PMe^, PEt^ o r  PBu^), t h a t  t ran s

c h lo r in e -b r id g e d  dimers are the  most s ta b le  s o lu t io n  phase spec ies . Even

124though (PPh^HgC^ has been shown to be monomeric in benzene, as previously  

mentioned, th is  determination must have been carried out in extremely d i lu te  

solutions. Therefore i t  is also assumed, fo r the purpose of subsequent 

discussion, tha t  the (PPh^HgC^ an  ̂ (TPPJHgC^ complexes, which are dimeric  

in the solid s ta te ,  are also dimeric in solution a t  higher concentrations  

ju s t  p rio r to c r y s ta l l iz a t io n .

(c) So I i  d -s ta te  spec i es .

In fo rm ation  concern ing the  la s t  step in the proposed re a c t io n  pathway 

is  provided in the  form o f  the  c ry s ta I lo g ra p h ic  data summarized in  Table 2 .1 0 .  

which show th a t  d is c re te  d im er ic  s t ru c tu re s  e x is t  f o r  (TPPJHgC^ and (P P h ^H gC ^, 

whereas more associa ted s t ru c tu re s  are found f o r  (PR ^H gC ^ (PR^=PMe^, PEt^ 

o r  PBu^).

We may now a ttem pt to  exp la in  the present s e r ie s  o f  s o l id  s ta te  s t ru c tu re s ,  

in  terms o f  the  above proposed re a c t io n  pathway, paying spec ia l a t te n t io n  t o : -

(a) the  v a r ia t io n  in C ls-Hg-P angles

(b) the  length o f  the  one Hg-CI bond which is  s u b s ta n t ia l l y  longer than 

i n HgCI^
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(c) the  v a r ia t io n  in the  e x te n t  o f  Hg-CI a s s o c ia t io n .

Why does the  C l -H g -P  angle vary so g re a t ly  w i th in  the ser ies?

There are two e f fe c ts  which may p o ss ib ly  exp la in  the  v a r ia t io n  in 

C ls~Hg-P ang le .

a) The i n i t i a l  Hg-P in te r a c t io n ,  whereby the  PR^ ligand may be a t te m p t in g  to  

rep lace a c h lo r in e  atom o f  the  HgC^ u n i t  to  achieve u l t im a te ly  a l in e a r  

C ls*-Hg-P arrangement.

b) S o l id -s ta te  e f fe c t s ,  caused by ’ in te r -d im e r ’ in te ra c t io n  in a manner such 

t h a t  increase in Clg-Hg-P angle is  dependent upon the  mode and e x te n t

o f  a s s o c ia t io n  .

I t  is  suggested th a t  i t  is  the  i n i t i a l  Hg-P in te ra c t io n  which is  th e  

dominant f a c to r  in f lu e n c in g  the  Clg-Hg-P ang le . The evidence to  support t h i s  

suggestion is  o u t l in e d  be low :-

Si ) C ons idera tion  o f  the  la rge P-Hg-P angles and large Hg-X bond lengths
O o

in the  s t ru c tu re s  o f  monomeric (P E t^ ^ H g C ^  (P-Hg-P = ca_. 158 , Hg-CI = ca_.2.7 A)
o . o

and monomeric ( P E t f ^ ^ H g B ^  (P“ Hg-P = ££.150 , Hg-Br = c £ .2 .8  A) (Sec tion  4 .2 )  

in d ic a te  th a t  a lthough H g ( I I )  is  fo u r  co o rd in a te ,  i t  is  as i f  mercury is  

’ a t te m p t in g ’ to  r e ta in  the  ’ p re fe r re d ’ d igonal c o o rd in a t io n  environment ( l o s t  

on complexation) by e l im in a t io n  o f  the  halogen atoms. These o bse rva t ions  

in d ic a te  t h a t  mercury has a pre ference f o r  phosphorus, in PEt^ a.nd P E tN ^  

a t  le a s t ,  w i th  respect to  c h lo r in e  o r  bromine. The large P-Hg-P ang les and 

long Hg-X bonds can in no way be a t t r ib u te d  to  s o l id  s ta te  a s s o c ia t io n ,  but 

must be due t o  i n i t i a l  Hg-P in te r a c t io n .  F u r the r  evidence suggests (Section  

4 .2 )  t h a t  P-Hg-P angles and Hg-X bond lengths are dependent on the  in d iv id u a l  

donor s tren g th s  o f  PR^ ligands.

V ib ra t io n a l  spectroscop ic  evidence support ing  the  ex is ten ce  o f  l in e a r  

lP -H g-P ]^+ c a t io n s  has been reported on two separate occasions f o r  (P M e ^^H g ^  

(X=CI, Br o r  I )4 and I  (PMe^^Hg] X^ (X =N0^ o r  BF^) .106These o bse rva t ions  again 

in d ic a te  the  preference o f  m e rc u ry ( l l )  to  achieve the l in e a r  c o o rd in a t io n
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arrangement w ith  the  r e la t i v e l y  s trong PMe^ donor l igand .

There fo re , one may envisage a s im i la r  s i t u a t io n  fo r  the  present 1:1 

complexes, whereby a PR^ l igand may ’ compete1 w ith  one o f  the  c h lo r in e  atoms 

o f  HgC^ in an a ttem pt to  achieve a l in e a r  P-Hg-CI arrangement; th e  donor 

s t re n g th  o f  the  phosphine determines i t s  success in d is p la c in g  the  c h lo r in e  

atom.

129Indeed, Pearson has a lso  ind ica ted  th a t  PR^ ligands are  ’ s o f t e r ’ 

donors than Cl , so t h a t  one m ight expect the  ’ s o f t ’ a c id ,  H g ( I I ) ,  to  p re fe r  

the  ’ s o f t ’ PR^ l igands .

( i ?) Consider the  d is c re te  dimers (TPPJHgC^ and (PPh^H gC ^ and the d is c re te  

te tram er  a~(PBu^)HgCI2# in terms o f  t h e i r  P, Hg and Cl ’ s k e le to n s ’ . The 

immediate environments o f the  C ls~Hg-P te rm in a l segments are very  s im i la r  

f o r  a l l  th re e  s t ru c tu re s  and th e re  is  no p o s s i b i l i t y  o f  f u r t h e r  dimer o r  

te tram er in te ra c t io n  which could in f luence  the  c o o rd in a t io n  about mercury. 

However, i t  is  immediately apparent t h a t  the  C ls-Hg-P angles are  q u i te  

d i f f e r e n t  between te tram er and dimers (Table 2 .1 0 ) .  The C ls*-Hg-P angle fo r
o o

the  te tram er is  ca. 150 whereas fo r  the  two dimers i t  is  ca. 128 . The 

la rg e r  angle found fo r  the  PBu^ compound can be exp la ined q u i te  w e ll in  terms 

o f  a s tron ge r  i n i t i a l  Hg-P in te ra c t io n  w ith  PBu^ as compared w i th  PPh^ and 

TPP. This s tron ge r  in te ra c t io n  is  ind ica ted  by:

( i )  AH^CkJ(g-atom Hg) * ) ;

PBU3 CI23) >  PPh3 (75) > TPP(67)

( i i )  pKd;

PBu3 (8.64) > PPh3 (2 .7 3 ) ,  TPP*
O

( i i i ) Cone angle ( ) ;

PBu3 (I32 )  > PPh3 (145) > TPP( I 62),
O

and re f le c te d  by Hg-P^. bond lengths (A):

PBU jI2 .35(2)] >  PPh3 t2.406(7)J >  T P P [2 .4 4 ( I ) ] .

*  -  The pKa value o f  TPP is  not a v a i la b le .
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( i i i )  Evidence to  support the  l im i te d  e f fe c t  o f  long range in te ra c t io n s ,
O

o f  ca. 3 .2  A and above, upon Cl -Hg-P may be found i f  the c e n t ra l  Cl -Hg-P1 S S

angle o f  the  a-(PBu^)HgCI  ̂ te tram er is  cons idered. The length o f  the  Hg-CI
o

1in te r -d im e r ’ con tac t  in t h i s  compound is  3.38 A. The d i f fe re n c e  between
o o

te rm in a l ,  150.6(7) , and c e n t r a l ,  147.8(7) , C ls-Hg-P angles is  o n ly  j u s t  

s ig n i f i c a n t .  There fore  the  e f fe c ts  o f  M n te r -d im e r ! in te ra c t io n  upon
o

C ls-Hg-P angles f o r  (PMe^HgC^ ( ’ in te r -d im e r1 co n ta c t  o f  3.49 A) and
O

(P E t^ H g C ^  ( ’ in te r -d im e r ’ con tac t  o f  3.21 A) are l i k e l y  a ls o  to  be s m a ll .

I f  i t  is  accepted t h a t  C ls-Hg-P angle r e f l e c t s  the  s t re n g th  o f  the  

i n i t i a l  Hg-P in te r a c t io n ,  then the  donor s tren g th s  o f  the  phosphines s tud ied  

fa  I I i n to the  o rd e r :

PMe3 > PBu^ ~  PEt3 > PPh3 > TPP 

Th is  o rde r  would not seem unreasonable in view o f  the  o rde rs  o f  donor 

s t re n g th  p red ic ted  p re v io u s ly ,  and suggests t h a t  the  s t e r i c  nature  o f  PMe3 

in some way promotes i t s  b ind ing  a b i l i t y  to  mercury above t h a t  expected from 

pure ly  e le c t r o n ic  c o n s id e ra t io n s  (T a f t  v a lu e s ) .  In f a c t  th e re  is  a c o r r e la t io n  

between cone angle (0) f o r  the  PR3 s tud ied  here, and the C ls-Hg-P angles 

in the  s t ru c tu re s  o f  the  (PR ^H gC ^ complexes they form (F igu re  2 .1 3 a ) .

What c o n s t i tu te s  t h i s  "apparent s t e r i c  e f f e c t "  is  d i f f i c u l t  to  assess.

Is the  " e f f e c t "  s o le ly  a s t e r i c  one, e x p l ic a b le  in terms o f  the  PMe3 ligand 

being ab le  to  get ’ c l o s e r - i n ’ to  the  mercury and thus in te r a c t  more s t ro n g ly  

than o th e r  ligands? A l te r n a t i v e ly ,  could i t  be a combination o f  s t e r i c  and 

e le c t r o n ic  e f fe c ts ,  such as observed by M ann*^  dur ing  h is  ^*P n .m .r  

de te rm ina t ions , whereby as a r e s u l t  o f  changes in C-P-C ang les , the  e le c t r o n ic  

s i t u a t io n  about phosphorus is  d r a s t i c a l l y  a l te re d ?  C e r ta in ly ,  C-P-C angles 

and cone angles are in t im a te ly  re la te d ,  e .g .  the  C-P-C angles f o r  PMe3 * ^
I I I o o 122

and PPh3 are 98.9 and 103 , r e s p e c t iv e ly ,  whereas t h e i r  cone angles
P O

are 118 and 145 , r e s p e c t iv e ly .  C o n trac t io n  o f  C-P-C o b v io u s ly  causes a 

s im i Ia r  e f f e c t  upon the  angle o f  the  ’ cone’ and th e re fo re  i t  may be t h a t  in
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the present s e r ie s  o f  PR^ ligands th a t  d i f fe re n c e s  in C-P-C angles (which 

as shown by the ^ P  chemical s h i f t  data have im portan t e le c t r o n ic  consequences) 

are the  im portant parameters and cone angles merely r e f l e c t  these C-P-C 

ang les. Whether i t  is  a p u re ly  s t e r i c  e f f e c t ,  o r  a s t e r i c  p lus  e le c t r o n ic  

e f f e c t  which in f luences  the  donor p ro p e r t ie s  o f  PR^ ligands in the  present 

s i t u a t io n  can on ly  be c l a r i f i e d  by fu r t h e r  experiment.

Return ing to  the  c o r re la t io n  between cone angle and C ls-Hg-P angle 

(F igu re  2 .13a).  I t  should be emphasized t h a t  even i f  i t  is  a s t e r i c  parameter 

which e f fe c ts  C ls-Hg-P angles the  almost l in e a r  r e la t io n s h ip  shown in

F igure 2.13a cannot be extended because o f  l im i ta t io n s  on cone angles (cone

122 °  °  angles reported by To I man range from 87 f o r  PH^ i t s e l f ,  t o  212 f o r

P (m e s ity l) ^  and s t ru c tu ra l  l im i t s  imposed by the  (P R ^H gC ^ compounds. On
O

the bas is  o f  the  curve shown in F igure 2.13a, a t  a cone angle o f  ca. NO , the
O

maximum l i m i t  o f  C ls-Hg-P angle (180 ) would be reached. Consequently, in 

t h i s  lower cone angle reg ion the  fo rm ation  o f a p la teau may be envisaged 

(F igu re  2 .13b).  S im i la r l y ,  a t  the  high cone angle end o f  the  curve (F igu re  

2.12a) i t  is  d i f f i c u l t  to  imagine a C ls-Hg-P angle d im in is h in g  f u r t h e r  than
o o

c a . 90 , and so in the  reg ion o f cone angle ca. 160-170 a t a i l i n g  o f f  in  

the curve may be envisaged (F igu re  2 .12b ) .  I t  appears t h a t  t h i s  ’ t a i l i n g - o f f 1 

e f f e c t  is  a lready  beginning to  occur f o r  the  TPP ligan d .

Why is  one o f  the  Hg-CI bonds s u b s ta n t ia l l y  longer than in HgCI^ and 

Why does i t s  length vary so w idely?

The one common fe a tu re  in a l l  f i v e  s t ru c tu re s  is  the  presence o f  a s h o r t
o

Hg-CI bond o f  ca_, 2 .3 A, a va lue which is  c lose  to  t h a t  found f o r  HgC^ i t s e l f

°35(the  Hg-CI bond lengths in s o l id  HgC^ are each 2.25 A ) .  A lso , f o r  each 

s t ru c tu re  one Hg-CI bond is  longer and the  e x te n t  o f  e lo n g a t io n  v a r ie s  from 

compound to  compound. I t  is  the  length o f  t h i s  Hg-CI bond (which is  a lso  the  

s h o r te s t  Hg-CI b r idge  bond) which is  examined in t h i s  s e c t io n .  Again the  

cause o f  these v a r ia t io n s  in Hg-CI d is tance  may be a t t r ib u te d  to  : -
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FiG. 2.13b Envisaged p lo t  o f  Cl -H.q-P ang le  aga in s t

cone ang le , over the  complete cone angle range.
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a) ex ten t  o f  i n i t i a l  Hg-P in te r a c t i o n .

b) ex ten t  o f  Hg-CI b r idg ing .

I f  one regards the reac t ion  between HgCI2 and PR^ as approaching a 

’ s u b s i t i u t i o n ’ reac t ion  in which the PR^ l igand is  t r y i n g  to  d isp lace  one 

of  the c h lo r i n e  atoms o f  HgCI2 , the length o f  the Hg-CI bond in quest ion  

may have been expected to  be d i r e c t l y  re la ted  to  the donor s t reng th  o f  PR^ 

as indeed C ls-Hg-P angle appears to  be. However, t h i s  is not the case, thus 

suggesting Hg-CI b r idg ing  a lso  plays a r o le  in the present case. I f  on the 

otherhand one i d e n t i f i e s  what is  the most ’ t i g h t l y *  bound four-membered r ing  

in each o f  the  f i v e  s t ru c tu r e s ,  as ind ica ted by the Hg-CI^ d is tances  in ( i )  

the re  is a c o r r e l a t i o n  (Figure 2 .14 ) .

( i ) Compound Hg—CI^ d is tances /A  Sum o f  Hg-CI^ d is tance /A

(PPh3 )HgC12  2 .62 ,2 .66  5.28

(TPP)HgCI2  2 .54 ,2 .75  5.29

(PEt3 )HgCI2 2 .56 ,3 .04  5.60

(PMe3 )HgCI2 2 .78 ,2 .94  5.72

n , *
ot-(PBu3 )HgCI? 2 .63 ,2 .67  5.46

2 .71 ,2 .90

In e f f e c t ,  what t h i s  c o r r e la t i o n  means is t h a t  the r e s u l t a n t  b r idg ing  

capac i ty  of  the c h lo r i n e  atom in the br idge,  given by the sum o f  the two 

Hg—CI^ dis tances w i th in  the four-membered r i n g ,  is  dependent upon the ex te n t  

to  which the PR3 l igand ’ d i s p la c e s ’ t h a t  c h lo r i n e  atom, and a lso  upon the  way 

in which t h a t  c h lo r i n e  atom is  al lowed to  i n t e r a c t  to  form the four-membered 

r i n g .

Therefore the length o f  the s h o r te s t  o f  these Hg-CIb bonds, which is 

under cons ide ra t ion  here may be explained in terms o f  two e f f e c t s  v i z . the 

degree of  ’ d isp lacement ’ o f  the c h lo r i n e  atom due to  Hg-P in te r a c t i o n  and 

the ex ten t  t o  which t h i s  c h lo r i n e  atom p a r t i c i p a t e s  in f u r t h e r  Hg-CI in te r a c t io n ,

t h i s  is  an average value o f  two Hg—CI^ bonds in the unsymmetric f o u r -  
membered r i n q .
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Fig. 2.14

R e la t io n s h ip between cone anq 1e and the  sum o f  

the  two s h o r te s t  Hg-Cl b r id ge bonds.
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the  average value o f  two bonds in the  unsymmetric four-membered 

r in g ,  has been p lo t te d .
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Why is  th e re  a v a r ia t io n  in  the  e x te n t  o f  b r id g in g  in te ra c t io n  w ith in a s e r ie s ?

To answer t h i s  question one should cons ider the  f in a l  step in the  

proposed re a c t io n  pathway i . e .  the  manner in  which the most s ta b le  s o lu t io n  

s ta te  species pack toge the r  to  produce the  s o l id  s ta te  s t r u c tu r e .  Obviously 

the  p rec ise  s t ru c tu re s  o f  so lu t ion -pha se  species are  extremely im portan t in 

t h i s  d iscuss ion  but l i t t l e  is  known about them and sof as p re v io u s ly  mentioned, 

dimers are assumed to  be the  most s ta b le  so lu t ion -pha se  spec ies . However, 

two very im portant parameters may s t i l l  be d iscussed :-

a) the  o v e ra l l  s t e r i c  bu lk  o f  the  PR^ l igand ;

b) the  magnitude o f  the  C ls-Hg-P angle (assuming they are  s im i la r  in s o lu t io n  

to  those observed in the  s o l i d ) .

i t  is  easy to  see f o r  the  two d im er ic  species co n ta in in g  the  very bu lky  

(PPh^) and (TPP) l igands why a s s o c ia t io n  beyond the  dimer stage does not occur 

in the  s o l id .  The sheer bu lk  o f  the  ligand molecules, not helped by t h e i r
o

r e la t i v e  d is p o s t io n s  as a r e s u l t  o f  the  C ls-Hg-P angles o f  ca. 128 , prevents 

f u r t h e r  in te ra c t io n  between Cl and Hg.

For (PMe^HgC^ where the re  is  s trong i n i t i a l  Hg-P in te r a c t io n ,  probably 

g iv in g  r is e  to  a la rge C ls-Hg-P angle in s o lu t io n  and the s t e r i c  b u lk  o f  the  

PMe^ ligand is  very sm a ll ,  f u r t h e r  in te ra c t io n  appears to  be a l low ed . The 

mode o f  in te ra c t io n  is  such th a t  i t  is  the Hg-CI b r idge  bonds o f  the  ’ o r ig in a l  

d im er ’ which take  p a r t  in f u r t h e r  a s s o c ia t io n .

For the  PEt^ and PBu^ complexes in which the  i n i t i a l  Hg-P in te r a c t io n  

is  probably s im i la r ,  the  C ls-Hg-P angles in s o lu t io n  are most l i k e l y  c lose  to
o

the  s o l id  s ta te  values (c£. 145 ) .  The e x te n t  o f  f u r t h e r  a s s o c ia t io n  would 

th e re fo re  be dependent upon the r e la t i v e  s t e r i c  bu lk  o f  the  l igan ds .  The 

(P E t^ H g C ^  complex has a continuous po lymeric  s t ru c tu re ,  which could be 

described as a continuous chain o f  dimers linked  end-to-end v ia  t h e i r  

’ te rm ina l Hg-CI bonds’ . The mode o f  f u r t h e r  a s s o c ia t io n  In t h i s  s t ru c tu r e  

d i f f e r s  from th a t  found f o r  (PM e^HgC^. Th is  may be a t t r ib u te d  to  a combina-
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t io n  o f  the  la rge r  s t e r i c  bu lk  o f  PE+3 and perhaps a lower C ls~Hg-P angle 

in s o lu t io n .

The (PBu^JHgC^ complex e x is ts  as a te tram er in the  s o l id  s ta te ,  whereas 

v ib ra t io n a l  spec troscop ic  s tu d ie s ,  as a lready  mentioned, suggest t h a t  the 

most s ta b le  s o lu t io n  phase species is  a dimer. The way in which these dimers 

pack to g e th e r  r e s u l ts  in two stereochemicaI Iy d i f f e r e n t  Hg atoms being 

observed, one o f  which is  in a d is to r te d  te tra h e d ra l  environment, cT.

(PPh^)H g C I a n d  the  o th e r  which is  in a d is t r o te d  t r ig o n a l  b ipyram ida l 

environment, c f .  (P E t^ H g C ^ .  The C ls-Hg-P angle o f  the dimer in s o lu t io n ,
O

is  probably c lose  to  the  s o l id  s ta te  values (ca .̂ 148 ) .  Th is  angle and the  

s t e r i c  bu lk  o f  PBu^ seem to  be o f  such a magnitude as to  a l lo w  fu r t h e r  

Hg-CI in te r a c t io n ,  through te rm ina l Hg-CI bonds o f  the  d imer, as in 

(P E t^ H g C ^ ,  but on ly  to  the  te tram er stage.

D iscussion has been r e s t r ic te d  to  the  (PR-^HgC^ complexes because 

these are the  ones which have been sub jec t  to  f u l l  c r y s ta I lo g ra p h ic  a n a ly s is  

in the  present s tudy. However, p re l im in a ry  s in g le  c ry s ta l  X-ray photograph ic  

s tu d ie s  (Section 2 .2 ) and v ib ra t io n a l  spec troscop ic  s tud ie s  (Sec t ion  3 .3 .1 )  

suggest t h a t ,  in  genera l,  s im i la r  behaviour is  shown by th e  bromo analogues 

i . e .  (TPP M gB ^, (PM e^HgB^, (P E t^ H g B ^  a"d (PBu^JHgB^ a l l  appear to  be 

is o s t ru c tu ra I  w i th  the  resp e c t ive  c h lo ro  complexes. S im i la r  s tu d ie s  on iodo 

complexes sometimes show them to  be is o s t ru c tu ra I  w i th  t h e i r  ha lo  analogues, 

e .g .  (P P h ^ H g ^ .  However, on o th e r  occasions d i f f e r e n t  s t ru c tu re s  seem 

l i k e l y ,  e .g .  (P M e ^H g ^ . Obviously then, the  in f lu e n ce  o f  the  halogen atom 

on the  s o l id - s ta te  s t ru c tu re  should not be ignored. U n fo r tu n a te ly  s u f f i c i e n t  

in fo rm a tion  concern ing the nature  o f  t h i s  in f luence  is u n a v a i la b le  a t  p resen t 

and so no fu r t h e r  in ferences can be drawn.

2 .3 .2 .  (L)HgX2 complexes (L=N- o r  As-donor I ig a n d ) .

Preliminary crystal lographic analysis of the (AsPh^HgC^ complex 

indicates th a t  i t  is isostructuraI with (PPh^)HgCI2 , the geometry of the
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mercury-chI o r  ine-donor atom ske le tons being v i r t u a l l y  id e n t ic a l .  Th is

in d ic a te s  s im i la r  m ercury-Iigand in te ra c t io n s  and s im i la r  c r y s ta l  packing

requirements. The in te ra c t io n  between n itroge n  and mercury in

(2 , 4-d im e th y lp y r id in e )H g B r2 is  very s im i la r  to  th a t  found in

62
(2, 4 , 6- t r im e th y lp y r id in e )H g C l2 . In each case mercury is  surrounded by 

two s h o r t  mercury-halogen bonds and one m ercu ry -n itrogen  bond in a t r ig o n a l
o o

p lanar arrangement w ith  the  Xg-Hg-N angles o f  129 (X=Br) o r  128 (X=CI), and 

the r a t i o  o f  the  two s h o r t  Hg-X bonds a t  0.95 (X=Br) and 0.97 ( C l ) ,  respec t

iv e ly ,  There is  no in fo rm a tion  concerning these complexes in s o lu t io n  but 

cons ide r ing  the  s o l id  s ta te  s t ru c tu re s  i t  seems l i k e l y  t h a t  ’ NHgX2 f u n i ts  

e x is t  as t r ig o n a l  monomers in s o lu t io n  and pack to g e th e r  in a manner dependent 

upon the  s t e r i c  p ro p e r t ie s  o f  the  N-donor l igand . The packing o f  the  ’ NHgX2 ’ 

u n i ts  in both s t ru c tu re s  is  s im i la r ,  in t h a t  two f u r t h e r  long range mercury- 

halogen in te ra c t io n s  a r is e  com pleting d is to r te d  t r ig o n a l  b ipyram ida l en v iro n 

ments. However, as p re v io u s ly  mentioned, the  packing arrangements are s u b t ly

d i f f e r e n t  from one another (F igu re  2.10 'and F igure I . 10).

7 63In (guanosine-N JHgC^ (F igu re  J . I D the  in te ra c t io n  between n i t ro g e n  

and mercury appears to  be much s tron ge r  than in the  complexes o f  the  s u b s t i tu te d
o

p y r id in e s ,  as suggested by the  large C ls-Hg-N angle o f  155.5 and the  length
O

o f the  second s h o r te s t  Hg-CI bond (2.659 A ).  The s o l id - s ta te  packing 

arrangement is  t o t a l l y  d i f f e r e n t  to  those found f o r  the  o th e r  N-donor complexes, 

c o n s is t in g  o f  i n f i n i t e  [ —CI —Hg—CI —Hg—] z ig -zag  chains in which mercury l ie s  

in an i r r e g u la r  fo u r -c o o rd in a te  environment (F igu re  2 .1 4 ) .  These d i f fe re n c e s  

in the  s o l id - s ta te  s t ru c tu re  o f  (guanosine-N^)HgCI  ̂ may be a t t r ib u te d  to  a 

combination o f  e le c t r o n ic  and s t e r i c  p ro p e r t ie s  o f  the guanosine-N^ l igand 

and packing requirements o f  the  s o lu t io n  phase species.

2 .3 ,3 .  General Summary.

With regard to  a l l  the  c r y s ta l lo g ra p h ic  data now a v a i la b le  f o r  the  

(L)HgX2 system, one may now observe the  fo l lo w in g  trend  emerging.
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There are two d i s t i n c t  forms o f  in te ra c t io n  between l igands and 

m ercuric  ha I ides:

a) For oxygen donor complexes. -  Here th e re  appear t o  be r e la t i v e l y  

weak donor-accepto r in te ra c t io n s ,  causing l i t t l e  d i s t o r t io n  o f  the  HgX2 

u n i ts ,  i . e .  both angular and bond length d i s t o r t io n  ore sma I I .

b) For group VB and VIB (non-oxygen) donor complexes. -  Here th e re  is  

s tronge r in te ra c t io n  causing d i s t o r t i o n  o f  the  HgX2 u n i t  in  terms o f  angu la r  

d i s t o r t io n  o f  the  X-Hg-X u n i t  and increase in length o f  one o f  the  Hg-X 

bonds. There appears t o  be a v a r ia t io n  in the  e x te n t  o f  these s t ro n g e r  

in te ra c t io n s  w i th in  t h i s  c la ss  o f  donor atom depending on the e le c t r o n ic  

and s t e r i c  nature o f  the  s u b s t i tu e n ts  a ttached .

129These obse rva tions  comply w ith  the  ’ h a r d - s o f t ’ form alism  o f  Pearson

and the  Class A and Class B formalism  o f  Ahrland e t  a l . , ' ^ *  whereby 0-donors

are ’ ha rd ’ donors (Class A), P-, As-, S-donors are ’ s o f t ’ donors (Class B),

129and n itrogen-donors  are classed as ’ b o r d e r l in e ’ donors. The thermodynamic

132data o f  Farhanghi and Graddon, in the  form o f  values f o r  AH^ o f  l i g a t io n  

f o r  a number o f  0 - ,  S-, N-,and As-donor ligands w ith  the m ercu ric  h a l id e s ,  

add f u r t h e r  support to  the  d i s t i n c t i o n  between mercury-oxygen in te r a c t io n  

and the  va ry ing  s tren g th s  o f  in te ra c t io n  observed f o r  the  ’ s o f t ’ (Class B) 

donors and ’ b o rd e r l in e '  donors.

S u b s t i tu e n t  e f fe c ts  cannot be discussed in general because o f  the  

d i f f e r e n t  number o f  s u b s t i tu e n ts  which may be attached to  each donor atom.

Thus f o r  a t e r t i a r y  phosphine the re  are th re e  s u b s t i tu e n ts  whereas f o r  d ia lk y l  

su lph ides the re  is  o n ly  the  p o s s i b i l i t y  o f  two s u b s t i tu e n ts .  These in d iv id u a l  

p ro p e r t ie s  obv ious ly  cause d i f fe re n c e s  in e le c t r o n ic  and s t e r i c  p ro p e r t ie s  

o f  phosphorus and su lphur donor l igands , even when s u b s t i tu e n ts  are  s im i l a r .  

Neverthe less, one may s t i l l  note, even from the  small number o f  c r y s ta I lo g ra p h ic  

data presented (Section 1 .3 .3) t h a t  the p ro p e r t ie s  o f  the  s u b s t i tu e n ts  jo in e d  

to  the  donor atoms are o f  paramount importance in de term in ing  s o l id  s ta te  

s t ru c tu re ,  as indeed has been shown fo r  the  (PR^JHgC^ complexes.
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Because o f  the  lack o f  c ry s ta I lo g ra p h ic  data a v a i la b le  f o r  the  bromo 

and iodo systems a t  the  present t im e , i t  is  not p o ss ib le  to  make any r e l i a b le  

suggestions as to  the  e f fe c ts  o f  changing the  halogen atom on the  s o l id  s ta te  

s t ru c tu re  o f  (L)HgX2 complexes. However, judg ing  from the  (PR^)HgX2 complexes 

s tud ied  in the  present work, the  e f f e c t  should not be ignored, e s p e c ia l ly  

on passing from bromo to  iodo complexes c f . [SMe^lHgX^ (X=CI o r  I)

(Section I . 3 .2 ) .
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3 . I . DIAGRAMMATIC SUMMARY OF SOME (L)HgX2 COMPLEXES

Below are summarized the s t ru c tu re s  o f  the (PR-^HgC^ complexes d e te r 

mined in t h i s  work toge the r  w i th  some o the r  (1:1)  s t r u c t u r e s .  This 

summary is  presented to  a s s i s t  the reader in the subsequent spec t ro 

scopic d iscuss ion .

(PPh-, )HqC I ^

,2.41

(TPP)HqCI2

2 40

2 44

Si mi l a r  s t ru c tu re s  have been 

observed fo r  the (M P O H g C ^ ^  

and (Ph^PSe)HgCI^  complexes

(PEt^)HqCI2

2 .5

2.35

a-(PBu^)HqCU

2.67

2.28

2.27

2 .63
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(PMe-JHqCU

2.78
[2.37

'2.36
2.9.

A s im i la r  arrangement 

has been observed f o r  

(C4H8S)HgCI264

£ 2 ,4 ,6- t r im e th y lp y r i  d i ne)HqCI2

i2.18

.2.562.54,

2.952.96
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3 .2 .  BASIS FOR V 1 BRAT 1QNAL ASSIGNMENTS FOR (PR3 )HgX,, COMPLEXES

3 .2 .1 .  Mercury-halogen s t re tc h in g  modes.

The c ry s ta I lo g ra p h ic  data presented in Section 2.2 in d ic a te  a range 

o f  c r y s ta l  s t ru c tu re s  f o r  (PR^)HgX2 (X=CI, Br o r  I)  complexes. At one 

extreme the re  is  (PPh^H gC ^ which e x is ts  s im ply as a d is c re te  d im e r ic  u n i t ,  

w h ile  a t  the o th e r  th e re  are extended s t ru c tu re s  such as those found fo r  

(PMe^HgC^ and (PEt^JHgC^* As a r e s u l t  o f  the  va ry ing  s t ru c tu re s  shown 

by these compounds, s u b s ta n t ia l  d i f fe re n c e s  are expected, and indeed are 

found, in the  v ib ra t io n a l  spec tra . In o rd e r  s a t i s f a c t o r i l y  t o  in te r p r e t  

the spectra  i t  was found necessary to  t r e a t  each s t ru c tu ra l  type  s e p a ra te ly .  

The c r i t e r i a  employed when making v ib ra t io n a l  assignments f o r  each o f  these 

s t ru c tu ra l  types is  o u t l in e d  below.

Symmetric dimers (equal b r idge  bond le n g th s ) .  Consider the  s im p le s t  

s t ru c tu re ,  t h a t  o f  a d im er ic  molecule o f  C2^ symmetry, such as t h a t  found 

f o r  [ (PPh^)HgX2 ] 2 ( in  f ac+ o n ly  approx im ate ly  ( ^ ^  a c tu a l ly  C . ) .  P o in t  group 

a n a ly s is  ( ta k in g  PPh^ as p o in t  mass) p re d ic ts  the  fo l lo w in g  o p t i c a l l y  a c t iv e  

v(HgX) modes

T v (HgX), = A-(Ra) + B ( IR)t  g u

T v  (HgX). = A (Ra) + B (Ra) + A ( IR) + B (IR)b g g u u

This means one would expect to  f in d  one mode associa ted w i th  te rm in a l

mercury-halogen s t re tc h in g  and two s t re tc h in g  modes associa ted w i th  the

mercury-halogen br idge  bonds in each o f  the  IR and Raman sp e c tra .  The

approximate form o f  motion o f  each o f  these modes has been der ived  using

c h a ra c te r - ta b  Ies and by comparison w i th  the  normal modes o f  v ib r a t io n  f o r

134
^2^6 sys+ems ^2 h ^  ind ica ted  by Nakamoto, (F igu re  3.1a). By comparison 

w ith  o th e r  ha logen-bridged d im er ic  s y s t e m s one y/Qui^ expect the  

s t re tc h in g  modes associated w ith  te rm ina l bonds to  occur a t  s u b s ta n t ia l l y  

h igher wavenumber values than those due to  b r idge  bonds.

The conventiona l methods o f  lo c a t in g  v(MX) modes are the  ’ halogen-mass
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Figure 3 .1a .

v(HqX) modes f o r  a dimer.

v(HgX)b v(HgX)b

v(HgX)bv(HgX)b

v (HgX)tv <HgX>+
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dependence method’ coupled w ith  s u b t ra c t io n  o f  the  f re e  l igand spectrum 

from th a t  o f  the  ’ metal complex’ spectrum. There is  a problem w h i l s t  using 

these methods as they are based upon the  premise t h a t  c h lo ro - ,  bromo- and 

iodo-complexes are isomorphous and is o s t r u c t u r a I . Th is ,  as has been found in 

the present work (Chapter 2 ) ,  is  not always the  case f o r  (PR^)HgX2 .

Neverthe less, wherever p o ss ib le ,  ta k in g  due care , these methods may be employed.

As a lready  ind ica ted  (Section 1 .4 .2 ) ,  previous v ib ra t io n a l  assignments 

fo r  (PR^)HgX2 complexes, which are g e n e ra l ly  in fe r re d  to  have d im e r ic  C2^ 

s t ru c tu re s ,  are f a r  from r e l i a b le  due to  lack o f cons is tency and lack  o f  

a f i r m  c r y s ta l lo g ra p h ic  bas is .  The c r y s ta I lo g ra p h ic  data presented in 

Section 2.2 have shown th a t  on ly  in the  case o f  (PPh^)HgX2 (X=CI, Br o r  I) 

has the  proposal f o r  a d im er ic  s t ru c tu re  based on th e  v ib ra t io n a l  spectra  

been confirm ed. The assignments made to  j u s t i f y  these proposa ls  however,
7

are not e n t i r e l y  c o n s is te n t .  For example, cons ider the  work o f  Deacon e t  a I .
g

and Adams e t  a\_. The in f ra re d  spectra  reported  by both sets  o f  workers appear 

to  be t o t a l l y  c o n s is te n t .  There is  agreement as to  the  assignment o f  the  

v(HgCI)^. mode and a lso  one o f  the  vdHgCI)^ modes, which by comparison w ith  

re la te d  d im er ic  systems, A ^ C I ^ , * " ^  *2^ * 6 ^  anc* a re  probably

c o r re c t .  However, th e re  is  disagreement as to  the  assignment o f  the  second

v(HgCI)^ mode. D e a c o n p r e f e r  to  assign the  lower wavenumber bonds

— I 8a t  97, 83 cm to  t h i s  mode, whereas Adams e t  aj_. p re fe r  to  ass ign  a h ighe r

- I  96wavenumber band a t  150 cm . Barr re p o r ts  a s im i la r  problem o f  assignment 

and u n c e r ta in ty  o f  wavenumber p o s i t io n  o f  the  second v(HgX)^ modes in the  

d im er ic  complexes [ (Ph^PSe)HgX2l 2 (X=CI, Br o r  I ) .

C le a r ly  th e re  is  am b igu ity  w ith  regard to  which region o f  the  spectrum 

the  second v(HgCI)^ mode occurs . I t  was considered useful th e re fo re  to  make 

a f u r t h e r  comparison o f  the  present system w ith  re la te d  p lana r  four-membered 

r in g  systems.

B a ra n *^  has s tud ied  a number o f  such systems and has de r ived  some
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simple approximate equations which re la te  the two IR -a c t iv e  v(M-X) modes
X_

to  the  angles between the b r idge  bonds in a four-membered r in g  .

The br idge  ang le denoted by $ ,  is  re la te d  to  the  two IR -a c t iv e

modes ( a r b i t r a r i l y  denoted v and v ) by the  e q u a t io n : -s a

Cos <j> = [ ( v : A)3 )2 -  I ]  (()
[ ( v s / v a )2 ♦ I ]

(see Appendix 5 f o r  d e r iv a t io n )

Baran has tes ted  t h i s  equation by c a lc u la t in g  f o r  a wide range o f

p lanar four-membered r in g  systems using r e l i a b le  f a r - IR  data , and comparing

the  re s u l ts  w ith  values o f  derived from d e f i n i t i v e  s t r u c tu r a l  s tu d ie s .

Carefu l s c ru t in y  o f  Baran! s o r ig in a l  paper shows t h a t  the  agreement

between the values o f  $ obta ined c r y s ta l lo g r a p h ic a l l y  and those c a lc u la te d

from equation ( I )  is  b e t te r  f o r  s t ru c tu re s  where the  r e la t i v e  atom ic masses

o f  M and X are w ide ly  separated. Th is  is  not e n t i r e l y  s u rp r is in g  when one

cons iders  t h a t  Baran’ s formula has been derived on the  bas is  o f  a s ta t io n a ry

M atom. U n like  the  case where the re  is  a la rge  d i f fe re n c e  in atomic masses

between X and M, and thus the  heav ier M atom is  v i r t u a l l y  unperturbed dur ing

r in g  v ib ra t io n s  and can be approximated t o  a s ta t io n a ry  M atom, one would

expect a cons ide rab le  k inem atic  e f f e c t  o f  motion o f  X upon M d u r in g  r in g

v ib ra t io n s  i f  the  r e la t i v e  atomic masses o f  X and M were c lose  to  one ano the r.

Consequently equation ( I )  is  less l i k e l y  t o  be o f  use in the  l a t t e r  s i t u a t io n .

For the  present problem one may envisage the  formula being more a p p l ic a b le

to  c h lo ro - ,  than to  bromo-, than to  io d o -s t ru c tu re s .  Table 3.1 con ta ins

some re la te d  r in g  systems ( i . e .  those c o n ta in in g  a p lanar symmetric fo u r -

membered r in g  in which the re  is  cons ide rab le  d i f fe re n c e  in the  r e la t i v e  atom ic

masses o f  X and M) to g e th e r  w i th  re le v a n t  s t r u c tu r a l  data which show a

reasonable correspondence between and <j)c a | c > th e re fo re  g iv in g  some

j u s t i f i c a t i o n  f o r  the  use o f  equation ( I ) .

For the purpose o f  the  present problem, de te rm ina t ion  o f  th e  r e la t i v e
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Table 3 . I .

Comparison o f  <J> . and <f>_ fo r  some four-membered — — _ _ _ _ _ _ _ _ _  o p s  “  ca I c

r in g  systems.

Compound S tru c tu ra l  In fo rm ation v(HgX)b
o

br idge  d is tances /A Source
O

$ k  /Yobs <f> i / °  r ca 1 c modes/cm *

Au2c | 6 ' 36 2x3 .33 (2 ) ,2x2 .34 (2 ) X-Ray 94(2) 90.9 310 305

' 2c -6 ' 36 4x2.70 I! 96 100.7 205 176

Ga2CI6 l4 ° N.C.A 1 86 86.5 305 287

[NE+4] [H g2Br6l 96 4x2.75 X-Ray 91 (2) 92.3 128 123 2

*1 -  N.C.A. denotes normal coo rd ina te  a n a ly s is .

*2 “  denotes present assignment.

Table 3 .2 .

A ss ignment o f  mercury- c h lo r in e  s t r e t c h in g modes in (PR,)HgClp

us ing a s imple p o in t  group appro x im a t io n .

Comp 1 ex vg s (HgCIJ^/cm” 1 v(HgC I)b/cm * v(HgCIJ^/cm *

(PPh^)HgCI2 297 188 183

(TPP)HgCI2 283 219 156

(PEt3 )HgCI2 286 198 117,105,90

(PMe3 )HgCI2 300 141 124,113
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wavenumber p o s i t i o n s  o f  the two IR -ac t ive  V(HgX)^ modes in d imer ic  s t ru c tu re s  

such as [ (PPh^HgX^ 2, equat ion ( I )  may be rearranged to  the  form:

1_______
v / v  = (coscf) + I )S 0 '■ ----

( I -  COS({> )

Therefore ,  knowing the actual  (|> ang le ,  the r a t i o  v / v  can be c a l c u la te d .s a

I t  fo l low s  t h a t  f o r  a <J>=90°, v s/ v a = I and the two IR -ac t ive  v(HgX)^ modes

should be c o in c id e n t .  In the present case the s t r u c tu r e  o f  [ (PPh^)HgCI

has (j) , = 94.6 which a f fo rd s  a v / v  r a t i o  o f  1.08. Therefore  the v(HgCI).obs s a b

modes are expected to  appear reasonably c lose  toge the r .  Other evidence in

favour  o f  a r e l a t i v e l y  small wavenumber separa t ion  between the two b r idge

modes is  found from the cons ide ra t ion  o f  the v ib r a t io n a l  data a v a i l a b le  f o r
2 -

the c lo s e ly  re la ted  [Cd^X^] system f o r  which r e l a t i v e l y  small wavenumber

I 38separa t ion between the v(CdX)b modes has been repor ted .

Al though t h i s  d iscuss ion has been conf ined to  the IR -ac t i ve  v(HgX)b 

modes a s im i l a r  wavenumber o rder  may be envisaged f o r  t h e i r  Raman-active 

coun te rpa r ts ,  as indeed has been observed in o the r  re la ted  systems, e .g .  

[Cd2X5] 2“  (X=Br or  I ) 138 and [P t2CIg] 2“ . 139

I t  is  these c r i t e r i a  which have been borne in mind when making v i b r a t i o n a l  

assignments f o r  a symmetric d imer ic  system such as f o r  [ (PPh^)HgX2l 2  

(X=CI, Br o r  I ) .

Asymmetric dimers (unequal br idge bond leng ths ) .  Cons idera t ion  o f  

the v ib r a t io n a l  spectra of  the d imer ic  (TPP)HgX2 (X=CI o r  Br) complexes, 

showed i t  was not poss ib le  to  make assignments based on the above arguments.  

This was a t t r i b u t e d  t o  the asymmetric nature o f  the four-membered r i n g ,  

in the present case (see Section 3 .1 ) .  I t  was t h e re fo re  at tempted t o  show, 

using a s im i l a r  approach t o  t h a t  o f  Ba ran ,*3^ t h a t  when the p lana r  f o u r -  

membered r in g  becomes asymmetric,  due to  ex tens ion or  c o n t ra c t io n  o f  e i t h e r  

o f  the  br idge bonds, the wavenumber p o s i t i o n s  o f  the ^(MX)^ modes w i l l  

separate,  t h i s  separa t ion  being d i r e c t l y  dependent upon the degree o f
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asymmetry ( f o r  d e r iv a t io n  see Appendix 5 ) .

To t e s t  whether the  assumptions made in the  d e r iv a t io n  o f  t h i s  r e la t i o n 

sh ip  are v a l id ,  and a lso  to  t e s t  whether th e re  is  a c o r re la t io n  between 

vtMX)^ mode sepa ra tion  and asymmetry, i t  would be sens ib le  to  c o n s u lt  the  

l i t e r a t u r e  concern ing re la te d  se r ie s  o f  compounds f o r  which s u f f i c i e n t  

c ry s ta I  Iograph ic  and spec troscop ic  r e s u l t s  are a v a i la b le .  U n fo r tu n a te ly ,  

such data are  sad ly  lack ing  f o r  ha logen-bridged metal complexes. However, 

s im i la r  phenomena o f  increased asymmetry causing separa tion  o f  symmetric and

asymmetric modes have been observed in o th e r  branches o f  c o o rd in a t io n  chem is try .

134For example, Nakamoto has reported t h a t  the  wavenumber p o s i t io n s  o f  the

v (COO) and v (COO) modes o f  the  carboxyl a te  ion separate as a r e s u l t  o f  the  a s
-C

asymmetry o f  the  0 ^ 0  u n i t  brought about by i t s  va ry ing  d e n t i c i t y .  A lso

the  Vg(N02 ) and modes o f  the  -N02 ion show var ied  degrees o f  separa

t io n  re la te d  to  whether o r  not m e ta l- l ig a n d  bonding is  v ia  oxygen (where 

the re  is  asymmetry o f  the  “ N02 u n i t  g iv in g  a r e la t i v e l y  la rge  s e p a ra t io n ) ,  

o r  v ia  n i t ro g e n ,  (where th e re  are equal bond lengths in the  ” N02 u n i t  g iv in g  

a r e la t i v e l y  small wavenumber s e p a ra t io n ) .

Extended s t r u c tu r e s . The v ib ra t io n a l  spectra  o f  the  complex (PEt^)HgCI2 

and (PMe^)HgCI2 could s im i l a r l y  be in te rp re te d  on the  bas is  o f  th e  above 

argument concern ing the  e f fe c ts  o f  an asymmetric r in g  on the V ib ra t io n a l
O

spectrum. N eg lec ting  the  longer range in te ra c t io n s  o f  3.03 A f o r  (PEt^)HgCI2
O

and 3.49 A f o r  (PMe-^)HgCI2 each s t ru c tu re  approximates to  a s e r ie s  o f  

asymmetric dimers (Section 3 .1 ) .  Table 3 .2  shows the assignments o f  the  

th re e  IR -a c t ive  modes fo r  fo u r  complexes s tud ied  in t h i s  work based on a 

simple p o in t  group t rea tm en t.  One may note the  e f fe c ts  o f  asymmetry on the 

spectra and a lso  the  c o r re la t io n  between bond length and v (HgC I)^  wavenumber 

p o s i t io n .

In s p i te  o f  the  way in which the re s u l t s  on (PEt^)HgCI2 and (PMe^)HgCI2 

f i t  in to  the  above argument (when t re a te d  as ’ d is c re te  d im e r ic  s t r u c t u r e s ’ ),
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i t  was considered more c o r re c t  in view o f  the  c ry s ta I lo g ra p h ic  data 

(Section  3 .1 )  not to  ignore the  longer range in te ra c t io n s  and to  make 

v ib ra t io n a l  assignments t re a t in g  these s t ru c tu re s  as po lymeric  cha in  and 

’ io n ic '  chain re s p e c t iv e ly .

Tetramer, The v ib ra t io n a l  spectra  o f  a-CPBu^JHgC^ are very com p lica ted , 

r e f l e c t in g  the  nature o f  the  te t ra m e r ic  s t ru c tu re ,  and i t  was no t po ss ib le  

to  r e la te  these spectra to those p re v io u s ly  described f o r  dimers and 

extended s t ru c tu re s .

A simple p o in t  group a n a ly s is  f o r  a C. te tram er has th e re fo re  been 

adopted.

3 .2 .2 .  Mercury-phosphorus s t re tc h in g  modes.

Whichever trea tm en t (po lym eric  cha in , d im er ic  u n i t  o r  ’ I o n ic ’ s t ru c tu re )

is  used to  p re d ic t  the number o f  v(HgP) modes in the  (PR^)HgX2 complexes

the  same r e s u l t  is  ob ta ined , i . e .  one v (HgP) mode ( IR -a c t iv e )  and onea s

v s (HgP) mode (R a -a c t iv e ) ,  assuming no s o l id  s ta te  e f fe c t s .  Again , th e re

appears to  be some con trove rsy  in the l i t e r a t u r e  as to  the wavenumber p o s i t io n

6 7 97o f  these v(HgP) modes. Most workers '  * p re fe r  to  ass ign bands in the

- I  4region 120-150 cm to  these modes. However, Schmidbaur e t  a\_. , in t h e i r

v/ork on (PMe^)HgX2 (X=CI, Br o r  I ) ,  assign bands a t  ca. 360 cm * as a r is in g

97from v(HgP). Alyea e t  aj_. , in t h e i r  paper concerned w i th  (PR^)HgX2

(R=Bu^ o r  o - t o l y l ;  X—C I, Br o r  I ) ,  s ta te  t h a t  they be l ie ve  the assignments
4

o f Schmidbaur e t  a_l_. to  be erroneous because o f  t h e i r  high wavenumber p o s i t io n

a t  c a . 360 cm * compared w ith  va lues o f  ca. 130 cm * in t h e i r  own work.

C ontrary  to  t h i s  view a case may be presented in favour o f  both se ts

97o f  assignments. An im portan t f a c to r  which Alyea e t  a\_. have not taken

in to  account is  the  c o o rd in a t io n  environment about mercury which, as has

been shown (Section 2 .2 ) v a r ie s  from one s t ru c tu re  to  ano the r.

97F i r s t l y  cons ider the work o f  Alyea e t  aj_. , in which Hg-P bonds are 

probably in an approx im ate ly  te t ra h e d ra l  environment. As a r e s u l t  o f  the
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I 34metal isotope s tud ies  o f  Nakamoto on te t rahe d ra l  (PR^) 2 NiX2  complexes, 

which are the most r e l i a b l e  v(M-P) data a v a i l a b le  to  date, v ( N i - P )  modes 

are known to  occur a t  câ . 190 cm ' f o r  te t rahed ra  I I y coordina ted n i c k e l .  I t  

would thus seem reasonable,  cons ider ing  the h igher mass o f  mercury to  expect 

v(Hg-P) modes due to  te t rahedra  I I y coord inated Hg-*P bonds to  appear a t  wave

number values <190 cm * . This would exp la in  theV(HgP) assignments made

97 7by Alyea e+ aj_. and a lso  those o f  Deacon e t  a I .

4 - 1As a l ready mentioned, Schmidbaur assigns v(HgP) modes a t  ca_. 360 cm f o r

106(PMe^)HgCI2  (X=CI, Br o r  I ) .  Goggin e t  aj_. have stud ied a number o f  io n ic  

s t ru c tu re s  con ta in ing  [ X-Hg-PMe^l + species and observed bands a t  ca_.360 cm ' 

which were assigned toV(HgP)  modes, thus s u b s ta n t ia t i n g  Schmidbaur’ s 

assignments.

To understand why there  is t h i s  large v a r i a t i o n  in wavenumber p o s i t i o n

f o r  v(HgP) modes i t  must be remembered t h a t  the geometry o f  the t X-Hg-PMe^l

species in (PMe^)HgX2  (X=CI o r  Br) approaches l i n e a r i t y  (XHgP angle o f

c a . 160 ° )  which is  probably a lso  t ru e  f o r  the tX-Hg-PMe^]+ species s tud ied  

I 06by Goggin e t  £]_. There fo re ,  one may envisage a s im i l a r  c o r r e l a t i o n  a r i s i n g

between wavenumber and coo rd ina t ion  geometry as is  found f o r  mercury-halogen

141 134s t re t c h in g  modes (Sect ion 1 .4 .1 ) .  AI I en e t  a_l_., and Nakamoto (using

metal isotope techniques) have reported s i m i l a r  wavenumber d i f f e re n c e s

between v (Ni P) modes f o r  te t rahe d ra l  and p lanar  ( P R - ^ N i C ^  complexes.

97Another v i t a l  p o in t  which Alyea e t  a\_. d id not take in to  cons id e ra t io n

w h i l s t  commenting upon the high wavenumber p o s i t i o n  o f  V(HgP) modes f o r  the
+ 4

[ X-Hg-PMe^] species (X=CI, Br or  I) was the p o s i t i v e  charge on the  c a t io n .

I t  has been shown on numerous occasions'  t h a t  the wavenumber p o s i t i o n  o f

v(ML) modes f o r  species o f  the type ML^+ (x= 4 o r  6 and n = l , 2 , 3  e t c . )

are dependent on the value o f  n; the h igher  the value o f  n, and thus p o s i t i v e

charge the higher the wavenumber o f  the v(ML) mode. For example, v (FeCI)a

f o r  Fe(I I ) C I - ( d ia r s in e )  occurs a t  349 cm ' ( IR ) ,  whereas v (FeCI) f o r  2 * a
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[ Fe( I I I )CI ^ (c l ia rs i  ne)] + occurs a t  373 cm * ( IR ) . *

I t  should be mentioned th a t  the  mass o f  the  PR^ group obv ious ly

changes from PMe^ through to  PPh^, and t h i s  i t s e l f  m ight be expected to  

cause a s h i f t  t o  h igher wavenumber on decreasing mass o f  phosphine. However, 

A l le n  and W ilk in so n ,*^ *  who s tud ied  a range o f  (PR^)2NiX2 complexes (R= a lk y l  

o r  a r y l ;  X=CI, Br o r  I ) ,  reported approx im ate ly  cons tan t v (N iP )  wavenumber 

p o s i t io n s  i r re s p e c t iv e  o f  the  mass o f  the  phosphine.

F in a l l y  i t  should be mentioned th a t  the  in te n s i t y  o f  modes associa ted 

w ith  Hg-P s t re tc h in g  are reported o f te n  to  be q u i te  low, and t h a t  th e re  may

be f lu c tu a t io n  in in te n s i t y  going from one halo analogue to  ano the r. This

would obv ious ly  h inder lo c a t io n  and assignment o f  v(HgP) modes.

On the few occasions where assignment o f  v(HgP) modes have been 

attempted in the  present work, they have been made in the l i g h t  o f  the  

above arguments.

3 .3 .  SOLID STATE VIBRATIONAL SPECTRA OF SOME TERTIARY PHOSPHINE COMPLEXES.

3 .3 .1 .  Complexes o f  known s t r u c tu r e .

(a) (TPPJHgX^ (X=CI o r  B r ) . The s t ru c tu re  o f  the  c h lo ro  complex has 

been determined (Section  3 .1 ) .  The molecules c r y s t a l l i z e  in  a t r i c l i n i c  

system, space group P f, one molecule per u n i t  c e l l ,  in  the  form o f  d is c re te  

d im e r ic  u n i ts .  The four-membered r in g  system has a cen tre  o f  symmetry, but
O

i t s  b r idge  bonds are o f  unequal length (2.54 and 2.75 A ). The TPP ligands 

are m u tua lly  t ra n s  about approx im ate ly  te tra h e d ra I  Iy coord ina ted  mercury 

atoms. The d im er ic  molecules belong to  the  C. p o in t  group. P re l im in a ry  

photographs in d ic a te  th a t  the  bromo analogue is  isomorphous and most probably  

is o s tru c tu ra I  w i th  i t s  c h lo ro  c o u n te rp a r t .  The iodo complex cou ld  not be 

prepared. The t o ta l  number o f  modes o f  the  p r im i t i v e  u n i t  c e l l  may p re d ic te d  

by fa c to r  group a n a ly s is  (Appendix 4 ) : -
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r
Tota I

the  modes due to  v(HgX) a r e : -  

r  v (HgX) +

T v (H g X )b 

w h ile  those due toV (H gP ) a r e : -  

r  v(HgP)

Because the re  is  on ly  one dimer per u n i t  c e l l ,  which l i e s  on a cen tre  

o f  symmetry, the  re s u l ts  o f  t h i s  f a c to r  group a n a ly s is  f o r  in te rn a l  modes 

are the  same as p red ic ted  using p o in t  group a n a ly s is .

The v ib ra t io n a l  spectra  are shown in F igures 3.1a and 3 .1b . Table 3.3 

con ta ins  the  wavenumber p o s i t io n s  and v ib ra t io n a l  assignments. The IR spectra  

o f  both the  ch lo ro  and bromo analogues each show th re e  very prominent halogen 

mass-dependent bands. In te rna l modes due to  the  TPP ligand are  e a s i ly  

e l im ina ted  due to  t h e i r  cons tan t p o s i t io n  in both complexes. I t  is  u n l ik e ly  

th a t  these modes areV(HgP) due to  t h e i r  r e la t i v e l y  high wavenumber p o s i t io n .  

Bearing in mind th a t  onev(HgX)^. Au mode is  p red ic ted  in each IR spectrum, 

the h ighes t wavenumber band in each case (283 and 195 cm * f o r  c h lo ro  and 

bromo complexes re s p e c t iv e ly )  are thus assigned. The two remain ing halogen 

mass-dependent bands in each spectrum, a t  219 and 156 cm * f o r  the  c h lo ro -  

compound, and 151 and 117 f o r  the  bromo-compound, are assigned to  the  two 

v(HgX)b Au modes. The separa tion  o f  the  two b r idge  modes (63 cm * f o r  the  

ch lo ro  complex and 34 cm  ̂ f o r  the bromo complex), is  a t t r ib u te d  t o  the  

asymmetric nature o f  the  four-membered r in g  (Section  3 .2 .1 ) .  The Raman 

spectra o f  these complexes are more d i f f i c u l t  to  in te r p r e t  due to  s trong  

bands a r is in g  from in te rn a l modes o f  the  l igan d . However, th re e  halogen 

mass-dependent bands (a t  2 7 8 (* ) ,  204, I 68( * )  cm * f o r  the c h lo ro  complex 

and 198/194, 154 and 124 cm * f o r  the  bromo complex) may be assigned in each 

case, as the v(HgX)^. and the two v(HgX)b modes, re s p e c t iv e ly .

* -  denotes a band which has some c o n t r ib u t io n  from an in te rn a l  mode 
o f  the  I i  gand.
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Figure 5 ,1 a .

Far in fra re d  s pec tra  (c a .30K) o f  (TPPJHgX? (X=CI o r  Br) (cnT*)

• -  in te rn a l mode o f  the  ligand
X=CI

CO
CO

ID

X=Br

CO

400

Figure 3.1b,

300 200 ix r cm

Raman spectra  (RT) o f  (TPP)HgX,, (X=CI o r  Br) (cm )

X=CI X=Br

CO VO

350 250 50 50 1 350 250 150 50cm cm



Table 3 .3 .

V ib ra t io n a l  a s s ignments8 f o r  (TPP)HqXo (X=CI o r  Br)

Cl Br

IRb Rac I Rb Rac Assi gnments

283s

278md

195s

198m] 
194m J

va s (H9X ,+ \  

V s (H9X)+ Ag

2 19s

204mw

15 1 s

154m

v(HgX). Au 

v(HgX)b Ag

I 56s

168md

I 17s

124s

v(IHgX)b Au 

v  C HgX)b Ag

168sh 164mw V (HgP) A ( te n ta t iv e )  as a u

V s (Hg p ) Ag

127w I I Ish I I Ow ;
107sh 87w

97m 68m

85mw 

7 1 w

56w

48w

0
Bending and l a t t i c e  

modes

66mw

54w

a - O m itt ing  in te rna I modes o f  the  I i  gand

b -  recorded a t  room temperature

c -  recorded a t  c£. 30K

d -  denotes a band which has some c o n t r ib u t io n  from an in te rn a l  mode o f
the  I i  gand

e -  bending and l a t t i c e  modes in the  Ra spectra  are ’ masked1 by in te rn a l
modes o f  the  ligand
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The shou lder a t  168 cm~* and the  medium-weak resolved shou lde r a t  

164 cm ' in the  c h lo ro  and bromo complexes re s p e c t iv e ly  are t e n t a t i v e ly  

assigned as v(HgP)V T h is  is  the  reg ion where v(HgP) modes associa ted w ith  

' te t ra h e d ra I  I y '  coord ina ted  Hg-P bonds are expected to  occur (Section  3 .2 .2 ) .

(b) (PPh^)HgX2 (X=CI, Br o r  I ) , The c ry s ta l  s t ru c tu re  o f  the  ch lo ro  

complex has been determined (Section  3 .1 ) .  The s t ru c tu re  c o n s is ts  o f  

d is c re te  d imers; the  four-membered r in g  has a cen tre  o f  symmetry and b r idg e
O

bonds are o f  a lmost equal length (2.62 and 2.66 A). The PPh^ ligands are 

m u tua lly  t ran s  and mercury l ie s  in a d is to r te d  te tra h e d ra l environment. Two 

o f  these molecules c r y s t a l l i z e  in a m onoc lin ic  system, space group P 2 j/n  

(= P 2 | /c ) ,  The symmetry o f  the  is o la te d  molecules is  very c lose  to  

( a c tu a l ly  C . ) .1 i

P re l im in a ry  photographs in d ic a te  th a t  the  bromo and iodo complexes

are isomorphous and probably is o s t ru c tu ra I  w i th  the  c h lo r id e .

The p o s i t io n s  o f the  bands observed in the  room tempera ture  f a r -

in f ra re d  spectra  o f  a l l  th re e  complexes recorded here are in agreement w i th

5 7 8those reported by prev ious workers, ' * but some assignments made in the 

present work are d i f f e r e n t .  Because low temperature f a r - in f r a r e d  sp e c tra ,  

and f o r  the f i r s t  t im e room temperature Raman spec tra , have been recorded 

in the  present work a more d e ta i le d  assignment has been attempted which 

takes in to  account c o r re la t io n  e f fe c ts .

Using a simple p o in t  group t rea tm en t (assuming symmetry and ta k in g  

PPh^ as a p o in t  mass) one may p re d ic t  the  in te rn a l  modes o f  v ib r a t io n  (3N-6) 

o f  the  d im e r : -

r . . = 6A (Ra) + 3B (Ra) + 3A (IR) + 6B (IR)i n t  g g u u

In te rna l modes associated w ith  v(HgP) and v(HgX) a r e : -

T v(HgP) = A (Ra + B (IR)a g u
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r  v (HgCIV = A (Ra) + B (IR)'  3 t g u

r v(HgX). = A (Ra) + B (Ra) + A (IR) + B (IR)a b g g u u

A l low ing  f o r  c o r re la t io n  e f fe c ts  and l a t t i c e  modes the  t o t a l  number 

o f  v ib ra t io n a l  modes f o r  the  p r im i t i v e  c e l l  a r e : -  (Appendix 4)

r T . , = I2A (Ra) + I2B (Ra) + I2A (IR) + I2B (IR)Tota l g g u u

The number o f  in te rn a l  modes o f the  dimers a r e : -

r . , = 9A (Ra) + 9B (Ra) + 9A (IR) + 9B (IR)in t  g g u u

In te rna l modes associa ted w i th v (H g P )  and v(HgX) a r e : -

Tv(HgP) = A (Ra) + B (Ra) + A (IR) + B (IR)a g g u u

Tv(HgX) = A (Ra) + B (Ra) + A (IR) + B ( IR)■ g g u u

TvCHgX). = 2A (Ra) + 2B (Ra) + 2A ( IR) + 2B (IR)a b g g u u

The c o r re la t io n  diagram (Table 3 .4a) in d ic a te s  how the  in te rn a l  modes

o f  the  c ry s ta l  are derived from the  in te rn a l  modes o f  the is o la te d  molecu le .

Each Raman- o r  in f r a re d -a c t iv e  in te rn a l  mode o f  the molecule s p l i t s  in to  two

components in the  c r y s ta l ,  one IR -a c t iv e  ( a r is in g  from o u t-o f-p h a se  co u p l in g )

and the  o th e r  R a -ac t ive  ( a r is in g  from in-phase c o u p l in g ) .

Thus two v(HgX)^. and fo u r  v(HgX)^ modes a c t iv e  in IR and Ra spectra  
*

are p re d ic te d .  The v ib ra t io n a l  spectra  are shown in F igures 3.2a and 3 .2b , 

and Table 3.4b con ta ins  wavenumber p o s i t io n s  and v ib ra t io n a l  assignments.

The assignments made are based upon the  c r i t e r i a  presented in  Section  3 .2 .1 .  

Equation ( I )  is  expected to  be more a p p l ic a b le  f o r  the  presen t s e r ie s  o f 

(PPh^)HgX2 complexes, in the  sequence c h lo ro ,  bromo and iodo, r e s p e c t iv e ly .

The e f fe c t  o f  c o r re la t io n  coup ling  is  expected to  be r e l a t i v e l y  weak, 

and indeed is  o f te n  not observed. The in te rn a l modes due to  the PPh^ l igand 

have been e l im in a te d  from the  v ib ra t io n a l  spectra  o f  a l l  th re e  complexes 

using conventiona l methods. The band a t  291 cm * (IR) and the bands a t  288 

( IR) and 286 (Ra) cm * f o r  the  c h lo ro  complex can q u i te  d e f in ite ly  be assigned 

vg s (HgCI)^ and v s (HgCI)^. re s p e c t iv e ly .  These assignments are e s s e n t ia l l y

* -  mutua l l y  exc lus ive
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Tab 1e 5.4a

C o rre la t io n  d ia gram fo r  po in t  and fa c to r  group symmetry 

f o r  [ ( PPh-,)HqXp]o (X=CI o r  I)

5 a
P o in t C2h Factor

6A6A
9

3A

3B3B
9

6B

3A,u

3B6Bu

6B

a -  on ly  in te rn a l modes are inc luded.

1 3 5



I I t j U l  t !  J  ,  L .Q  .

Far in f ra re d  spe c tra  (c a . 30K) o f  (PPh-^HgX^ (X=CI , 'Br o r  I ) (cm ^)

X=CI * -  in te rn a l  mode o f  the  ligand

® -  unassigned bands

n  coco csl

X=Br

X= I

400 300 200
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Raman spe c tra  (RT) o f  (PPh-*;)HgX7 (X=CI, Br o r  I ) (cm ' )

in te rn a l  mode 

o f  the Iigand

X=CI

XX

X=Br

J. X

X

350 250

7

150 50 cm



Table 3.4b

V ib ra t io n a l  a s s ignments0 f o r  (PPh^ (X=CI , Br or  I )

Cl Br I Assignments

IRb 70 O) o IRb Rac I Rb RaC IR Ra

291 s 

288sh 286s

203sa 

190s

200s h 

192sa

163s 

139m

160m 

143s

v (HgX). B as a t  u

v (HgX), A s a t  u

Va s (H9X)t  Bg 

Vs (H9x , t  Ag

188s 137s

150s

I 17s

125ms

v(HgX)fa Au 

v(HgX)fa Bu

V(HgX)b Ag 

v (H9X)b Bg

183s I 17s 89s v(HgX)b Bu 

V(HgX)b Au

v(HgX)b Bg 

v(H9X)b Ag

I 57m

I 56s

137s

I 50s

139m

143a

?v (HgP) B as 3 u

? v (HgP) A s a u

?v (HgP) B as 3 g

? (HgP) A

108m 104sh 107sh lOlsh 73vw 75s \

9lm 90s 98sh 84sh 59w 58s

86sh 70s 74m 74s 47w I Bending and l a t t i c e  modes e tc .

76sh 52m 59w

50w

63sh j
a -  o m it t in g  in te rn a l modes o f  the  ligand

b -  recorded a t  c£. 30K

c -  recorded a t  room temperature
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5 7 8 ” 1in agreement w ith  previous work. ' '  The bands a t  188 (IR) and 183 cm (IR)

are assigned to  each o f  the  in d iv id u a l  |R -a c t iv e  v(HgCI)^ modes (which

o r ig in a te  from the  two v d fg C I)^  modes o f  the  iso la te d  m o lecu le ) ,  the  small

wavenumber sepa ra tion  between these modes being c o n s is te n t  w i th  an almost

symmetric four-membered r in g .  These assignments, in d e t a i l ,  a re  a t  va r iance

7 8w ith  those o f  previous workers '  (Section  1 .4 .2 , Table 1 .5 ) .  U n fo r tu n a te ly  

i t  was not poss ib le  to  loca te  v ( H g C Im o d e s  in the  correspond ing Raman 

spectrum because o f  ’ masking’ by the  in te rn a l modes o f  the  l ig a n d .  The 

medium in tense band a t  157 (IR) and the  s trong  band 156 (Ra) cm * are

t e n t a t i v e ly  assigned v (HgP), by comparison w ith  th e v (H g P ) data reported

97 tby Alyea e t  a]_. f o r  the  analogous PBu^ and P (o - to ly I  )g complexes, and are

in agreement w ith  the work o f  Deacon e t  a_l_7 F in a l l y ,  i t  is  worthy to  note

th a t  theV (H g C I)  assignments made here agree well w i th  those reported  f o r

2- 96some re la te d  [ H g ^ C I h e x a c h lo r o d im e r c u r a t e ( I  I ) s a l t s .

For (PPh3 )HgBr2 the bands a t  203 ( IR )/200  (Ra) c r r f1 and 190 ( IR ) / I9 2  (Ra)

cm * are  assigned v (HgBr), and v (HgBr), re s p e c t iv e ly ;  however, i t  isa T S T

l i k e l y  th a t  the bands a t  203 (IR) and 192 (Ra) cm * con ta in  some c o n t r ib u t io n  

from in te rn a l l igand modes. These assignments are e s s e n t ia l l y  in agreement 

w ith  those o f  Deacon'et a j_7 Bands a r is in g  from one o f  the  v^HgBr)^ modes 

(which o r ig in a te  from the  is o la te d  molecule) have been assigned a t  137 (IR) 

and 150 (Ra), bu t,  because i t  is  t h i s  reg ion  where v(HgP) modes a re  a lso  

expected, some c o n t r ib u t io n  from v(HgP) is  a p o s s i b i l i t y .  The band a t  

117 (IR) cm * is  a lso  in a p o s i t io n  reasonably a t t r ib u ta b le  t o  v (H gB r)^ , and 

as such is  assigned as the  second IR -a c t iv e  vtHgBr)^ mode (which o r ig in a te s  

from the  iso la te d  m o lecu le ). These assignments d i f f e r  from those o f  

Deacon e t  a j_7 o n ly  in t h a t  i t  is  p re fe rred  to  assign the  bands a t  137 ( IR) 

and 117 (IR) cm * to  in d iv id u a l  vtHgBr)^ modes ra th e r  than to  a s in g le  

v(HgBr)^ mode [w ith  the  second v(HgBr)^ mode a t  ca. 60 cm * ] .
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Considering the  spectra o f  the  iodo complex, the bands a t  163 (IR)

and 160 (Ra) cm * are assigned v (H g |) ,  whereas the  bands a t  139 (IR) andas t

143 (Ra) cm * are assigned Vs (Hgl)^.. Th is  increased sepa ra t ion  between

antisym m etr ic  and symmetric te rm ina l modes from c h lo ro  through to  iodo

complexes is  found, in the  present work, to  be a common phenomenon. I t

may a lso  be expected th a t  v(HgP) modes w i l l  I i e  a t  c a . 140 cm *, so the re

is  a p o s s i b i l i t y  t h a t  the  bands a t  139 (IR) and 143 (Ra) cm * con ta in  some

c o n t r ib u t io n  from v(HgP) modes. The bands a t  117 (IR) and 125 (Ra) cm *

are a lmost c e r t a in l y  one se t  o f  v (H g l)^  modes. There are no o th e r  bands in

the  Raman spectrum which immediately suggest t h a t  they may have a r is e n  from

the  o th e r  Raman-active v (H g l)^  mode, but the s trong  band a t  89 cm * in the

IR spectrum may p oss ib ly  be the second IR -a c t ive  v (H g l)^  mode. Bands a t

comparable wavenumber p o s i t io n s  have been assigned as V(Hg l)^  modes in the  

2 -  96re la te d  [Hg^I^ ] species. The assignments made here f o r  v (H g l)  are  s im i la r

to  those o f  Deacon e t  aj_.^, except t h a t  in the present work i t  is  p re fe rre d  

to  ass ign the  bands a t  117 and 89 cm * to  in d iv id u a l  IR -a c t iv e  v (H g l)^  modes 

ra th e r  than to  a s in g le  v (H g l)^  mode [w ith  the second v d fg l ) ^  mode a t  50 cm

F in a l ly  one may note an ou ts tand ing  fe a tu re  o f the  Raman spectra  o f  these 

complexes, in th a t  the  s c a t te r in g  a b i l i t y  o f  v(HgX) modes is  co n s id e ra b ly  

dependent upon X and increases from X = C I-^B r- fc * - l .  An a r t e fa c t  o f  t h i s  

phenomenon is  t h a t  in te rn a l  modes o f  the  ligand appear s t ro n g e r  in the  spec tra  

o f  these complexes as X changes in the sequence 1 - ^ B r ^ r C I ,  because increased 

d e te c to r  a m p l i f i c a t io n  has had to  be used to  observe these weaker s c a t te r in g  

v(HgX) modes. This phenomenon wi l l  be shown to  be general f o r  a l l  the  

remaining (PR^)HgX2 complexes s tud ied  in t h i s  work.

(c) (PEt-^)HgXg (X=CI, Br o r  I ) . The s t ru c tu re  o f  the  c h lo ro  complex 

may be described as a polymeric  chain (Section  3 .1 ) .  Mercury l i e s  in a 

d is to r te d  t r ig o n a l  b ipyram idal environment w i th  two sh o r t  Hg-CI co n ta c ts
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(2,42 and 2,56 A), a sho r t  Hg-P co n ta c t  o f  2.35 A and two longer Hg-CI
O

con tac ts  o f  3.04 and 3.21 A jo in in g  the ’ PHgC^ u n i t s ’ a t  e i th e r .e n d .  These

5 112
chains are  present in a m onoc lin ic  system, space group P 2 |/c  ^ 2^, No. 14).

The s im i l a r i t y  o f  the p a t te rn s  in the  v ib ra t io n a l  spectra in d ic a te  t h a t  the

bromo and c h lo ro  complexes are i s o s t r u c tu r a I , whereas the iodo complex may

be o f  some d i f f e r e n t  s t ru c tu re .  There fo re , the spectra  o f  the  c h lo ro  and

bromo complexes wi l l  be t re a te d  sepa ra te ly  from those o f  the  iodo complex.

Examination o f  the  spectra o f  the  ch lo ro  and bromo analogues suggested th a t

a s im ple l in e  group C. trea tm en t would be adequate f o r  f u l l  assignment o f

v(HgX) modes (Appendix 4 ) .

The number and a c t i v i t y  o f  the  in te rn a l modes o f  a s in g le  cha in  ( ta k in g

PEt^ as a p o in t  mass) i s : —

T . . = I IA  (Ra) + 9A ( IR)chain g u

w h ile  the  number and a c t i v i t y  o f  modes associa ted w ith  v(HgX) modes i s : -

Tv(HgX) = 4A (Ra) + 4A (IR)a 9 u

Approximate forms o f motion o f  each o f  these e ig h t  v(HgX) modes have been

134derived by use o f  cha rac te r  ta b le s  (F igu re  3 .3 a ) .

As the re  are no te rm ina l Hg-X bonds as such in t h i s  s t r u c tu r e ,  a l l  

modes are denoted V(HgX)^. The h igher wavenumber bands observed in the  spectra  

w i l l  be assigned to  the modes associa ted w ith  movement o f  the  s h o r te r  bonds 

in the  cha in .

V ib ra t io n a l  spectra are shown in F igures 3.3b and 3 .3c ,  w h i le  Table 3.5

con ta ins  wavenumber p o s i t io n s  and v ib ra t io n a l  assignments. In te rn a l modes

142o f  PEt^ have been e l im ina ted  using data reported by Green f o r  the  f re e

ligand and by comparison o f  the spectra  o f  a l l  th re e  complexes. As noted by

141A l le n  and W ilk inson in t h e i r  s tud ie s  on (PR^)2NiX2 complexes, modes which 

were IR -ac t ive  o r  Raman-active in the  f re e  ligand become both IR- and Raman- 

a c t iv e  on com plexation, and a s im i la r  phenomenon is  observed in th e  presen t 

case. The two p a irs  o f  v(HgX)^ modes associa ted  w ith  v ib r a t io n  o f  the
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Far in f ra re d  spectra  ( c a .30K) o f (PEt^)HgX^ (X=C1, Br o r  I ) (cm *)

X=CI
• -  in te rn a l mode o f  the  ligand

unassigned band

•-<  J -  csl

in

m(T» "

I________________ I-----------------1---------------- 1-----------------1 _|
400 300 200 100 cm
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Table 3 .5 .

V ib ra t io n a l  a s s ignments9 f o r  (PEt ^ )HgX^ (X=C|, Br o r  I ) .

Cl Br I b

IRd Ra6 1 Rd Rae IR Ra Assi gnments0

I85w 1 64w

286s 190s 151 v 2 (HgX)b Au

270s| 
260s j

185 I43s| 
1 34sj

v 1 (HgX)b Ag

203s I 
198shj

207s

1 44s

164shJ 
145m j

v 6 <HgX)b Au 

^ 2  (HgX) b Ag

1 I7s| 
105s J

1 26sh

91 sh| 
84s j

93shj 
90s J

1 12m

V7 (HgX)b Au 

?V3 (H9X)b Ag

90s

94sh|
76vs|

72ms (HgX)b Au

?v4 (H9X)b Ag

49s 76vs 57w 55s 1 1 5sh 47m \

46s 45s 76w 34m 4
4 1 s

30s

7 1 sh 

62sh 

51 m

22vs [Bending and l a t t i c e  

Imodes e tc .

a - o m i t t i n g  in te rna l  modes o f  the l igand

b see t e x t

c - numbering o f  modes re fe rs  t o  Figure 3.3a.

d - recorded a t  ca. 30K

e - recorded a t  room temperature

? t e n t a t i v e  assignment
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s h o r te r  Hg-X bonds are e a s i ly  assigned in both IR and Raman spectra  o f  the  

ch lo ro  and bromo complexes. The modes associa ted w ith  the longer Hg-X 

bonds are again q u i te  r e a d i ly  located in the  IR spectra  o f  both compounds. 

However, the  Raman spectra  show l i t t l e  evidence o f  these modes except perhaps 

f o r  the  shoulders a t  126 and 94 cm * and the s trong  band a t  76 cm * in the  

Raman spectrum o f  the  c h lo ro  complex. I t  would appear th e re fo re  th a t  the  

IR spectrum is  a b e t te r  probe fo r  lo c a t in g  these longer Hg-X in te ra c t io n s .

Assignments presented in Table 3 .5  do not r e fe r  to  the  iodo complex, 

as t h i s  complex appears to  have some d i f f e r e n t  s t ru c tu re .  Using wavenumber 

p o s i t io n  as a g u id e l in e  the  bands a t  143 (Ra), 134 (Ra) cm * and 151 (IR ) cm * 

may be assigned to  some form o f  v (H g l)  mode associa ted w ith  r e la t i v e l y  s h o r t  

Hg-I bonds. S im i la r l y  the bands a t  112 (Ra) cm * and 93 ( IR ) ,  90 (IR) cm * 

are a t t r ib u te d  to  some form o f v (H g l)  assoc ia ted w ith  r e la t i v e l y  long Hg-I 

co n ta c ts .  No s t ru c tu ra l  in fe rence  can be made.

There are no bands in the spectra  o f  any o f  the  th re e  complexes which 

immediately suggest they may have a r isen  from v^HgP), so no v(HgP) modes 

have been assigned.

(d) (PMe^JHgX^ (X=CI, Br o r  I ) . The s t ru c tu re  o f  (PMe^JHgC^ (Sec tion  

3 .1 )  is  e s s e n t ia l l y  io n ic ,  c o n s is t in g  o f  continuous z ig -zag  cha ins o f  a l t e r 

na t ing  ICI-Hg-PMe^]+ and Cl ions. These ions are present in a t r i c l i n i c

112system, space group PI (C ., No. 2 ) .  P re l im in a ry  photographs show the  

bromo analogue to  be isomorphous and most probably is o s t r u c t u r a I , whereas 

s im i la r  s tud ies  in d ic a te  the iodo complex is  d e f in i te ly  not isomorphous and 

probably  not i s o s t r u c t u r a I . Consequently the  spectra  o f the  c h lo ro  and 

bromo complexes are discussed se p a ra te ly .

For an ’ io n i c ’ s t ru c tu re  ,as found f o r  ch lo ro  and bromo analogues, f u l l  

u n i t  c e l l  group a n a ly s is  is  requ ired  (Appendix 4 ) .  The in te rn a l  modes 

o f  the  two c a t io n s  in the  u n i t  c e l l  ( ta k in g  PMe^ as a p o in t  mass) a r e : -
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r .  . = 3A (Ra) + - 3A (IR)in t  g u

and fo r  in te rn a l modes due to  v(HgX) and v (H g P ): -

Tv(HgX), = A (Ra) + A ( IR)
t g u

Tv(HgP) = Ag(Ra) + AU(,R)

One may a lso  p re d ic t  the  number and a c t i v i t y  o f  the  c a t io n  and anion t r a n s la 

t io n s  w i th in  the  u n i t  c e l l  to  b e : -

T. . . = 6A (Ra) + 3A (IR)io n ic  t ra n s .  g u

The experimenta l data are shown in F igures 3.4a and 3.4b and Table 3 .6 .  

The in te rn a l modes o f  the  PMe^ ligand have been e l im in a te d  by the  use o f  data 

reported by Goggin e t  aj_. *^  f o r  re la te d  [X-Hg-PMe^]+ ions and by comparison 

o f  spectra o f  the  th re e  complexes in ques tion . The h ighes t wavenumber 

halogen mass-dependent bands a t  300 (IR) and 291 (Ra) cm * f o r  the  c h lo ro  

complex, and a t  216 (IR) and 208/193 (Ra) cm * f o r  the  bromo complex, are 

assigned to  v(HgX)^ modes. There is  a p o s s i b i l i t y  t h a t  the  R a -ac t ive  v(HgBr)^. 

bands a t  208 and 193 cm * con ta in  some c o n t r ib u t io n  from the  PC^ symmetric 

deformation mode o f  PMe^. The weak bands occu r ing  a t  ca_. 350-360 cm * in 

the IR and Ra spectra  o f  both complexes are assigned to  v(HgP) on the  bas is  

o f  arguments a lready  presented (Section  3 .2 .2 ) .

Some o f  the  assignments made in the  present work are a t  va r iance  to

4 - 1those o f  Schmidbaur e t  aj_. For example, the  band a t  178 (Ra) cm in the

spectrum o f the  ch lo ro  complex is  assigned as a PC^ rock ing  mode in the
4

present work, but as v(HgCI) p re v io u s ly  (presumably a b r idge  mode). The 

bands a t  168 (Ra) and 193 (Ra) cm * f o r  the  bromo complex now assigned as 

a PC-j rock ing  mode and v(HgBr) re s p e c t iv e ly  are  in reverse to  the  assignments
4

made by Schmidbaur £+_ aj_. In view o f  the  s t r u c tu r a l  data a v a i la b le  in  the  

present work, and by comparison w ith  the  d e ta i le d  assignments o f  Goggin 

e t  a j_.106 f o r  the  re la te d  [X-Hg-PMe^l+ spec ies , the  present assignments are 

more j u s t i f i e d  and more c o n s is te n t .
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r i g u r e  o . ^ a .

Far in f ra re d  spec tra  (c a , 30K) o f  (PMe^JHgX^ (X=CI, Br o r  1) (cm *)
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- IRaman spectra (RT) of (PMe^HqXp (X=C I , Br or I ) (cm )
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Tab Ie 3 . 6 .

V i b r a t i o n a l  a s s i q nments f o r  (PMe^ ) HqXp (X=CI, Br o r  I )

Cl Br I 9

IRb RaC 1 Rb RaC ,Rb RaC Ass i gnments

361 mw

363w

35 Iw

354w

v (HgP) A as a u

v (HgP) A s y g

300s 216s 132s v (HgX), A as 3  t  u

291s 208sh) 
193s )

123s 123s v (HgX), A s y t  g

141s , b r I42sh 1 16s 106m,br 1 1 2 s 40s > Cat ion  and an ion

124s 

1 15s

1 36m 

1 1 2 m

1 0 2 s

96s

8 6 w ,b r  

69m

1 0 2 mw 

93w

t r a n s l a t i o n s ,  bending 

and o th e r  l a t t i c e  

modes

95ms 96m 8 6 sh 58m 77mw

71 ms 75ms 78ms 48m 63m

56ms 64s

60s

51 sh 

41 s

49m

270m)
259w)

254w) 
239w)

267vw)
260vw)

Ligand modes j 

PC^ asymmetr ic  d e f .  !

2 1 0 m 205s 194s
208sh) 
193s ) 207vw PC^ symmetr ic  d e f .

171 m 1 78ms 1 6 6 w 1 6 8 ms 1 70vw 186vw PC^ ro c k

a -  see t e x t

b -  recorded a t  aa.  30K

c -  recorded a t  room tem pera tu re

150



Because o f  the  com p l i ca ted  na tu re  o f  th e  sp e c t ra  in the  re g io n  o f  

c a t i o n  and an ion t r a n s l a t i o n s  no a t te m p t  has been made t o  a ss ig n  each o f  

the  t h r e e  IR - a c t i v e  and s i x  R a -a c t i v e  modes i n d i v i d u a l l y .

I t  should be mentioned a t  t h i s  p o i n t  t h a t  th e  bands ass igned t o  

these  ion t r a n s l a t i o n s  are  o f  comparable wavenumber t o  bands p r e v i o u s l y  

assigned asvOH gX)^ .  Th is  is  no t  s u r p r i s i n g  when one examines th e  bond 

leng ths  o f  th e  s t r u c t u r e s  in q u e s t i o n .  I t  should be r e a l i z e d  t h a t ,  in some 

cases,  one has a ch o ice  concern ing  the  d e s c r i p t i o n  o f  a s t r u c t u r e .  In t h e  

p re sen t  ins tance  th e  ’ i o n i c ’ d e s c r i p t i o n  is  p r e fe r r e d  in p la ce  o f  a b r id ged
O

p o lym er ic  d e s c r i p t i o n  because o f  the  c o n s id e ra b le  d i s t a n c e  (ca_.2.8 A) f rom 

the  [ CI-Hg-PMe^] spec ies  t o  the  nex t  c h l o r i n e  atom.

Assignments made in Table  3 .6  do not  r e f e r  t o  the  ( P M e ^ H g ^  complex;  

as a l r e a d y  ment ioned t h i s  compound appears t o  have a d i f f e r e n t  s t r u c t u r e  t o  

i t s  o th e r  ha lo ana logues.  The Raman spectrum is  ex t rem e ly  s im p le  c o n t a i n i n g  

one ve ry  s t ro n g  band a t  123 cm ' and ano the r  medium s t rong  band a t  40 cm *.

The IR spectrum is  more com p l ica ted  w i t h  two s t ro n g  bands a t  132, 123 cm * 

and a c o n t i n u a t i o n  o f  medium t o  medium-strong bands appear ing  f rom 112-49 cm *. 

I t  i s  i n t e r e s t i n g  t o  note t h a t  the  r a t h e r  low wavenumber p o s i t i o n  o f  t h e

h ig h e s t  wavenumber bands observed in both these sp e c t ra  a re  c lo s e  t o  those

2-  96assigned t o  v ( H g l )  in  th e  t e t r a h e d r a l  [ Hg I ^3 ion co n ta ined  in [ N E t ^ ^ H g l ^

96and a l s o  the  [H g l^ l  spec ies  con ta in ed  in [SMe^lHg l^.  One may t e n t a t i v e l y
2 -

propose,  t h e r e f o r e ,  t h a t  s i m i l a r  [ Hg I o r  ’ monomeric (PMe^JHg^ 1 spec ies  

are  p resen t  in the  (PMe^JHgl^ complex. The o r i g i n  o f  the  rem a in in g  bands 

in th e  IR spectrum i s  d i f f i c u l t  t o  assess.  There i s  no c o m p e l l i n g  ev idence  

f o r  th e  e x is te n c e  o f  v(HgP) modes in e i t h e r  IR o r  Ra spec t ra  and so no such 

modes cou ld  be ass igned .  F i n a l l y ,  i t  should be ment ioned t h a t  t h e  phenomenon 

o f  la rg e  v a r i a t i o n  in  i n t e n s i t y  o f  i n t e r n a l  l i gand  modes in the  Raman s p e c t ra  

in th e  sequence C I - » - B r - ^ l  is  o u t s t a n d i n g l y  appa ren t  in these  s e r i e s .
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(e) (PBu^)HgX^ (X=CI, Br o r  I ) . A t e + ra m e r ic  s t r u c t u r e  has been 

found f o r  th e  a~(PBu^)HgCI2  complex.  Th is  t e t r a m e r  c o n s i s t s  o f  two i d e n t i c a l  

non-cen trosym metr ic  d imers r e l a t e d  by a c e n t r e  o f  symmetry and j o i n e d  v ia
o

a ve ry  long m e r c u r y - c h lo r i n e  c o n ta c t  o f  ca .  3.4 A (Sec t ion  3 . 1 ) .  These

te t r a m e rs  c r y s t a l l i z e  in a m o n o c l i n i c  system, space group P2( /n  ( E P 2 j / c ) .

P r e l im i n a r y  photographs i n d i c a t e  the  bromo and iodo complexes a re  isomorphous

w i t h  one a no the r  bu t  no t  w i t h  a “ (PBu^)HgCI2 . The ve ry  s i m i l a r  p a t t e r n s  o f

th e  v i b r a t i o n a l  s p e c t ra ,  e s p e c i a l l y  IR s p e c t r a ,  however, suggest  t h a t  a l l

t h r e e  compounds may s t i l l  be i s o s t r u c t u r a I . W h i l s t  t h i s  work was in p rog ress ,  

90K ess le r  re p o r te d  th e  e x i s te n c e  o f  a d i f f e r e n t  form o f  t h e  c h l o r o  complex,

n *h e r e i n a f t e r  r e f e r r e d  t o  as 3 " (PBu^)HgCI2  . The room tem pera tu re  sp ec t ra  o f

t h e  bromo and iodo complexes prepared in t h i s  work a re  in comple te  agreement

90w i t h  those o f  K ess le r  i n d i c a t i n g  t h a t  they  a re  in f a c t  t h e  same compounds.

The complexes prepared in th e  p resen t  work s h a l l  be d iscussed  i n i t i a l l y .

Examinat ion  o f  t h e  v i b r a t i o n a l  spec t ra  suggest  t h a t  a s im p le  p o i n t

group a n a l y s i s  i s  adequate (Appendix 4 ) .  The number and a c t i v i t y  o f  the

i n t e r n a l  modes o f  the  te t r a m e r  ( t a k i n g  PBu^ as a p o i n t  mass) a r e : -

r. 4. = 21A (Ra) ♦ 21A ( IR)i n t  g u

For th e  i n t e r n a l  modes s o l e l y  assoc ia ted  w i t h  v (H g X ) : -

Tv(HgX). = A (Ra) + A ( IR) t  g u

and

Tv(HgX)b = 6 Ag (Ra) + 6 Ay (IR)

whi le

Tv(HgP) = 2Ag (Ra) + 2Ay (IR)

*  T h is  complex was prepared in a s i m i l a r  manner t o  c r  (PBu^)HgCI2.
However, m ix tu re  o f  t h e  s t o i c h e i o m e t r i c  p r o p o r t i o n s  o f  PBu^ and 
HgCI2  was c a r r i e d  o u t  t o  co m p le t io n ,  and th e  complex was p r e c i p i t a t e d  
f rom th e  r e a c t i o n  m ix tu r e  by a d d i t i o n  o f  e t h e r .  F u r th e r  d e t a i l s  may 
be found in re fe re n c e  90.
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The prediction fo rv (H gX ) modes corresponds to one IR- and Ra-active  

pair  fo r each d is t in c t  Hg-CI bond. To a f i r s t  approximation therefore  the 

wavenumber values of these modes might well be expected to re la te  to the 

bond lengths involved during v ib ra t ion , and assignments have been made on 

th is  basis.

The data are summarized in Figures 3.5a and 3.5b and Table 3 .7 . The 

low in tensity  internal modes of PBu  ̂ do not appear to cause any problems 

in spectral in te rp re ta t io n . The halogen mass-dependence of the spectra 

is s tr ik in g  especially  fo r the IR spectra of chloro and bromo compounds.

The wavenumber positions of the modes in both the IR and Raman spectra of 

a l l  three complexes seem to mirror one another, which suggests the forms 

of motion of each IR/Ra-active pair are energ etica lly  very s im ila r .  The 

higher wavenumber modes in the IR and Ra spectra of a I I three complexes 

are read ily  assigned. However, due to the complexity of the spectra in 

the lower wavenumber regions (less than ca_. 140, 110 and 90 cm * fo r  chloro, 

bromo and iodo complexes respec tive ly ) ,  no fu rthe r  d e f in i te  assignments can 

be made.

Although the appearance of the v ibrational spectra of the bromo and

90iodo complexes are s im ila r  to those reported by Kessler, the v ibrational

assignments made here are markedly d i f fe re n t .  This may be explained by the 

90fac t  th a t  Kessler approached assignment from the view th a t  these complexes

90were dimeric in the solid s ta te . Kessler has again approached assignment 

of B-(PBu^)HgCI2  assuming the structure to be dimeric. The fa r  IR-spectrum 

of Kessler’ s actual $-(PBu^)HgCI  ̂ sample has also been recorded in th is

90laboratory and is in complete agreement with the spectrum reported by Kessler.

By comparison with the spectra of other dimeric structures studied in the 

present work Kessler’ s assignments, with which the present author concurs, 

seem reasonable. There is strong absorption a t  c£.300 cm * which may be 

assigned v(HgCI and also strong bands a t  ca_. 173 cm * and 147 cm * which
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Figure 3 .5b ,

Raman spectra (RT) of (PBu^HqX^ (X=C1 t Br or I )
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Table 3 .7 .

Vibrational assignments fo r  (PBu^ )HgX  ̂ (X=CI, Br or I )

Cl a Br I

.Rb RaC IR Ra IR Ra Assignments

278s

280s

188s

186m

15 1 s

I 50m

v(HgX)+ Au 

v(HgX)+ Ag

252s

252m

166s
172s) 
166s)

127s

129s

v(HgX) Au 

v(HgX) Ag

2 18s

222w,br

' I 50s

147m

I 12s

I 17sh

v(HgX) Au 

v(HgX) Ag

179m

182sh

127s

135vw

105s

9 1 vw

v(HgX) Au 

v(HgX) Ag

149s,br I 56s 107s 82sh 88sh 62sh Nv(HgX), bending

138sh I 50sh 100s 49s 78s 36s and la t t ic e

122w 

96s

48vs,br 88s

75s

4 1 s 66w

49w

20s h modes
<

80sh,br 63ms

68sh 5lm
-

58w J

a -  a-form (see te x t )

b -  recorded a t ca. 30K

c -  recorded a t room temperature
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can be assigned to the two IR -active V (H g C Im o d e s .  However, because

of quite strong absorption below ca. 140 cm * one cannot ru le  out the
*

p o s s ib i l i ty  of fu rther  association beyond the dimer stage.

I t  is in teresting  to note th a t  the fa r  IR spectra of the a-form  

(in  benzene) and the 3 -form (in  chloroform) suggest tha t both forms have 

sim ila r  dimeric structures in solution .

F in a lly  i t  must be recorded th a t  information concerning the presence 

of v(HgP) modes was not immediately apparent.

( f )  Summary of structure/spectra re la t io n sh ip s . At least f iv e  separate 

structures have been shown to e x is t  in the (PR^)HgX2  series v i z . an asymmetric 

dimer, an almost symmetric dimer, a chain polymer, a tetramer and an ’ io n ic1 

chain. Irrespective of the way one wishes to describe these structures  

and fu rthe r  make v ibrational assignments, the v ibrational spectra of these 

complexes, especially  IR spectra, show spectral features which are considered 

to be ch a ra c te r is t ic  of these structures. Raman spectra are not as inform

a t iv e  as IR spectra because of more severe interference from internal modes 

of the Iigand.

Spectral features ch a ra c te r is t ic  of molecular structure w i l l  be discussed 

and used fo r te n ta t iv e  structural proposals concerning other (PR^)HgX2  complexes.

In the structures of (PR^HgC^ (PR3=TPP, PPh3, PBu^, PEt3 or PMe3 ) 

there is one common structural feature i . e .  a t  least one short Hg-CI bond.

The v ibrational spectra re f le c t  th is  feature in tha t  bands occur a t  ca .

280-300 cm * in both IR and Ra spectra ar is ing  from some form of ^(HgCI) 

mode associated with the short Hg-CI bond (Table 3 .8 ) .

Specific  structures within the chloro series can only be distinguished  

by examination of the lower wavenumber regions (cek 200 cm * and below) fo r

* Subsequent experiments, using fa r - IR  spectroscopy, have indicated th a t  
a-(PBuD)HgCI2  when rec rys ta l l ized  from the melt is converted, in part  
a t least, to 8-(PBu^)HgCI2 «
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Table 3 . 8 .

v(HqX) modes associated with ishort* Hq-X bonds

Compound d(HgX)/A IR-active ,*  

VMAX(H9X)/cm"

Ra-active ,*  

VMAX(HgX)/cm"

(TPP)HgCI2 2 .4 1(3) 283 282

(PPh^)HgCI2 2.37(1) 290 286

(PEt^)HgCI2 2 .40(1 ) 286 270

(PMe3 )HgCI2 2.36(1 ) 300 291

CPBu^JHgCI2 2.28(3 ) 278 280

(TPP)HgBr2 195 195

(PPh3 )HgBr2 203 200

(PEt3 )HgBr2 190 185

(PMe3 )HgBr2 216 193

(PBu3 )HgBr2 188 186

(PPh3 )HgI2 163 160

(PBu3 )Hgl2 151 150

-  the notation v^^(HgX) refers to the highest observed

mercury-halogen stretching mode observed in each spectrum.

158



Table 3 .9 .

IR-active v(HqX)^ modes associated with Hg-X b r idge bonds

Compound Structure d(HgX)/A VthigX^/cm *

(TPP)HgCI2 asymmetric dimer 2.54 (1 ) ,2 .7 5  (1) 219 and 156

(PPh3 )HgCI2 symmetric dimer 2 .623 (8 ) ,2 .6 58 (8 ) 188 and 183

(PEt3 )HgCI2 polymeric chain 2.56 (1 ) ,3 .0 4  (1 ) ,  
3.21 (1)

2 0 3 , I98sh and 117 ,I05,90sh 

*
(PMe3 )HgCI2 ’ ionic chain1 2 .7 8 2 (4 ) ,2 .9 4 1 (4 ) ,  

3.489(4)
141 and below

(TPP)HgBr2 asymmetric dimer 151 and 117

(PPh3 )HgBr2 symmetric dimer 137 and 117

(PEt3 )HgBr2 polymeric chain 144 and 9 lsh ,84,72

(PMe3 )HgBr2 1 ion ic cha in ’
X

116 and below

(PPh3 )Hg12 symmetric dimer 117 and 89

X

-  a 1 though denoted as vtHgX)^ modes here, these bands are

more correc tly  termed cation and anion trans la to ry  modes 

(Section 3 . 3 . Id)
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the existence of bands aris ing  fromv(HgCI)^ modes associated with longer 

Hg-CI contacts (Table 3 .9 ) .  I t  can be seen th a t  the wavenumber positions  

of v(HgCI) modes vary in a manner dependent on the type and extent of mercury- 

chlorine bridging.

The (PMe3 )HgCI2 1 io n ic ’ chain can be distinguished from the other 

structures due to the lack of v(HgCI) mode absorption in i ts  IR spectrum 

between 140 and 300 cm *. The remaining compounds show strong absorption 

in th e ir  infrared spectra between 150 and 220 cm * corresponding to some 

form of v(HgCI)^ mode. I t  is rather more d i f f i c u l t  to d i f fe r e n t ia te  between 

dimeric and polymeric chain structures without considering the lower, more 

complicated, wavenumber region of the spectrum, i . e .  a t  ca_. 100 cm * and 

below. The (PEt3 )HgCI2 complex, which has a chain structure , contains strong 

bands a t  117 and 90 cm * in i ts  IR spectrum whereas the two dimeric structures  

(PR3 )HgCI2 (PR3=TPP or PPh^) do not contain bands of comparable in tens ity  

in th is  region. I f  one accepts previous arguments (Section 3 .2 .1 )  the 

structures of (PPh3 )HgCI2 and (TPP)HgCI2 can be recognised by the degree of 

separation of the two IR -active v(HgCI)  ̂ modes. The more complicated nature  

of the a-(PBu3 )HgCI2 spectrum does not allow one to deduce any fu r th e r  inform

ation which could be used for id e n t if ic a t io n  purposes, unless of course, one 

observed a comparable spectrum for some other (PR3 )HgCI2 complex.

Consideration of v(HgBr) mode data fo r the corresponding (PR3 )HgBr2 

complexes suggests tha t s im ila r  re lationships ex is t  between structure  and 

vibrational spectra (Tables 3.8 and 3 .9 ) Thus v(HgBr) modes have been 

observed a t  ca. 200 cm *, which arise  from modes associated with short Hg-Br 

bonds. The v(HgBr)^ modes are found to range from ca_. 150 cm * to lower 

vaIues.

In view of the small number of s tructural data ava ilab le  fo r  the 

corresponding iodo complexes, only the structure of (PPh3 )Hgl2 being known
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( in ferred  from photographic studies), there is a fa r  lesser understanding 

of th e i r  v ibrational spectra. Therefore great caution must be exercised 

when making structural inference. From the present w orkv(H gl)  modes 

associated with terminal Hg—I bonds in a dimer appear a t  C£. 150 cm *, whereas 

v(H g l)^  modes have been located a t  117 and 89 cm * for (PPh^Hg^ (Tables 3.8  

and 3 .9 ) .

3 .3 .2 .  S o lid -s ta te  v ibrational spectra of some t e r t ia r y  phosphine complexes 

of unknown s tru c tu re .

(a) Introduction. Tentative v ibrational assignments and structural  

proposals have been made in the l ig h t  of the findings of the previous Section. 

I t  should be emphasized tha t  structural proposals made in the following  

Sections are by no means d e f in i te .  Considering th a t  the complexes studied 

crystal Iographically cover only a rather limited range of possible (PR^)HgX2  

complexes, with respect to e lectron ic  and s te r ic  properties, the f iv e  

structural types shown in Section 3.1 are by no means exhaustive. Indeed, 

some spectra suggest tha t other completely d i f fe re n t  structures may e x is t .

A major problem encountered when in terpre ting  these spectra was e lim in 

ation of modes aris ing  from the complexed ligand. Idea lly  one should be able  

to e lim inate these modes by the halogen mass-dependence method together with 

a knowledge of the spectra (IR and Ra) of the free  ligand. However, d i f fe re n t  

structures probably occur w ithin some halo series . The possible results  

of th is  are two-fo ld . F i r s t ly ,  s h if ts  in ligand modes (and/or in tens ity  

changes) may occur because of d i f fe re n t  coordination environments of these 

ligands about mercury, and secondly, varying degrees of s p l i t t in g  of these 

ligand modes may occur as a resu lt  of s i te  symmetry d ifferences.

In spite  of these problems some v ibrational assignments and s tructura l  

proposals have been attempted and l i te ra tu re  data have been used wherever 

possible to help elim inate internal modes of the ligands.
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(b) (PPr^HgX^ (X=CI, Br or I ) . The vibrational spectra of these

complexes are shown in Figures 3.6a and 3.6b. Wavenumber positions and

te n ta t iv e  v ibrational assignments are contained in Table 3 .10 .

The white (a-form) and yellow (3-form) isomers of (PPr^JHg^ reported 

6 1by Evans e ta j_ .  have been isolated and studied in the present work.

As observed by Allen e t  a I . *  ̂* fo r  (P P r l^ P d C ^  a number of modes 

of the ligand, o r ig in a l ly  not active  in the spectra of the free  ligand

141become active  on comp Iexation. By comparison with the work of Allen e t  a_L ,

s im ila r  internal modes of the ligand have been eliminated from the present 

spectra. Examination of a l l  four sets of spectra show no c lea r  indication  

of normal halogen mass-dependence, except fo r  perhaps those of the 3 - iodo 

isomer and the bromo compound. One can only assume therefore th a t  a t  least 

three separate structures are present.

The chloro complex shows strong bands a t  305 (IR) and 298 (Ra) cm” * 

which can read ily  be a ttr ib u ted  to v(HgCI) modes associated with v ib ra tion
o

of quite a short Hg-CI bond of ca. 2 .3  A. The wavenumber position of the

IR-active band (305 cm *) is ind icative  of a quite large C ls-Hg-P angle,

by comparison with the work of Goggin e t  £j_. * ^  on ICI-Hg-PMe^] + species

and with the present work on (PMe^HgC^. Other bands a t  205, 178, 169 and

144 cm * in the IR spectrum, and a t  208, 189 and 169 cm * in the Ra spectrum,

are of ch a ra c te r is t ic  in tensity  and wavenumber to be te n ta t iv e ly  assigned

to v(HgCI)^ modes. No fu rther  structural proposal could be made.

The bromo complex contains bands in i ts  spectra a t  196 (Ra) cm” * and

203 (IR) cm * which can be assigned as v (HgBr)., and also bands a t 179 (Ra)as t

cm * and 181 (IR) cm * which can be assigned as Vs (HgBr)^.. There is a 

strong band a t  144 (IR) cm * and a medium band a t  145 (Ra) cm * which 

probably derive from v(HgBr)^. The lack of any signal a t t r ib u ta b le  to  

v(HgBr) a t  less than ca_. 140 cm * in the v ibrational spectra of th is  complex

1 6 2



Far i n f r a r e d  s pe c t r a  (ca.  30K) f o r  (PPr^)HgX^ (X=CI, Br o r  I ) (cm )

X=C I
to 00 • -  i n t e r n a !  mode o f

X=Br

th e  I igand

X=I (a - fo rm )

X* I ($ - fo rm )

i__
vi nn



Raman spectra (RT) of (PPr^HpXp (X=CI, Br or 1) (cm * )

X=C I

X

•  —* internal mode of 

the Ii  gand. 

unassigned band.

X=Br

X= I (a-form)

xx

X=I (3-form)

X x

.350 250 150 50 350 250 150 50 cm- I
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Table 3.10.

Vibrational ass ignments6 for (PPi%)HgX^ (X=CI. Br or I )

Cl Br I (a- form) I (B-form)

IRb RaC IRb RaC IRb RaC IRb RaC Assignments

I93w,br

305s 203s 196sh 139s 138s I 53s 157m Vas(H9X>+

298s 18 1 m 179s 129m I 18m 134s 138s V s (HgX)+

205s 208m 144s 145s 90s I 14m
\

178sh 189s v(HgX)b

167s 169m
<

144s

I I 5m 144w I 12w,br 88vw 58w 38s

98m 133w 88w I 13w 76sh 49vw 25s i Bending and

83mw 8 1s,br 76sh 104w 7 1 sh 20s I attice modes

61 w 66ms 6 1 wm I
49w 5lw

a -  omitting internal modes of the ligand,

b -  recorded a t  ca.30K

c -  recorded a t  room temperature.
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suggests t h a t  t h e r e  is  no f u r t h e r  Hg-Br i n t e r a c t i o n .  T h e re fo re  an asymmetr ic

b rom in e-b r id ged  d im e r ic  s t r u c t u r e  i s  proposed.

The general  appearances of t h e  spec t ra  o f  f t - C P P r ^ H g ^  a re  s i m i l a r

t o  those  o f  th e  bromo complex, a l t h o u gh  some o f  t h e  band s h i f t s  a re  not

as one might  expect  e .g .  the  wavenumber s e p a ra t io n  between th e  I R - a c t i v e

v s (HgBr) mode a n d v ( H g B r ) b i s  37 cm 1 whereas between v s (Hg I ) and v ( H g l ) ^  i t

is  I a r g e r  a t  44 cm ' .  However a d im e r i c  s t r u c t u r e  may a l s o  be proposed in

the  p resen t  case.  The bands a t  151 (Ra) cm ' and 153 ( IR)  cm * a re  assigned

as v ( H g l ) ,  whereas th e  bands a t  138 (Ra) and 134 ( IR)  cm 1 a re  both 
a s

assigned Vs (H g I ) .  The bands a t  114 (Ra) and 90 ( IR) cm ' a re  both assigned

a s v ( H g l ) b modes. I t  is  i n t e r e s t i n g  t o  note t h a t  t h e  v i b r a t i o n a l  s p ec t ra

o f  3 ” (PPr^)Hg12  a re  ve ry  s i m i l a r  t o  those  observed f o r  [ NBu^j [ H g I ^  which

2 -

was proposed as being i o n i c  and c o n t a in i n g  the  d im e r ic  [ Hg^ I^3 a n ion .

The s u r p r i s i n g l y  low wavenumber va lues  o f  the  v ( H g l )  modes in both 

IR and Ra sp ec t ra  o f  a - t P P r ^ H g ^  a re  o f  comparable wavenumber t o  those  

found f o r  ( P M e ^ H g ^  (Sec t ion  3 .3 .  I d ) .  T h e re fo re  t h e r e  is  aga in  the  

p o s s i b i l i t y  o f  th e  e x is te n c e  o f  s i m i l a r  spec ies  in the  p re sen t  case v i z .
2_  pi

[Hg l^ ]  o r  ’ monomeric ( P P r ^ H g ^  s p e c i e s ’ . C l e a r l y  t h e r e  is  no ev idence  o f  

long range Hg—I i n t e r a c t i o n .

There was no evidence t o  i n d i c a t e  the  presence o f  v(HgP) modes in the  

sp e c t ra  o f  any o f  th e  f o u r  complexes s t u d ie d .

(c )  (PPh^Me)HgX^ (X=CI, Br o r  I ) . I t  was found f o r  t h e  c h l o r o  

complex t h a t  slow r e c r y s t a l l i s a t i o n  f rom DMFA^O r e s u l t e d  in t h e  fo r m a t i o n  

o f  a w h i te  a - i s o m e r ,  whereas ra p id  r e c r y s t a I  I i s a t  ion f rom th e  same s o l v e n t  

m ix t u r e  r e s u l t e d  in t h e  fo rm a t io n  o f  a w h i t e  8 - i s o m e r  (S e c t io n  7 . 1 ) .  V i b r a 

t i o n a l  sp ec t ra  o f  a l l  f o u r  complexes a re  shown in F igu res  3.7a  and 3 .7b ,  

w h i l e  Table 3.11 c o n ta in s  wavenumber p o s i t i o n s  and t e n t a t i v e  v i b r a t i o n a l  

ass ignments .  These spec t ra  s t r o n g l y  suggest  t h a t  a t  l e a s t  t h r e e  se pa ra te
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structures are present. As a resu lt  a var ia t ion  is observed in the spectral

a c t iv i t ie s  and wavenumbers of the internal modes of the ligand, which makes

th e ir  e lim ination d i f f i c u l t .  Nevertheless an attempt has been made to

141elim inate these modes by comparison with the study of Allen e t a_l_. on free  

PPI^Me and (PPh^Me^PdCI 2 »

Comparison of the IR spectra of a -  and 3-forms of (PPh^MeJHgCI  ̂ indicates  

two separate types of mercury-chlorine bridge in teraction  are present. Both 

compounds have strong bands a t  ca. 300 cm * indicating the presence of a t
O

least one short Hg-CI bond of ca. 2 .3  A. The orform contains a strong band 

at 203 cm * which is ind icative  of r e la t iv e ly  short Hg-CI bridge distances 

of ££. 2.6 A (cf_. (PPh^HgC^ and (PEt^)HgCI , whereas, for the 3-form there  

is no absorption a t tr ib u ta b le  to v fH g C I)^  until  165 cm * which suggests a 

much longer Hg-CI in teraction , comparable to tha t found fo r  (PMe^HgC^.

The weak bands found in the v ibrational spectra of the 3-compound 

between ca_. 290 and 160 cm * appear to mirror the spectrum of the a-compound 

in th is  region. These bands have been assigned to the ligand in the a-compound; 

however i t  is un like ly  tha t these bands would f a l l  in exactly the same position  

for the 3-compound in view of i ts  ’ d i f fe re n t  s tru c tu re ’ . One suspects, there

fore, that the 3-compound also contains some a-compound contamination.

The general appearance of the IR spectrum of a-CPPI^MeJHgCI  ̂ ' s 

s im ila r  to tha t of (PEt^HgC ^, suggesting an analogous s tructure . The Ra 

spectrum of a -O Th^M eJH gC Ihow ever, is not so informative due to hindrance 

caused by internal modes of PPh2 Me. Assignments have been made (Table 3 .11)  

using the same treatment, tha t  of a polymeric chain, used fo r  (PE t^H gC ^

(Appendix 4 ) .

The IR spectra of 3-(PPh2Me)HgCI  ̂ and (PPf^MeJHgB^ appear to  show 

normal halogen mass-dependence, and are reminiscent of spectra observed fo r  

(PMe^)HgX2  or suggesting s im ila r  ’ io n ic ’ chain s tructures. There

are strong bands a t  310 (IR) and 304 (Ra), and a t  221 (IR) and 216 (Ra) cm *
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Far infrared spectra (ca . 30K) of (PPh^MeJHqXo (X=CI, Br or I ) (cm *)

w » • -  i n t e r n a l  mode o f  t h e  l igand
X=CI (a - fo rm )  a

unassigned band.

X=CI (3 - fo rm )

X=Br

X=

400 300



ragman s p e c r r a  m i  ; o t  J H q A 2 i a = u i  , o r  u r  i j i c m  ; m
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o

i n t e r n a l  mode o f  t h e  l igand

X=CI (a - fo rm ) X=CI (g - fo rm )
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1 ■L
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ID 

ID  CM

 I______________I_____________ I_____________ I____  \
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Table 3 . 1 I .

V i b r a t i o n a l  a s s i gnments3 f o r  (PPh^Me)HgX^ (X=CI, Br o r  I ) .

Cl (a- form) Cl (&- form) Br I

IRC Rad IRC Rad IRC Rad IRC Rad Assignments^

298mw

286s ) 
28 1sh)

283s

v 5 (HgCI ) b Au 

V | (H9C I ) b Ag

3 1 Os
304 s ) 
300sh)

22 Is

2 1 6

165s 

149m

105s 

90s

I 64w 

I 46s

103m 

97sh 

89sh

Va s <H9x ) +

Vs (HgX)+

v ( H g l ) b

287m See t e x t

203s V H9C I ) b Au

I 32s V7 (H9C I ) b Au

I I Os V H9C I ) b Au

96sh I 32s I 32s I 2 2 s 8 6 sh 78mw 77w ' C a t ion  and an ion

90m I I Os I 14s I I 2 s 74sh 54m 6 8 w 1 t r a n s 1 a t i  ons,

6 6 m 96w 87vs 99s 67 s 46w 49m bending and

56sh 90w 65vs 76m 59s 36s ( l a t t i c e  modes

42s 85sh

6 6 ms

56ms

42s

58s 

50vs 

36s 

29s 

I 3ms

60sh

55w

44vw

31s 

26s '

'

a -  o m i t t i n g  i n t e r n a l  modes o f  th e  l i g a n d ,

b -  numbering o f  modes is  as in F igu re  3 .3a .

c -  recorded a t  ca_. 30K.

d -  recorded a t  room tem pe ra tu re .
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in th e  spec t ra  o f  th e  $ - c h l o r o  and bromo complexes,  r e s p e c t i v e l y ,  which may

be assigned v(HgX)^_. The r e l a t i v e l y  h igh wavenumber va lu es  o f  these  v (H g X )^

modes suggest  r e l a t i v e l y  la rg e  X-Hg-P a ng le s .  There a re  no f u r t h e r  bands

a t t r i b u t a b l e  t o  s t r e t c h i n g  modes between mercury and halogen u n t i l  165 cm *

and 122 cm 1 in the  IR sp ec t ra  o f  $ - c h i o r o  and bromo complexes,  r e s p e c t i v e l y

where t h e r e  a re  s t ro n g  broad a b s o r p t i o n  bands which have been assigned t o

c a t i o n  and anion  t r a n s l a t i o n s .

The iodo complex shows bands a t  165 ( IR) and 164 (Ra) cm * and a t  149

(IR) and 146 (Ra) cm * which a re  i n d i c a t i v e  o f  v (H g l ) ,  and v (H g l ) ,as t  s t

r e s p e c t i v e l y ,  in a d i s c r e t e  d im e r i c  s t r u c t u r e .  The p o s i t i o n s  o f  the  bands 

a t  105 ( IR) and 90 ( I R ) ,  and a t  103 (Ra),  97 (Ra) and 89 (Ra) cm * suggest  

they  may have a r i s e n  f rom v ( H g l ) ^  modes o f  a d im e r i c  spec ies .  Consequent ly  

these  bands are assigned v ( H g l ) ^  and a d i s c r e t e  d im e r ic  s t r u c t u r e  i s  proposed 

I t  was no t  p o s s ib le  t o  deduce any i n f o r m a t i o n  conce rn in g  v(HgP) modes,

(d) (PPhN^JHgX^ (X=CI, Br o r  I ) . V i b r a t i o n a l  data o b ta in e d  a re  shown 

in F igu res  3.8a and 3.8b and Table  3 .12 .  The i n f r a r e d  spec trum due t o  the  

complexed l igand  appears t o  be c o n s i s t e n t  f o r  th e  bromo and iodo complexes.  

When these  bands a re  e l im in a te d  th e  spec t ra  a re  much s i m p l i f i e d .

There i s  a s t r i k i n g  resemblance between the  IR sp ec t ra  o f  the  bromo 

complex and t h a t  o f  (PMe-^HgB^ (F igu re  3 . 8 a ) .  The h ig h e s t  wavenumber bands, 

a t  225 ( IR)  and 225 (Ra) cm *, in the  spec t ra  o f  (PPhN^JHgBr^ have been 

assigned t o  v (H g B r ) ,  t h e i r  e x c e p t i o n a l l y  h igh wavenumber p o s i t i o n s  s u g g e s t i n g  

a la rge  Br-Hg-P a ng le .  The bands a t  129, 120 and 99 cm * in  t h e  IR spec trum 

can be assigned t o  t r a n s l a t i o n s  o f  * [ B r-Hg-PPhN^ l  ’ c a t i o n s  and ’ Br a n ions  

No f u r t h e r  i n fo r m a t i o n  cou ld  be gained f rom th e  Ra spec trum.

The spec t ra  o f  th e  iodo complex suggest  a d i s c r e t e  d im e r i c  s t r u c t u r e  

by compar ison w i t h  the  spec t ra  o f  (PPh^JHgl^,  (PPI^MeJHg^ and B - t P P r ^ H g ^ .  

The bands a t  159 ( IR) and 161 (Ra) cm * a re  assigned v (Hgl)^ . ,  whereas bands



Far infrared spectra (ca . 30K) for (PPhMe^HgXp (X=CI, Br or 1 ) (cm )

i n t e r n a l  mode o f  t h e  l i g a n d .  

X=CI • •  -  unassigned band.

i_____________________ L
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Table 3.12.

V ib ra t io n a l  a s s ignments9 f o r  (.PPhMeg)HgXg (X=CI, Br o r  I ) .

Cl Br 1

Assi gnmentsIRb Rac 1 Rb RaC 1 Rb RaC

312s 318sh 225s 159m 1 61 s v a s <Hgx ) +

302sh 303s 223m 144s 148m

>

Vs (HgX)t

1 1 2 s h ) 1 14m

105s ) v ( H g l ) b

90sh)

1 2 0 s 1 29sh 129s 146w 73w 6 6 sh \ Ca t io n  and anion

107s 97s 1 2 2 s 134m 62s 42s t r a n s l a t i o n s ,

93s 6 8 s 99s 96m 54sh bending and

71s 60s 8 8 w 71 sh 44mw l a t t i c e  modes.

56s 76s 60sh

71 sh 50s

59m

42w i

a -  o m i t t i n g  i n t e r n a l  modes o f  t h e  l i g a n d ,

b -  recorded a t  ca_. 30K.

c -  recorded a t  room tem p e ra tu re .
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a+ 144 ( IR) and 148 (Ra) cm 1 a re  assigned v (H g I ) . .  The co r resp on d ing3 S T

v ( H g l ) ^  modes a re  located a t  112, 105 and 90 cm *, and a t  114 cm * in  the  

i n f r a r e d  and Raman spec t ra  r e s p e c t i v e l y .

The sp ec t ra  o f  the  c h l o r o  complex a re  ex t rem e ly  d i f f i c u l t  t o  i n t e r p r e t .  

The s t ro n g  bands a t  ca_. 310 cm * in both IR and Ra spec t ra  c e r t a i n l y  a r i s e  

f rom v ( H g C I m o d e s  o f  some form, t h e i r  h igh wavenumber va lues  su gg es t ing  a 

la rge  C l-Hg-P  a n g le .  The reg ion  a t  ca .  200 cm * causes d i f f i c u l t i e s .  By 

compar ison w i t h  the  o th e r  two ha lo  analogues one would expect  q u i t e  s t r o n g  

s i g n a l s  in t h i s  re g ion  due t o  i n t e r n a l  modes o f  t h e  l i g a n d ,  bu t  t h i s  reg ion  

i s  a l s o  t h a t  where bands a r i s i n g  f r o m V ( H g C I ) ^  modes o f  a d i s c r e t e  d im e r i c  

spec ies  would o c c u r .  A l though the  r e l a t i v e  i n t e n s i t y  va lu es  o f  t h e  bands 

in t h i s  reg ion  do not  correspond t o  those  bands a t t r i b u t e d  t o  the  complexed 

l i gand  in bromo and iodo compounds, t h e  wavenumber p o s i t i o n s  a re  ve ry  s i m i l a r .  

T h e re fo re  these  bands a re  t e n t a t i v e l y  assigned t o  i n t e r n a l  l ig a nd  modes. 

E l i m i n a t i o n  o f  these  bands means t h e r e  a re  no f u r t h e r  bands a t t r i b u t a b l e  t o  

v (HgCI)  above ca.  130 cm * in both IR and Raman s p e c t ra .  Th is  o b s e r v a t i o n  

suggests a s i m i l a r  ’ i o n i c ’ s t r u c t u r e  t o  t h a t  found f o r  (PMe-jJHgC^.  Th is  

would be q u i t e  reasonab le  on the  bas is  o f  t h e  s i m i l a r i t y  between PMe^ and 

PPhN^ l ig a n d s .

No in f o r m a t i o n  cou ld  be deduced conce rn ing  v(HgP) modes.

3 .4 .  STRUCTURAL STUDIES OF SOME (PR3 )HgX2  COMPLEXES IN SOLUTION.

(a) I n t r o d u c t i o n . In fo rm a t io n  conce rn in g  the  na tu re  o f  (PR^)HgX2  

spec ies  in s o l u t i o n  i s  ve ry  use fu l  f o r  two reasons.  F i r s t l y ,  knowledge o f  

t h e i r  s t r u c t u r e  in s o l u t i o n  would be use fu l  w h i l s t  a t t e m p t in g  t o  e x p l a i n  

s o l i d  s t a t e  s t r u c t u r e s  (Sec t ion  2 . 3 . 1 ) ,  and second ly ,  v i b r a t i o n a l  s t u d ie s  

o f  s o l u t i o n  phase spec ies  may help d i s t i n g u i s h  bands a r i s i n g  f rom s o l i d  s t a t e  

e f f e c t s  in the  v i b r a t i o n a l  spec t ra  o f  the  s o l i d s .  T h e re fo re ,  wherever 

p o s s i b l e  exper iments were undertaken t o  ga in  such i n f o r m a t i o n .  The expe r im en ta l
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techniques used for th is  purpose include re la t iv e  molecular mass (M^)

determination, v ibrational spectroscopy and n.m.r spectroscopy. Each

of these techniques, especia lly  the la t te r  two, require quite  high s o lu b i l i ty

of the complex in appropriate solvents. Unfortunately a l l  the (PR^)HgX2

complexes studied in th is  work, with the exception of the PPr^ and PBu  ̂ series ,

have limited s o lu b i l i t ie s  in su itab le  solvents. Therefore solution phase

studies have been res tr ic ted  to (PBu^)HgX2  (X=CI, Br or I)  and (PPr^)HgX2

(X=CI, Br or I ) .

(b} (PBu^)HgX2  (X=CI, Br or I ) .

Relative molecular mass determinations in benzene. Table 3.13

contains the re la t iv e  molecular (M ) and formula (F ) masses fo r the threer r

complexes studied. The ra t io  Mr/ F r indicates th a t  each halo analogue is

90dimeric in benzene. These results compare well with those of Kessler who

carried out s im ila r  studies in chloroform.

Far-in frared  spectra in benzene. The fa r - in f ra re d  spectra together

with v ibrational assignments fo r the (PBu^)HgX2  complexes are shown in

Figure 3 .9 .  By comparison with data on the solid state  (Section 3 .3 .1 )  the

present spectra suggest the presence of halogen-bridged dimeric structures

with ligands mutually trans, fo r  which a simple point group analysis (C. or

^2h^ PrecJic+s +bat one v(HgX)^. mode and two v(HgX)^. modes are ac t ive  in the

IR spectrum. I t  should be mentioned tha t the broad absorption assigned as

v(Hgl)^  could well consist of more than one component as already noted by 

90Kessler. The wavenumber positions of the remaining v(HgX)^ modes may well 

be coincident with the f i r s t  ^HgX)^ mode in each case, thus suggesting 

symmetric four-membered rings, and th is  fu r th e r  suggests th a t  the lower 

wavenumber bands in each spectrum (less than 101, 68, 61 cm * fo r  chloro, 

bromo and iodo complexes, respectively) are due to bending modes. A l te r 

native ly  these lower absorptions may be due to the second v(HgX)^ mode which
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Far i n f r a r e d  spe c t r a  (RT) o f (PBu^)HgXo (X=CI, Br o r  1) in benzene

n
X=CI (a - fo rm )  (cone -  35 mg cm )

303 -  v (H g C I )b , 163 -  v (H g C I )b , I 0 ^ | _ , ?v(Hgc i ) fa’ , bend ing modes + s o l v e n t

oo
m

n - 3X=Br (cone -40  mg cm )

208
198

|  -  v(HgBr)^. ,  109 -  v (H g B r )b , 6 8  -  v ( H g B r ) b, bending modes + s o l v e n t ,

166
159
149
144

10CM

n  — ^
X= I (cone -5 0  mg cm )

-  v<Hgl>+ , -  v ( H g l ) b , 61 - ’ ? v ( H g l ) b f , bending modes + 

sol  v e n t .

400 300 200 100 cm
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Table 3.13.

Relative molecular masses determined for (PBu )̂HgX>, 

(X=CI, Br or I) in benzene.

Compound Mr Fr M /F  r r

a-(PBu^)HgCI2 971 473 2.05

(PBu^JHgB^ I 122 562 2.00

(PBu^)Hgl2 1252 656 I .91

Table 3 .1 4 .

Relative molecular masses determined for (PPrl?)HgX^ 

(X=CI. Br or I)  in benzene.

Compound Mr Fr M /F  r  r
(PPr^)HgCI2 864 432 2.00

(PPr^)HgBr2 1044 521 2.00

a-CPPr^Hg l2 1 176 615 1.91

Table 3 .15.

6 ( ^ P )  and ^J(Hq-P) data f o r  (PPr2)HqX^ complexes.

Comp 1 ex P)/ppm 3 1J(Hg-P)/Hz b

300 K 183 K 300 K 183 K

(PPr^)HgCI2 33.0 32.7 7389 7524

(PPr^)HgBr2 27.2 27.7 661 1 6836

a-(PPr^)Hg12 6.2 7.5 5071 5476

3“ (PPr^)Hgl2 6.9 7.5 5053 5481

a ± I ppm b ± 5Hz.
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would suggest the presence of asymmetric r ings. I t  is worthy to note that

90these resul ts are in complete agreement with the work of Kessler who 

carried out s imilar  experiments in CDCI^.

(c) (PPr^)HgX2 (X=CI, Br or I ) .

Relative  molecular mass determinations in benzene. The r e la t i v e  

molecular masses of the chloro, bromo and ct-iodo complexes have been deter

mined and indicate tha t  each compound is essent ia l ly  dimeric in so lut ion.

Far- in frared spectra in benzene. The fa r - in f ra re d  spectra and 

vibrat ional assignments for  (PPr^)HgX2 (X=CI, Br or I )  are shown in 

Figure 3.10. These spectra are very s im i lar  to those observed for  the PBu  ̂

complexes and so s im i lar  structures are proposed, i . e .  halogen-bridged dimers 

with ligands mutually trans. A s imi lar  point group treatment has been adopted. 

The more complicated nature of the (PPr^)HgBr2 spectrum, may well indicate  

the presence of more than one structural form.

^*P n.m.r spectra. ^*P n.m.r spectra have been recorded using
3 1CH2CI2/CD2CI2 (80/20) as solvent.  Chemical s h i f t ,  6( P), and coupling

constant, *J(Hg-P) data, recorded a t  room temperature and -90°C are shown 

i n Tab I e 3.15.

90 125These resul ts correspond to those observed by Kessler and Grim 

for  (PBu^)HgX2 complexes. By comparison with previous d a t a ^ '  the

*J(Hg-P) values are typical  of a structure consisting of one phosphine ligand 

bonded to each mercury atom in a trans halogen-bridged dimeric arrangement.

3. 5. VIBRATIONAL STUDIES OF I : I ADDITION COMPLEXES CONTAINING NITROGEN-,

SU LPHUR- OR 0XYGEN-D0N0R LIGANDS.

3 .5 .1 .  Nitrogen-donor ligands.

CrystaI lographic data ava ilab le  for  complexes formed between nitrogen-  

donor ligands and the mercuric halides include the structures of
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r ig u r e  o . i u .

Far in f ra red  spec t ra  o f  (PPi%)HqX^ (X=CI, Br o r  I) in benzene.!

cm ^ )

J -  v(HgCI)^,  100 -  f ?v(HgCI)b f , bending modes

X=CI (cone11 -30 mg cm “*)

305 -  v(HgCI)+, 156'
144

+ solvent.

n  —
X=Br (cone ~40 mg cm )

225
212
200

144
-  v(HgBr), ,  107

T 96
-  v(HgBr)b, 6 4 ] " ! ?v(HgBr)bf , bending modes

+ solvent.

to  j -  in

171
146

n
X=l(a-form) (cone ~50 mg cm )

j -  v(Hg l )+ , 88 - v ( H g l ) b,
68
59
51

! ?v(Hgl)bf , bending modes 

+ solvent.
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(2 ,4,6-t r imethylpyr id ine)HgCl2^^ and (guanosine-N^JHgC^^ (Section 1.3.3) and 

also tha t  of (2,4-dimethyIpyridineJHgB^ (Section 2 . 2 . 7 ) .  The vibrat ional  

spectra of a series of complexes of various methyl-substituted pyridines  

with mercuric halides have been recorded and where possible the aforementioned 

crystaI lographic data have been used as a basis for  v ibrat ional  assignments.

The c r i t e r i a  employed to locate v(HgX) modes are the same as those 

described in Section 3 .2 .1 .  In view of the unrel i a b i I i t y  of the l i t e r a tu r e  

with regard v(HgN) modes in these compounds, attempts to locate these modes 

have been carr ied out disregarding these reports.

(a) (2,4 ,6- tr imethylpyrid ine)HgXg (X=CI or B r ) . The equivalent  

iodo complex could not be prepared. The chloro complex is known to consist  

of almost tr igonal planar ’ NHgC^1 units stacked one upon another and joined 

at  e i ther  end via two equivalent long range Hg-CI contacts (Section 3 . 1 ) .

The structure can be treated as a polymeric chain belonging to the 

C. l ine group, i . e .  a s im i lar  treatment to that  used for  (PEt^HgC^

(Appendix 4 ) .

The l ine group analysis (taking the organic ligand as a point mass) 

predicts the to ta l  number and a c t i v i t y  of the internal modes of the chain 

to be: -

r  ha j n = I I A  (Ra)  + 9A ( IR)chain g u

The number and a c t i v i t y  of modes associated withv(HgCI)^ modes Iss —

T v(HgCI). = 4A (Ra) + 4A ( IR)a b g u

Far- in frared spectra are shown in Figure 3 .11.  Unfortunately attempts 

to record Raman spectra were unsuccessful due to severe f luorescence by the 

samples. Wavenumber posit ions and vibrat ional  assignments are contained in 

Table 3.16.  There are very strong bands in the region 200-300 cm * due to 

internal modes of the ligands but these may eas i ly  be el iminated in the  

conventional manner ( f ree  ligand spectra have been reported by Green and
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Figure 5 .1 1 .
Far infrared spectra (ca. 30K) of ( '2,4,6 - tr imethy I pyri  d i ne)HqX2 

(X=CI or Br) (cm *)

X=C I

X=Br
CD
CM

100200300400

• -  internal mode of the ligand.

••  -  unassigned band.
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Table 3 .1 6 .
g

V ib ra t io n a l  a s s ionments f o r  ( 2 . 4 . 6 - t r i m e t hy Ipy r i d i  ne)HqXp

(X=CI o r  B r ) .

Cl Br

IRb I Rb Ass i gnmentsc#ci

383vw

375vw

26 Is I96sh) 
I 80s )

V5(H3X)b Au

229s I 59s) 
I 54s) V H9X)b Au

98s 85sh >
V H9X)b V

98sh 76s v 8 (H9X)b Au .

75s 6 1 s
1

bending and l a t t i c e

49w 5 1 s 1! modes.

a -  o m i t t i n g  in te rna l  modes o f  the l igand,

b -  recorded a t  câ . 30K

c -  Raman spectra could not be recorded because o f  severe

f luorescence of  samples, 

d -  numbering o f  modes as in Figure 3.3a.
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Harrison * .  Once the ligand modes are removed c lear  halogen mass-dependence 

of some of the bands in the spectra is found, suggesting chloro and bromo 

complexes are isostructura l . The strong bands a t  261 and 229 cm ' in the 

spectrum of the chloro complex are readily  assigned to the two highest frequency 

v (HgCI)b modes. S im i la r ly ,  the strong pairs of bands at  196 and 180 cm * and 

at  159 and I 54 cm * in the spectrum of the bromo complex can be assigned to 

the two corresponding v(HgBr)^ modes. I t  is d i f f i c u l t  to assign the remaining 

v(HgX)b modes unequivocally as the spectra in lower wavenumber regions are 

complicated by bands ar is ing from the presence of bending and Iattice modes. 

However, the bands which should ar ise  from these v(HgX)^ modes are most 

l ike ly  contained in the strong absorptions in the regions 75-98 and 51-85 cm * 

for  the chloro and bromo complexes respect ively.

No evidence of v(HgN) modes was immediately apparent.

(b) (2,4-dimethyIpyridine)HgX^, (X=CI or B r ) . The equivalent iodo

analogue could not be prepared. The st ructure of the bromo complex consists 

of approximately tr igonal planar ’ NHgB^ 1 units packed one upon another 

leading to a chain-1 ike arrangement. There are two unequal Hg-Br bridge 

distances between each ’ NHgB^’ uni t  which results in a d i f f e r e n t  packing 

arrangement to that  found for (2 ,4 ,6 - t r imethyIpyr id ine)HgCI^  Prel iminary  

photographs indicate the equivalent chloro complex to be isomorphous and 

probably isostructuraI with the bromide.

The chain belongs to the C| l ine group. The l ine group analysis  

( taking the 2,4-dimethyl pyridine ligand as a point mass) predicts the 

following internal modes of the chain:-

T . . 20A ( IR, Ra)chain '

and:

Tv(HgX)b = 8 A (IR, Ra)

Vibrational data are recorded in Table 3.17 and Figure 3 .12. Internal modes
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Figure 3 .1 2 .

Far- in frared spectra (ca.30K) and Raman spectra (RT) of 

( 2 ,4-dimethy 1pyr id ine)HqX  ̂ (X=CI or Br) (cm *)

internal mode of the 
I i  gand.

X=C

unassi gned 
band.

X=Br

400 300 200

CM <M

400 300 200 00 cm- I 400 300 200 00 cm
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Table 3 .1 7 .
0

V ib ra t io n a l  a s s iqnments f o r  (2 .4 -d ime thy l p y r 1d i ne)HqX^ (X =CI or  Br)

Cl Br

IRb RaC I Rb Rac Ass ignments^

3 1 Os ) 
306sh) 206s 205m v ( (HgX)b

293se
I 50s) 
142m) I 60s v 2 (H9X)b

271 m 275s v 3 (HgX)b

240s 242sh V4 (HgX)b

I I Osh) 85s 75s
\

V V H9X)b'
I 05m ) 67s 58s bend i ng and

85sh

78s

l a t t i c e  modes

61 sh

44w

a -  o m i t t i n g  in te rna l  modes o f  the l igand,

b -  recorded a t  ca. 30K.

c -  recorded a t  room temperature.

d -  numbering o f  modes is as in Figure 3.3af
the numbering is not s i g n i f i c a n t  but used to  d i f f e r e n t i a t e  
between in d iv idua l  modes.

e -  p lus some c o n t r i b u t i o n  from an in te rna l  mode of  the l igand .
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of the ligand have been el iminated as usual, the free ligand spectra having

144been reported by Green et  aj_. The appearance of the vibrat ional  spectra 

are fa r  simpler than expected, not a l l  the predicted modes being observed.

For the chloro complex the bands a t  310, 306, 271 and 240 cm * (IR) and 293, 

275 and 242 cm * (Ra) are assigned to modes associated with vibrat ion of the  

shorter Hg-CI bonds, although the band at  293 (Ra) probably contains some 

contribut ion from an internal ligand mode. The appearance of much stronger 

internal ligand modes for  the chloro complex is the result  of a higher 

amplif icat ion being used whils t  recording the spectrum (see Section 3 .3 .1 b ) .

The spectra of the bromo complex are even simpler.  The bands a t  206 

C|R) and 205 (Ra) cm *, and at  150, 142 (IR) and 160 (Ra) cm * are assigned 

to two v(HgBr) modes associated with v ibrat ion of the shorter mercury-bromine 

bridges.

The remaining v(HgX)^ modes cannot be assigned ind iv idua l ly ,  but are 

expected to be contained in the bands appearing below 105 and 90 cm * in the  

vibrational spectra of the chloro and bromo compounds respect ive ly .

There was no evidence of the presence of v(HgN) modes in any of the  

spectra.

(c) ( 2 , 6 -dimethylpyridine)HgX 2  (X=CI or B r ) . The analogous iodo 

compound could not be prepared. No crystal  Iographic data are ava i lab le  for  

these complexes. However, examination of t h e i r  vibrat ional spectra indicate  

a s im i lar  structure to that  found for  (2 ,4 ,6 - t r imethy Ipyr id ine )HgCI2 * 50 

consequently the spectra have been interpreted using the same l ine group ( C . ) 

treatment for  a polymeric chain (taking the ligand as a point mass) (Appendix 

4 ) .

For a chain polymer of th is  type one predicts the a c t i v i t y  and number 

of internal modes to be:-



Figure 5.15.

F a r - in f ra re d  spec t ra  (c a . 30K) and Raman spec t ra  (RT) o f

J 2 , 6-d imethy I pyr i d  i ne)HgXp (X=CI o r  Br) (cm ' )

CI—  • internal mode of the

Ii gand.

unassigned band

X=Br

400 300 200 100

X=CI X=Br

o

GO
o

400 300 200 100400 300 200 I 00 cm
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Tab Ie 3 .1 8 .
0|

V ib ra t io n a l  a s s iqnments f o r  (2 ,6 -d ime thy l p y r id i n e ) H qXp (X=CI o r  Br)

Cl Br

I Rb 73 Q)
o

IRb RaC Assi gnments^

242sh

253

166s) 
I 59s)

I 63s) 
I 58s)

V H 9X)b \

V| (H9X)b Au

2 17s ) 
2 12s)

I 68m

143s

105m

V H9X)b Au

V H9X)b Ag

135s 108vs 98sh 70vs > v(HgX)^,  bending

l.05s 79s and l a t t i c e  modes.

95s 63s

85sh 5 1 m

80s 42m

66sh

44m
t

a -  o m i t t i n g  in te rna l  modes o f  the l igand,

b -  recorded a t  ca.  30K.

c -  recorded a t  room temperature,

d -  numbering o f  modes is as in Figure 3.3a.
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The number of modes described asv(HgX)^ are predicted to be:-

Tv (HgX), = 4A (Ra) + . 4A ( IR)a b g u

Vibrational data are shown in Figure 3.13 and Table 3.18. Internal modes

of the ligand are el iminated as usual (the free ligand spectra have been

144recorded by Green et  aj_. ) .  The assignments made here agree qui te  well

with those of ( 2 , 4 , 6 - tr imethylpyridine)HgX 2  complexes. There is a notable 

convergence of the two highest wavenumber IR-active v(HgX)^ modes in the 

present case, however, which may be explained in terms of a near equivalence
o

of Hg-X bonds in the ’ NHgX2 f units [Hg-CI distances of 2.40 and 2.54 A are 

found in (2,4 ,6-t r imethyIpyr id ine)HgCI

Modes associated withv(HgN) were not immediately apparent.

3 . 5 . 2 . SuIphur-donor l igands.

To gain fur ther  information concerning the relat ionships between 

mercury-halogen spectra and structure,  some S-donor complexes of known 

structure have been examined using infrared spectroscopy (40-400 cm * ) .

SuIphur-donor ligands can be of a range of s te r ic  and e lectronic  type,  

including singly-bonded sulphur (e .g .  d ia lkyl and diaryl  suphides) and doubly- 

bonded sulphur (e .g .  thiourea or Ph^PS).

CrystaI lographic data ava ilab le  for  suIphur-donor complexes include:-

* 58(MPOHgC^ ~ an asymmetric dimer
64

(C^HgSJHgC^ ~ an ’ ion ic ’ chain
145(Ph^PS)HgX2  (X=CI or Br) -  asymmetric dimers ( in ferred  from single

crystal  photographs)

(dehydrodithizone)HgCI 2 ^^ “ a sulphur-bridged polymer 

The fa r - IR  spectra of the f i r s t  three of these complexes and t h e i r  halo 

analogues have been studied. The c r i t e r i a  used for  vibrat ional assignments 

were as used for  the (PR^)HgX2  complexes.

*
MPC = methyl pyrrol id ine - l -carbodi th ioate
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(a) (Ph^PSMgXg (X=CI, Br or 1 ) . The complexes (Ph^PS)HgX2

145(X=CI or Br) are isomorphous and probably isostructuraI with (Ph^PSe)HgCI

57which is known to be a halogen-bridged dimer. The iodo complex is not 

145isomorphous. The spectra of the chloro and bromo complexes can be f u l l y

interpreted using a simple point group (C.)  analysis.  The modes predicted

(taking Ph^PS as a point mass) a r e : -

Tv (HgX), = A (Ra) + A (IR)a t  g u

Tv (HgX), = 2A (Ra) + 2A (IR)a b g u

Tv(HgS) = A (Ra) + A (IR)a g u

Relevant results are contained in Figure 3.14 and Table 3.19.  Internal modes

of the Ph^PS ligand have been el iminated using normal procedures. The bands 

at  304 and 200 cm * in the chloro and bromo spectra,  respect ive ly ,  are 

assigned to the v(HgX)^. modes, and the bands at  194, 142 (chloro complex)

and 139, 98 cm * (bromo complex) are assigned to the two vtHgX)^ modes in

each case. The bands a t  1.42 and 139 in the chloro and bromo complexes, 

respect ively,  may also contain some contribut ion from a mode of the Ph^PS 

ligand as th is  does absorb in th is  region. However, comparison of the 

r e la t iv e  in tensi t ies  of the ligand modes within each halo complex spectrum 

and a s imi lar  comparison within the spectrum of f ree Ph^PS suggest tha t  th is  

contribution would be comparatively weak. The bands at  294 cm * (chloro 

complex) and 295 cm * (bromo complex) are te n ta t iv e ly  assigned as v(HgS) by 

comparison with other reports of v(HgS) modes in th is  region.

As already mentioned, the iodo complex is not isomorphous with i ts  

other halo analogues. However, internal modes of the ligand have been 

eliminated leaving a spectrum which also suggests a dimeric structure .  

Tentative v ibrat ional  assignments are contained in Table 3.19 in terms of an 

iodine-bridged dimer.

(b) (MPOHgX^ (X=CI, Br or I ) . The st ructure of (MPOHgC^*^ is tha t
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Figure 3 .1 4 .

Far - in frared spectra (ca . 30K) of (Ph^P S ^ QX̂  (X=CI . Br or I ) (cm *)

X=CI • -  internal mode of the ligand

X=Br

J *  CO CO 
rH  O  O

•CO 
CO CO

o CNj

400 300 200

192
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Table 3 .1 9 .

V ib ra t io n a l  a s s ignments3 f o r  (Ph^ PS)HqXo (X=CI, Br o r  I) (cm ^).

Cl Br I

I Rb IRb IRb Ass ignments

304s 2 0 0 s 163s 

I39msC

1

Vas(H9X)+ 

v s (HgX)+

194s 139sC 1 0 0 m < v(HgX)b

142sc 98s

294sh 295s 28 Is v(HgS)

103s 85m 76w
\ '

Bend i ng
90m 76w 59w and la t t i c e

76ms 63w 46w modes etc.

64m 56vw <
49vw 46w

a -  omitt ing internal modes of the ligand,  

b -  recorded a t  ca_. 30K.

c -  containing some contribution from an internal mode of the l igand.
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of an asymmetric dimer, with one dimer per unit  c e l l .  The compound c ry s ta l 

l izes in a t r i c l i n i c  system, space group PI ,  and consequently sol id state  

ef fects  are not envisaged (cf_. (TPPJHgC^, Section 3 .3 .1 a ) .  Vibrational  data

are reported in Table 3.20 and Figure 3.15,  When internal modes of the

MPC ligand have been el iminated the spectra of chloro and bromo compounds 

appear to be halogen mass-dependent in the manner expected for an isostructuraI  

pair .  The spectrum of (Ph^PSJHg^ is d i f f i c u l t  to in terpre t  as the positions  

of ligand modes appear to be shi fted d r a s t ic a l ly  and are very d i f f e r e n t  to 

those located in the chloro and bromo analogues. Very l i t t l e  can be said 

about th is  spectrum other than the bands at  155 and 129 are probably due 

to some form of V(Hgl)  modes, plus possibly some contribution from the 

l igand. I t  seems l ik e ly  that  the MPC ligand is coordinated to mercury in 

a manner d i f f e re n t  to tha t  in chloro and bromo compounds.

With regards the chloro and bromo compounds, using a simple point  

group analysis (C.) ( taking the MPC ligand as a point mass) one may p re d ic t : -  

Tv(HgS) = A (Ra) + A (IR)a 9 u

Tv(HgX), = A (Ra) + A ( IR)a t  g u

and Tv(HgX). = 2A (Ra) + 2A (IR)a b g u

The bands a t  291 cm * (chloro complex) and 195 cm * (bromo complex) are  

assigned to WHgX)^, whereas, the bands a t  lower wavenumber a t  206 cm *

(chloro complex) and 149 cm * (bromo complex) are assigned to one of the 

two v(HgX)^ modes, in each case.

The second v (HgCI)  ̂ mode is assigned to the band a t  132 cm *. The 

corresponding mode for  the bromo compound could not be assigned due to  

strong ligand absorption in the region where i t  is l ik e ly  to occur, i . e .  

ca. 90 cm *.

Modes due to v(HgS) have been te n ta t iv e ly  assigned a t  283 and 271 cm * 

for bromo and iodo complexes, respect ively,  which leads to the reasonable
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Figure 3 .1 5 .

F a r - in f ra re d  spec tra (ca .30K) o f  (MPC)HgX2 (X=CI> Br o r  1) (cm )

X=CI • “ internal mode of the ligand.

X=Br

tnj- 
CM CM

X= I

CM CM

100200300400 cm



Table 3 .2 0 .

a - 1
V ib ra t io n a l  ass ig nments f o r  (MPOHqX^ (X=C1, Br o r  I) (cm ) .

Cl Br l b

Ass i gnmentsIRC IRC IRC

291 sd 283ms 27 Is v(HgS)

291 sd I 95s I 55s) V(HgX),
I 29s)

206 s 149 v(HgX)b

I 32s v(HgC I)b

98s 90s 83m ^ Bending i

93s 8 1 s 7 1 m 1 and

73ms 68w 52w lattice modes

54m 59w 42w i
44w 32sh

>

a -  o m i t t i n g  in te rna l  modes o f  the l igand,  

b -  see t e x t ,  

c -  recorded a t  ca_. 30K. 

d -  c o inc id en t  bands.
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conclusion that  the band assigned V(HgCI)^. a t  291 cm probably contains 

some contribution from V(HgS),
64

(c) (C/|Hg$)HgX^ (X^CI or B r ) . The structure of the chloro complex 

is s im i lar  to the ’ ion ic ’ chain structure found for  (RMe^HgC^. However,

in the present case each ’ Hg Cl ’ distance is s l ig h t l y  shorter.  A s im i la r

yibrat ional treatment has been used as for (PMe^HgC^ (Appendix 4) i . e .  a 

factor  group analysis with two cations and two anions per uni t  c e l l .

The stretching modes associated with the XS—Hg—C13+ cation (taking  

C^HgS as a point mass) a r e : -

rv(HgCI)+ = Ag (Ra) + Ay (IR)

Tv(HgS) = Ag (Ra) + Au (IR)

The number and a c t i v i t i e s  of modes due to cation and anion t ranslat ions are 

predicted to be:-

T .  . . = 6 A (Ra) + 3A (IR)ionic trans. g u

The IR spectra are shown in Figure 3.16. I t  should be mentioned that  because

of the in s t a b i l i t y  of both these complexes the IR spectra were recorded

immediately a f t e r  preparation using the 'sandwich disc method’ described in

Section 7 .2 .

Internal modes of the ligand have been el iminated by comparison of 

chloro and bromo spectra.  The remaining bands show typical  halogen mass- 

dependence suggesting the bromo complex is isostructuraI with the chloro 

complex. The (C^HgSJHgC^ spectrum is s im i la r  to that  of (PMe^HgC^, +^e 

one s ign i f ican t  difference being the higher wavenumber posit ions of the ion 

t ranslatory  modes. This is not surprising when one considers the shorter  

Hg Cl distances found for  the (C^HgSJHgC^ complex. Vibrat ional assign

ments and wavenumber posit ions are contained in Table 3.21.
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FjQure 3.16.
Fai— in f ra red  spec t ra  (ca . 30K) o f  (C^ H ^ S (X=CI or  B r ) (cm )

• -  internal mode of the ligand.  

x=cl  •• -  unassigned band.

CM CM 
CM - t

1

X=Br

•  co
J " •“ « ,-H

J- -------------------  . _ j
400 300 2 0 0  1 0 0  cm

198



Table 3 .2 1 .
a - |

Vibrational ass ignments for  (C^HgSMgX  ̂ (X=CI, Br or I )  (cm ) .

Cl Br

IRb IRb Ass i gnments

322s ) 
3l2sh)

204 s v(HgX)+ Au

279m 283s v(HgS) Au

197s 132s \  Cation and anion

164s 1 15s transla t ions ,

134s 90m bend i ng and

1 24sh 78w la t t i c e  modes.

93s 73w

81 mw 56m

61s 49w

a -  omitt ing internal modes of the ligand, 

b -  recorded at  ca. 30K.
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3 .5 .3 ,  Oxygen-donor I i gands.

A number of complexes formed between oxygen-donor ligands and HgCI 2  

have been studied crystaI lographicaI  I y . Most of these structures contain
O

almost undistorted HgC^ units,  with CI-Hg-CI angles of ca. 170 , loosely
o

held together by Hg-CI contacts of ca. 3 A. To study the v ibrat ional  

properties of such structures the three complexes (Pf^SOJHgCI 

(Coumarin)HgCI2  and (quinoline-N-oxide)HgCI  ̂ have been examined using 

fa r - in f ra re d  spectroscopy.

To a f i r s t  approximation the structures shall be treated as discrete  

’ OHgC^’ units in which the HgC^ portion is only s l ig h t ly  bent. The 

symmetry of these tetratomic species is ^ne wou^  therefore expect

to observe three modes of v ibrat ion a l l  both IR- and Raman-active, corre

sponding to the motions shown on p 2 oi. The infrared spectra and vibrat ional  

assignments for the compounds studied are shown in Figure 3 . I 7 .  Internal  

modes of the ligands have been el iminated by comparison with f ree  ligand 

spectra.

The stretching modes of l inear  HgC^ (point group (3^) have been shown
Q 9  _  I _ I

to occur a t  368 cm for  v (HgCI) and a t  330/3 I0  cm for  v (HgCI).  Onea s

would not have expected to observe the Vs (HgCI) mode in the IR-spectrum for  

a molecule of th is  symmetry ( ru le  of mutual exclusion); i ts  presence is a 

resul t  of solid state  e f fe c ts .  The wavenumber posit ion of the 6 (CIHgCI) 

mode for l inear  HgC^ has been characterized using matrix isolation  

m e t h o d s a n d  is found to occur at  ca . 1 0 0  cm *.

The present three spectra are s im i lar  to that  found for  sol id  HgC^.  

The \MHgCI)  mode is readi ly  assigned in a l l  three complexes, the positions
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Cl 'CL Cl Cl

v SymLHgCii (CI Hg Cl)

Hg

Cl Cl

_ V „ um (HgCI)  asym —  —

of these modes however appear at  ca . 20-30 cm lower in each case. For the

PhoS0 and quino I ine-N-oxide complexes there are two bands in the v (HgCI) z a

region. This phenomenon may be a t tr ibuted  to corre lat ion e f fec ts ;  Raman 

spectra ,.wou I d help c l a r i f y  th is  s i tua t ion .

Bands at  290 and 281 cm * for  (quinoline-N-oxide)HgCI  ̂ may be assigned 

to vs ^ g C I ) ,  these bands are ca. 30 cm * lower than found in so l id  HgC^*

The appearance of two bands may again be due to solid sta te  e f fe c ts .

The vs (HgCI) mode in the other two complexes could not be assigned, 

because of intereference due to internal ligand modes in the region ca. 300 cm
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3
9

9

Far- in frared spectra (ca . 5QK) of some (o-donor)HqCI  ̂ comp I exes. 

(Ph^SO)HgCIo • “ internal mode of the ligand.

cr> j-

M V 11

(Coumari n)HgCI^

(quinoline-N-oxide)HgCI

400  300 ' 200 100
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The lower reaches of the spectra ( < 120 cm *) become very complicated. 

Here, one would expect to observe t h e 6 (CIHgCI) mode, modes associated 

with the long range Hg-CI contacts and l a t t i c e  modes. I t  was not possible 

to make any further  v ibrational  assignment. There was no evidence of modes 

due to v(HgO).

Although only a few v(HgCI) modes have been assigned in the spectra 

of the above three complexes i t  is s ign i f ican t  that  there are s im i la r i t i e s  

between them, and the spectrum of HgCI2  i t s e l f ,  which, would seem to r e f le c t  

the very weak Hg-0 interact ions.

3 .6 .  GENERAL DISCUSSION

Throughout th is  work on the (L)HgX2  systems eliminat ion of bands 

ar is ing from internal modes of ligands has been a major problem. Such bands 

often appear in regions where they ’ mask' v(HgX) modes. In isolation th is  

’ masking’ would not be a d i f f i c u l t  problem, for comparison of a halo series  

should al low t h e i r  el im inat ion.  However, for  some of the halo series studied 

d i f fe re n t  structures are probable and consequently the numbers, wavenumber 

posit ions and in tensi t ies  of these modes w i l l  vary within a series thus 

making t h e i r  el imination d i f f i c u l t .  Raman spectra appear to be more 

susceptible to interference of th is  kind than are IR spectra (Section 3 .3 .1b ) ;  

consequently examination of IR data allows structure/spectra  correlat ions  

to be made more readily than do Raman data. As fa r  as i t  is possible to 

t e l l ,  the Raman data obtained were compatible with the conclusions reached 

using the IR data.

In spi te  of the aforementioned d i f f i c u l t i e s  concerning spectral  in te r 

pretation, a number of v(HgX) assignments have been compi led (Table 3.22)  

from which structure/spectra relationships have been derived. The v(HgX) 

mode data for  the general case of complexes (L)HgX2  (L=N-, P-,  S- or 0-donor 

ligand) (Section 3.5)  are in agreement with correla t ions presented in
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Section 3 . 3 . I f  for  (PR^)HgX2  complexes; Table 3.22 has been expanded to

include some further  structures observed for  the 1 : 1  system.

Consideration of the structure and spectra of some (L)HgX2  complexes

of known structure indicates tha t  a s imi lar  pattern is emerging as found

96for  comparable chloromercurate(I I ) complexes (Section 1 .4 .1 ) .  Table 3.23

contains structural descriptions and vibrat ional  data of some addit ion

complexes and chloromercurate(I I ) sal ts  whose mercury-chlorine skeletal

structures are s im i la r .  One may note the s im i la r i t y  in wavenumber posit ions

of v(HgCI) modes which to some extent r e f le c t  the s i m i la r i t i e s  in coordination

environment about mercury and the degree of Hg-CI bridging. The highest

wavenumber v(HgCI) modes are dependent upon the coordination environment

about mercury, which in turn is dependent upon the nature of the donor

72ligand. For the O-donor complexes such as (Pl^SO^gC^ where the mercury- 

ligand interaction is very weak, the HgC^ uni t  remains v i r t u a l l y  unaffected,  

and consequently the IR spectra contain bands a t  wavenumbers ju s t  below 

that  found for  HgC^ (sol id )  (Table 3 .23 ) .  For complexes formed between 

mercuric chlor ide and ligands containing N-, P- or S-donor atoms, where 

there is a stronger mercury-Iigand interact ion the HgCI2  uni t  is consider

ably perturbed giving r ise  to a number of structural p o s s ib i l i t i e s ,  e .g.  

dimeric,  polymeric, ’ ion ic ’ chain br tetrameric .  These structures may be 

characterized to some extent by the wavenumber posit ions of the highest  

occuring v(HgCI) mode. The wavenumber values decrease progressively as the 

coordination environment of the short Hg-CI bonds changes from l inear ,  to  

distorted tetrahedral ( in a dimer) through to tr igonal bipyramidal (Table 

3 .23 ) .  Further character izat ion of these structures may be observed by

examination of v(HgCI)^ data. One may note the s im i la r i t y  in wavenumber
2 -

posit ion of v (HgCI)  ̂ modes assigned for  [ (P P h ^ )H g C I  ̂ and [Hg^Clg] species 

on the one hand, and for  [NHgC12  ̂n and [HgCI^]^ species on the other
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(Table 3 .23 ) .

As a consequence of the var ia t ion  in Hg-CI bridge bond length
O

observed for  the range of (U HgC^  structures [ e .g .  as short as 2.56 A for  

(PEt^HgC^ and as l ° n9 as 3.489 A for  (PMe^HgCI^ * a s im i la r ly  wide 

wavenumber range is observed within which v(HgX)^ modes have been assigned 

(Table 3 .22 ) .  I t  should be mentioned that  a corre lat ion exists between the 

length of Hg-CI bonds, both terminal and bridging, and the wavenumber posit 

ions of bands assigned to v (H g C I )  modes (Figure 3 .18a) .  I t  is almost as i f  

each Hg-CI bridge bond behaves as a single independent bond, and the wave

number position of the vibrat ional  stretching mode associated with th is  

’ s in g le ’ bond is dependent on bond length. Although th is  corre la t ion
O

appears to be consistent for  Hg-CI ranging from ca. 2.3 -  3 .0  A and v(HgCI)^ 

modes assigned between c£. 100 and 360 cm *, the s i tuat ion  fo r  Hg-CI bonds
O

longer than ca_. 3 A is d i f f i c u l t  to assess. The spectra in t h is  lower 

region are complicated by the poss ib i l i ty  of various deformation, bending and 

Iatt ice modes, so tha t  assignments have been l imited. Presumably, when a 

Hg-CI distance is greater than the sum of the van der Waals’ rad i i  for  

mercury and chlor ine,  bonding interaction w i l l  cease. We would then have 

M o s t ’ a v(HgCI)^ mode and ’ gained’ an external l a t t i c e  mode. I t  may be 

envisaged that  around th is  point the curve would ’ f l a t t e n ’ as shown in 

Figure 3 . | 8 b. Obviously the wavenumber posit ion of the mode associated with 

these longer Hg-CI distances cannot decrease simply as a function of the
o

curve because a t  ca. 3.3 A a zero wavenumber value would be observed, which 

has no physical meaning for a so l id .

The use of th is  curve for predicting Hg-CI bond lengths is to be 

warned against because the s i tuat ion  is probably more complicated than i t  

appears, as one finds when one attempts to f i t  the v ibrat ional  data for  

a-(PBu^)HgCI 2  to th is  curve (Figure 3 .18a) .
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Equivalent bromo complexes (L=N-, P - , o r  S-donor ligand) appear

to show similar  spectral trends to t h e i r  chloro counter-parts; v(HgBr) modes

associated with vibrations of ’ short ’ Hg-Br bonds have been assigned at

ca . 200 cm * for  polymeric chain, ’ ion ic ’ chain and dimeric structures

(Table 3 .22 ) .  The wavenumber posit ions of v(HgBr)^modes are found to vary

cm1considerably from ca_.5 0 - 1 70 depending on the structural  type (Table 3 .22 ) .  

Detailed comparison of bond length and wavenumber data is not possible due 

to the lack of precise Hg-Br bond length results.

Due to the lack of crystaI  lographic data for  the ( U H g ^  complexes 

(only the crystal  structure of (PPh^Hg^ is known, inferred from single

crystal  X-ray photographs) only ten ta t ive  structure/spectra corre lat ions  

can be made at  the present t ime. I t  appears that  for  an iodine-bridged 

dimer v(Hgl)^. modes occur a t  ca. 150 cm * whereas v(Hgl)^  modes occur between 

ca. 90 and 120 cm *.

The general relationships between crystal  structure and vibrat ional  

spectra outl ined above have allowed a number of structural proposals to be 

made based solely on vibrat ional  data. Some of these proposals are only 

very ten ta t ive  (Table 3 .2?) .  Many of the proposed structures are s im i la r  

to those already observed, while other complexes show (at  the present time) 

quite inexplicable v ibrational  spectra [e .g .  ( P E t^ H g ^  and (PPr^)HgCI^  , 

suggesting that  other completely d i f f e r e n t  structures e x is t .  An interesting  

si tuat ion  exists for f t - fP Pr^ H g^  and (PMe^JHg^, where the posit ions of the 

highest wavenumber bands a t t r ib u ta b le  to v(Hgl)  are r e la t i v e ly  low for

complexes of th is  stoicheiometry (c£. 130 cm * ) .  I t  is th is  region where
2-  96 -  96

one observes v(Hgl)  modes for  [Hgl^] and sometimes [Hgl^l . . The
2-

po s s ib i l i ty  of the existence of the [ H g I i o n  or discrete  'monomeric 

(PR^JHg^- species in these adducts should not be dismissed.

Information concerning v(HgL) modes has generally been disappointing.
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Data have been l imited to ten ta t ive  assignments for

v(HgP) a t  ca. 165 cm ' for (TPP)HgX2 (X=CI or Br),

a t  ca. 137-157 cm-1 for  (PPh3 )HgX2 (X=CI, Br or I ) ,

and a t  ca. 350 cm * for (PMe3 )HgX2 (X=CI, Br or I ) ;

and for  v(HgS) at  ca . 281-295 cm * for (Ph3PS)HgX2 (X=CI, Br or I ) ,

a t  ca. 280 cm” 1 for  (C4H8S)HgX2 (X=CI or Br) .

As a resul t  of the present work, previous vibrat ional  spectroscopic 

reports for  (L)HgX2 complexes may be considered (Table 1 .5 ) .  CrystaI lographic  

data presented in Chapter 2 have shown that  many of the v ibrat ional  spectro

scopic data in Table 1.5 have been based on fa lse  premise^ instead

of the existence of solely discrete trans halogen-bridged dimeric structures  

a range of structural arrangements e x is t .  These structures cannot be 

distinguished at all by the location of a single IR-act ive v(HgCI)^. mode. 

Spectral information is required covering the en t i re  f a r - I R  region of  the  

spectrum and even then caution should be exercised when making structural  

proposaIs.

In other cases a single v(HgX)^ mode has been located in addit ion to

16a v(HgX)^. mode, e .g .  in the ’ th iourea ’ complexes. Whilst the assignment 

of these v(HgX)^ modes may be correct,  the structural inferences should s t i l l  

be treated with caution, because, as has been shown fo r  dimeric (PPh3 )HgCI2 

and polymeric (PEt3 )HgCI2 , the IR spectra above ca. 150 cm *, which includes 

v(HgCI)^. and vdHgCI)^ modes, are not that  d iss im i lar  and study of the even 

lower, more complicated, wavenumber regions is required. Crysta l lographic  

data could help provide the necessary basis to enable in terpre ta t ion  of 

these systems.
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Table 3 .22 .

Summary o f  v(HqX) mode data f o r  ( L)HgXo comp I exes.

V(HgX)/cm * v(HgX)^/cm *

Compound S t ruc tu re IR Ra IR " "  Ra

( L)HgC10 comp 1 exes 
1 =L

TPP asymmetric d imer ic 283

282

219,156 204,168

PPh3 symmetric d imer ic 291

288 286

188,183 n.a

PEt3

PMe3

polymeric chain 

’ i o n i c 1 chain

286

300

.270
260

291

203
198,1l 7 '

90

141

207,126,94,76 

142

PPr3 ? 305

298

205,178,169

144

208,189,169

a-PPh2Me (po lymer ic  cha in)? 286

281 283

203,132,110 n.a

3-PPh2Me ( ’ i o n i c ’ cha in)? 310 165

PPhMe2 ( ’ i o n i c ’ cha in)? 312
302

318
303

120 129

2,4,6-Me3C5H2N polymeric  chain 261 n. r 229, 130 n . r

2,4-Me2C5H3N polymeric chain 310
306

292.5

240,105,85 
1 10 78

275
260

2 , 6-Me2C5H3N polymeric  chain 242

252.5

217,135 
212

167.5,108

Ph3PS d i meric 304 n . r 194,142 n . r

MPC d imeric 291 n. r 206,132 n . r

C4H8S
Ph2S0

’ i o n i c ’ chain 

po lymeric  s t ru c tu re s  

c on ta in ing  almost

315

364

359

n . r

n . r

197 

n .a

n . r

Coumari n 1i near 349 n . r n.a n . r

Qu i n o l i  ne-N-oxi de 

.

kC1 —Hg—C1 u n i ts 349

344
n . r n.a n. r
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Tab Ie 3.22, cont inued

v(HgX)/cm * v(HgX)( ~/cm
Compound

*
S t ruc tu re IR Ra IR Ra

(L)HgBr0 complexes

L=

TPP asymmetric d imer ic 195

195

151,117 153,122

PPh3 symmetric dimer 203

190

200

192

137,117 150

PEt3 (po lymer ic  chain) 190

185

91
144, 84 

72

164

145

PMe^ ’ i o n i c ’ chain 216

208
193

1 16 106

PPr3 (d imer ic )? 203

181

196

179

144 145

PPh2Me ( ’ i o n i c 1' cha in)? 221

216
129 n.a

PPhMe2 ( ’ i o n i c ’ cha in)? 225

223
96 129

2,4,6-Me3C5H2N

2,4-Me2C5H3N

(po lymer ic  cha in) 

polymeric chain

196

180
206

n . r

205

159' 85 
154 

150,85,67

n . r

160,75,67.5

2 , 6-Me2C5H3N (polymer ic chain) 166

159

162.5

157.5

143, 98 105,70

Ph3PS dimer ic 200 n . r 139,98 n . r

MPC dimer ic 195 n . r 149

C4H8S ( ’ i o n i c ’ chain) 204 n . r 132 n . r

( L)HgI0 complexes

L=

PPh3 d imer ic 163

139

160

142.5

117,89 125

PEt3 7 151

143
134

93

90

112
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Table 3,22, cont inued

Compound
*

S t ruc tu re

v(HgX)/cm * V(HgX)h/cm *

IR Ra IR Ra

(L)Hq| 0 complexes. (cont inued)

L=

d , 2-PMe3 |  (Hg14 present 132 n.a. n .a .

I  o r  'monomeric 125 123

a-PPr" 1 (PR3 )Hgl2 134 137.5 n.a . n .a .

'  s pec ies ' )? 129 1 17.5

e-PPr" (d imer ic )? 157 157 90 1 14

134 138

PPh^Me (d im er ic )? 165 164 105,90 103,97,89

149 146

PPhMe2 (d im er ic )? 159 161 1 12,105,90 114

144 148

* -  S t ru c tu ra l  d e s c r ip t io n s  contained in parentheses are those

in fe r re d  from v ib r a t i o n a l  s tud ies  and when fo l lowed by a 

quest ion  mark are on ly  t e n t a t i v e  proposals ;  remaining 

de s c r ip t i o n s  are e i t h e r  der ived from f u l l  c r y s ta I l o g r a p h i c

ana lys is  o r  from s in g le  c r y s ta l  photographic s tu d ie s .

n .a .  -  not  assigned.

n . r .  -  not  recorded.
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4 . 1 . ' CRYSTAL LOGRAPH IC STUD I ES OF SOME (PR5 )-3HgX2 COMPLEXES.

4 .1 .1 .  I n t r o d u c t i o n .

On the  basis o f  v i b r a t i o n a l  spec t roscop ic  s tud ies  (Sect ion 1.4.2)

complexes o f  2:1 s to iche iom e t ry  have g en e ra l l y  been in fe r re d  to  have d i s c re te

te t rahe d ra l  monomeric s t r u c tu re s  o r  po lymeric  s t ru c tu re s  in which mercury l i e s

84in a d i s to r t e d  octahedra l  environment,  as in (P y ^ H g C ^ *  In the main these 

inferences have no bas is ,  because on ly  f o r  ( P y ^ H g C ^  have spec t roscop ic  

s tud ies  been based on sound c r y s ta I l o g ra p h i c  data.  There fore ,  present  

knowledge regard ing r e la t i o n s h ip s  between v ib r a t i o n a l  spectra and c r y s ta l  

s t r u c t u r e  f o r  (L )2HgX2 complexes would b e n e f i t  f rom a systemmatic spec t roscop ic  

and c r y s ta I l o g ra p h i c  s tudy. Towards t h i s  end c r y s ta I l o g r a p h i c  and spec t ro 

scopic s tud ies  o f  some (PR^)2HgX2 complexes have been undertaken.

W h i ls t  t h i s  work was in progress the f i r s t  (PR^)2HgX2 s t r u c t u r e ,  t h a t

74o f  (P P h ^^ H g ^ *  which is  a d i s c re te  te t ra h e d ra l  monomer, was repor ted .

This  s t r u c tu r e  conf i rms the p rev io us ly  repor ted s t r u c t u r a l  proposal by 

Deacon e t  £]_. J  on the basis o f  f a r - i n f r a r e d  data.  S im i la r  monomeric 

s t ru c tu re s  have been proposed f o r  (P P h ^ ^ H g ^  (X=Br o r  C l ) ^  and ( P R ^ ^ H g ^  

(PR^=PBu^ ^  o r  P C y^ ;  X=CI, Br o r  I ) .

The ex is tence o f  o the r  d i f f e r e n t  s t ru c tu re s  have a lso  been repor ted .
4

Schmidbaur o t  aj_. in fe r re d  t h a t  (P M e^^P g^  comP lexes con ta in  l i n e a r  
2+

[P-Hg-P] c a t ion s  and two X an ions , on the basis o f  v i b r a t i o n a l  spec t ro 

scopic and c o n d u c t i v i t y  data.  K e s s l e r , ^  on the bas is  o f  ^*P n .m . r  data and 

o f  very low ly ing  v(HgX) modes, which were assigned vCHgX)^, proposed t h a t  

( P E t f ^ ^ H g ^  (X=Br o r  I) complexes con ta in  l i n e a r  P-Hg-P spec ies ,  a long an 

ap ica l  a x i s ,  surrounded by halogen-br idges  in the equa to r ia l  p lane.  V ib ra 

t i o n a l  data recorded in t h i s  work, some p rev io us ly  reported and some new, show 

a very wide wavenumber range w i t h in  which v(HgX) modes may be assigned.  This 

observa t ion  f u r t h e r  suggests d i f f e r e n t  s t ru c tu re s  e x i s t  f o r  ( P R ^ ^ H g ^
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comp I exes.

In view o f  the  s t r u c t u r a l  e f f e c t s  o f  va ry ing  PR^ in (PR^)HgX2 

compounds (Chapter 2 ) ,  and a lso  cons ide r ing  t h a t  a range o f  s t r u c tu r e s  o v e ra l l  

are known f o r  (L )2HgX2 compounds (Sect ion 1 .3 .3 ) ,  i t  d id not seem u n l i k e l y  

t h a t  d i f f e r e n t  s t ru c tu re s  may be found in 2:1 phosphine adducts.

In an at tempt t o  v e r i f y  the proposals o f  Kessler concerning ’ monomeric1 

(PBu^)2HgX2 (X=CI, Br o r  I ) and ’ assoc ia ted ’ ( P E t N ^ ^ H g ^  (X=Br o r  I) the  

c r y s ta l  s t r u c tu r e  o f  ( P E t f - ^ ^ H g B ^  and the  p re l im in a ry  c r y s ta l  lograph ic  

ana lys is  o f  ( P B u l^ H g C ^  have been c a r r ie d  o u t .  A lso,  in o rde r  t o  exp la in  

the low wavenumber p o s i t i o n s  o f  bands assigned v(HgX) in the (PEt^ )2HgX2 

s e r ie s ,  the c r y s ta l  s t r u c t u r e  o f  ( P E t ^ ^ H g C ^  has been determined. As wel l  

as p rov id ing  in fo rm at ion  f o r  the  spec t roscop is t  regard ing s t r u c t u r e / s p e c t r a  

r e la t i o n s h ip s  some f u r t h e r  aspects o f  the coo rd ina t ing  behaviour o f  HgX2 w i th  

PR^ l igands may be examined.

4 .1 .2 .  The c r y s ta l  s t r u c t u r e  o f  (PEt -̂ H g C I ^

Crys ta l  Data.

C ^ H s c ^ H g C ^ ,  14^=507.80, Te t ragona l ,

a=b=l2 .060(10),  c = l 4 . 199(12) A;

a=90.00 . 3=90.00 . y=90.00 .

D =1.60 g cm ^ (by f l o t a t i o n  in a ChiBr^/CHCI, m ix tu re ) ,  D =1.63 g cm m 5 5 c
Z=4 (molecules l i e  on specia l  p o s i t i o n s  and so the re  are f o u r  molecu les /  

u n i t  cel I )

F, . =983.82 y(Mo-K )=75.48 cm-1(ooo) a

Systemat ic absences

hoo r e f l e c t i o n s  are absent f o r  h=2n + 1 

ool " "  " "  l=2n + 1

In a d d i t io n  to  these absences c e r t a in  r e f l e c t i o n s  appear s y s te m a t i c a l l y  

weak:-
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hkl r e f l e c t i o n s  appeared very weak f o r  I =2n 

hkfo ’’ ’’ n M ”  h+k =2n.

I t  was deduced from these absences and sys temat ic  weakness t h a t  t h a t
f r  1 1 9

the c r y s t a l s  belonged to  space group P4£2|2 (D^, No. 94) w i th  mercury 

atoms located on ’ spec ia l  p o s i t i o n s ’ along the tw o - fo ld  r o t a t i o n  axes.

Data Col Ie c t io n  and S t ruc tu re  Ref i nement. A l l  unique d i f f r a c t i o n  data 

f o r  a c r y s ta l  o f  t h i s  symmetry is  contained in a segment 1 / 1 6 ^  o f  the  sphere 

o f  r e f l e c t i o n .  In o rder  t o  c o l l e c t  on ly  unique d i f f r a c t i o n  data the t e t r a 

gonal u n i t  c e l l  was modif ied t o :

a=17.056, b=12.060, c=14 . 199 A

a =$=90, y - 135

As a r e s u l t  o f  c o l l e c t i n g  the data in t h i s  way some r e f l e c t i o n s  had t o  be 

reindexed before subsequent s t r u c t u r e  s o l u t i o n .  The r e l a t i o n s h i p  between the 

ind ices o f  c o l le c te d  data and the c o r r e c t  ind ices was:

hkl , = (h+k) k I -. . .c o r re c t  c o l le c te d

Colour less  c r y s t a l ,  approximate dimensions 0.42x0.08x0.25 mm , mounted about
O

£ . F i f te e n  Iayers,hkO —♦ hk14, were c o l l e c te d ;  902 r e f l e c t i o n s  w i th  20 <50 ;

488 had I / a ( I )  >2.0  and were used f o r  re f inement .  U n i t  weights were used,

and no absorp t ion  c o r re c t i o n  was app l ied .

The temperature fa c to rs  o f  the carbon atoms in t h i s  s t r u c t u r e  are  q u i t e  

high, as found f o r  some o f  the  (PR^H gC^ s t ru c tu re s  repor ted in t h i s  work.

Thisphenomenon may again be a t t r i b u t e d  t o  genuinely  high thermal mot ion o f  

the carbon atoms, o r  dominat ion o f  d i f f r a c t i o n  data by C l ,  P and e s p e c ia l l y  

Hg w i t h in  the 20 range recorded. The former exp lana t ion  is though t  t o  be 

more app rop r ia te  in the present case as lo c a t ion  o f  carbon atoms provided 

no d i f f i c u l t i e s .  FuI I -m a t r i x  re f inement  w i th  a n i s o t ro p ic  temperature  f a c to r s  

f o r  a l l  non-carbon atoms gave R = 0.054. Final atomic and thermal parameters 

may be found in Table A2.7 (Appendix 2 ) .  Ca lcu la ted and observed s t r u c t u r e  .
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f a c to r s  are conta ined in Table A3.7 (Appendix 3 ) .  A complete set  o f  bond 

d is tances  and angles may be found in Table 4 .1 .

D e sc r ip t ion  o f  s t r u c t u r e . The s t r u c tu r e  c ons is ts  o f  f o u r  d is c re te  

monomers per u n i t  c e l l .  The mercury atoms l i e  along tw o - fo ld  r o ta t i o n  axes; 

the coord ina tes  o f  these spec ia l  p o s i t i o n s  a r e : -  

0, 1/2, Z 1/2, 0, Z

0, 1/2, 1/2 + z 1/2, 0, 1/2 -  Z

Joined to  each mercury atom are two PEt^ l igands which are r e la ted  by 

the tw o - fo ld  r o ta t i o n  and two c h lo r i n e  atoms which are s i m i l a r l y  r e la te d .

The Hg-P and Hg-CI dis tances are 2 .39(1)  and 2.68(1)  A, r e s p e c t i v e l y .  I t  

should be noted t h a t  these termi na1 Hg-CI bonds are longer than those b r ? dgi ng 

bonds found f o r  (PPh^)HgCI £ (which are 2.62 and 2 . 6 6  A, Sect ion 2 . 2 . 2 ) .  The 

mercury atom l i e s  in an i r r e g u l a r  f o u r - c o o rd in a t io n  environment w i th  the 

angles P-Hg-P’ = 158.5(5)° and Cl-Hg-CI* =105.5(4)° (Figure 4 .1 ) .

The monomers w i t h in  the u n i t  c e l l  are re la ted  to  one another by screw
O

te t ra d s  along the £ - d i r e c t i  on i . e .  each monomer may be ro ta ted  90 about an 

ax is  p a r a l l e l  w i th  t h e £ - a x i s ,  and t ra n s la te d  one -ha l f  a u n i t  c e l l  a long £ ,  

to  become d i r e c t l y  superimposabIe upon another id e n t i c a l  monomer. The Hg-Hg
O

dis tance  between each monomer is ca_. 7 A so there  is no p o s s i b i l i t y  o f  long 

range mercury-chI o r in e  in te r a c t io n  (F igure  4 . 2 ) .

The fo u r - c o o rd in a t io n  geometry about mercury is very  s i m i l a r  t o  t h a t

83 °found f o r  ( th iosem ica rbaz ide^H gCI 2  ‘ (Sect ion 1.3.3) (S-Hg-S ang le= l60 .7  ,
O

Hg-CI d is tances  2.8 A).  However in t h i s  s t r u c t u r e  the re  was f u r t h e r

Hg Cl contac t  (3.25 A).

The conformat ion o f  the PE+ 3  l igand in the present complex is  (skew,

skew, skew), which is d i f f e r e n t  t o  t h a t  found f o r  (PEt^)HgCI^ but s im i l a r  to

I I 6t h a t  found in o the r  t r a n s i t i o n  metal complexes.
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Fla.4.1 The molecular structure of (P E t3 )gH qC lg

C(1)
C(4)C(5)

C(2)

C(3)

C(6)

%
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— v ie w e d  a lo n g t h e  a —a x is

a — Omitting carbon atoms

220



Table 4 . 1 .

Bond d is tances  and anqIes f o r  (PEt^ )2HgCJ2, 

w i th  standard dev ia t ion s  in parentheses.

(a) Distances/A

Hg-CI

Hg-CI ’

Hg-P

Hg-P’

= 2 . 68( 1) 

= 2 . 68 ( 1) 

= 2.39(1) 

= 2.39(1)

P-C( I ) 

P-C(2) 

P-C(6 )

I .94(8)  

I .62(1)  

I .84(7)

C ( I ) -C (4 )  

C(2)-C(5) 

C (3) —C (6 )

1.11(9) 

I .46(8) 

I .28(6)

(b) Angles/A

C l -H g -C I ’ = 105.5(5) C ( l ) -P -C (2 )  = 105(3)

P-Hg-P’ = 158.5(5) C ( l ) -P -C (3 )  = 105(4)

Cl-Hg-P = 93.5(5) C( l ) -P-Hg = 115(3)

Cl-Hg-P'  = 97 .5(5) C(2) -P-C(3) = 103(2)

C(2)-P-Hg = I 15(1)

C(3)-P-Hg = 114(2)

P -C ( I ) -C (4 )  = 124(6)

P-C(2)-C(5) = 121(3)

P-C(3)-C(6) = 120(5)
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4 .1 .3 .  The Crys ta l  S t ruc tu re  o f  (PEtMe^pHgB^

CrystaI  Data.

C0H00P0HgBr0 M =540.60 Orthorhombic8 22 2 a 2 r

a = l2 . 532(1 I ) ,  b=20 .80 l (17) ,  c = l 2 . 694(12) A;

a=8=Y=90.00 °.

D =2.14 a cm ^(by f l o t a t i o n  in a CHBr,/CHCI, m ix tu re )  D =2.17 g cm m 3 3 c

Z=8 (w i th  two independent molecules per asymmetric u n i t ) .

F, , = I 999.65, y (Mo-K ) =138.55 cm" 1 .(ooo) ’ a

Systemat ic absences

hoo r e f l e c t i o n s  are absent f o r  h=2n + 1 .
oko ”  "  "  "  k=2n + 1 .

ool " "  "  "  I=2n + 1 .

These absences un ique ly  de f ine  the c r y s ta l s  as belonging t o  the 

space group P2 j2 ^2 j (D^, No. 19 ) . * * ^

Data C o l l e c t i o n  and S t ruc tu re  Refinement. The temperature fa c to r s  o f  

a l l  atoms in t h i s  s t r u c tu r e  are ext remely  h igh . I t  is d i f f i c u l t  t o  assess

the reason f o r  t h i s  phenomenon, however, one may propose two poss ib le  

exp Ianat ions

(a) ’ unreso lvabIe  d i s o r d e r ’ 

o r  (b) the temperature f a c to rs  do in f a c t  r e f l e c t  genuinely high thermal 

mot ion.

D i f f i c u l t y  was encountered on t r y i n g  t o  locate  some o f  the  carbon atoms. 

This  may be a t t r i b u t a b l e  t o  the same reasons as above but a lso  because the  

d i f f r a c t i o n  data in the 20 range recorded may be dominated by the  bromine 

and mercury atoms, which prov ide l i t t l e  in fo rmat ion  concerning the  l i g h t e r  

carbon atoms. I t  has been poss ib le  t o  f i x  ’ chemica l l y  s e n s ib l e ’ carbon atoms 

in p o s i t i o n s  o f  adequate e le c t ro n  d en s i t y .
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A c o lo u r le s s  c r y s t a l ,  approximate dimensions 0.35x0.27x0.19 mm , was 

mounted about c.  Fourteen layers ,  hkO “ *+ikl3,  were c o l l e c te d ;  2675 r e f l e c t i o n s
O

were recorded w i th  20 <50 o f  which 809 had I/cr ( I )  ^ 2 . 0  and were used 

f o r  re f inement .  U n i t  we ights were used and no absorp t ion  c o r r e c t i o n  was 

appI i  ed.

F u l l - m a t r i x  ref inement w i th  a n i s o t ro p ic  temperature fa c to r s  f o r  a l l  non

carbon atoms gave R=0.123. Final  atomic and thermal parameters are given in 

Table A2.8 (Appendix 2 ) .  Ca lculated and observed s t r u c t u r e  f a c to r s  are cont 

ained in Table A3.8 (Appendix 3 ) .  A complete se t  o f  bond d is tances  and bond 

angles may be found in Table 4 .2 .

D esc r ip t ion  o f  S t r u c tu r e . Th is  complex c r y s t a l l i z e s  w i th  e ig h t  monomers 

( f a l l i n g  in to  two c r y s t a l l o g r a p h i c a I l y  independent types)  per u n i t  c e l l .  The 

geometry o f  each o f  these types is  s im i l a r  but d i f f e r e n t  (F igu re  4 . 3 ) .  Each 

c r y s t a l l o g r a p h i c a I l y  independent u n i t  conta ins  one fo u r - c o o rd in a te  mercury
o

atom jo ined  to  two phosphorus atoms a t  d is tances o f  c£.  2 .4 -2 .5  A and two
O

bromine atoms a t  ca_. 2.8 A. I t  is s i g n i f i c a n t  t h a t  these te rm inaI  Hg-Br bonds

2- 50 52 54are longer than Hg-Br br idge bonds found f o r  [Hg2Brg] spec ies .  ' '

The coo rd ina t ion  polyhedra about both mercury atoms are very d i s t o r t e d  t e t r a -
o o

hedra w i th  angles ranging from ca_. 150 f o r  P-Hg-P to  £ a . 90-98 f o r  the 

sm a l les t  angles (Br-Hg-P).  The two independent monomers are o r ie n te d  so
o

t h a t  B r ( l ) ,  at tached t o  Hg( I ) ,  approaches Hg(2) a t  a d is tance  o f  3 .83(3)  A 

and almost b isec ts  the P ( I ) -H g (2 ) -P (2 )  ang le;  s i m i l a r l y ,  the Br (4)  atom
O

attached t o  Hg(2) approaches Hg( I ) a t  a d is tance  o f  4 .00(3)  A. These Hg-Br

d is tances are j u s t  ou ts ide  the sum o f  the  van der Waals1 r a d i i  f o r  mercury
O

and bromine (3.68 A),  and so i f  the re  is  any form o f  con tac t  between these 

molecules i t  is  on ly  very weak.

The manner in which the e ig h t  monomers are arranged w i t h i n  the u n i t  

c e l l  is  shown in Figure 4 .4 .

223



L i t t l e  can be said about the P E t l ^  l igands because o f  the high 

e r ro rs  assoc ia ted w i th  the  p o s i t i o n a l  parameters o f  the  carbon atoms which 

they con ta in .
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Br4

Br3

Br2
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— v ie w e d  a lo n g t h e  b —a x is

Br4

Br3

Hg2

Bn

Br2

a — Omitting carbon atoms
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Table 4 . 2 .

Bond d is tances  and anq I es f o r  (PEtMeo)oHqBr,-, 

w i th  standard dev ia t ion s  in parentheses.

(a) Distances/A

H g ( l ) - B r d )  = 2.79(2)

H g ( l ) - B r ( 2 )  = 2 .72(2)

H g ( l ) - P ( l )  = 2 .50(5)

H g ( I ) -P (2 )  = 2 .44(6)

av.  P-C d is tance = 2 .0  A

H g (2 ) -B r (3) 

Hg(2 ) -Br (4 )  

Hg(2)-P(3)  

Hg (2 ) -P (4 )

= 2 . 8 8 (2 ) 

= 2.79(3)  

= 2 .48(6)  

= 2 .39(5)

No (3-carbon atoms were located

O
(b) Angles/

B r ( l ) - H g ( l ) - B r ( 2 )  = 101.7(8) B r (3 ) -H g (2 ) -B r (4 )  = 106.9(8)

B r d  ) -H gd  ) -P ( l  ) = 101 (2) Br (3 ) -Hg (2 ) -P(3 )  = 99(1)

B r (1 ) -H g (1)-P(2)  = 102(1) Br (3 ) -Hg (2 ) -P (4 )  = 90( 1)

B r (2 ) -H g (1 ) - P ( 1) = 99(1) B r ( 4 ) -Hg(2)-P(3)  = 103(1)

B r ( 2 ) -H g ( l ) -P (2 )  = 100(2) Br (4 ) -Hg (2 ) -P (4 )  = 101( 1)

P ( l ) - H g ( l ) - P ( 2 )  = 147(2) P(3)-Hg(2) -P(4) 150(2)

av. C-P-C angle = 108 av. Hg-P-C angle =
O

1 10

2 2 7



4 .1 .4 ,  The prel  iminary c r y s ta l  Iograph ic  ana lys is  o f  (PBul )̂ j - lgCU 

Crys ta l  Data,

C^.Hc-.P^HgCI 0 M =676.13 Orthorhombic24 54 2 a 2 r

a = l4 .470(13),  b = l3 .5 9 4 (14), c=17.279C19) A;

ot =90.00° 3=90.00° y=90.00°
-3  -3

Dm= l .32 g cm (by f l o t a t i o n  in a CHCI^/CHBr^ m ix tu re ) ,  Dc = l .32  g cm .

Z=4, F, . = 1367.82, y (M o -K J  =45.95 cm" 1' (ooo) '  a .

Systemat ic absences: -  

hoo r e f l e c t i o n s  are absent f o r  h=2n + 1

oko "  M u M k=2n + 1

ool " M n I =2n + 1.

These absences un ique ly  de f ine  the c r y s ta l s  as belong ing t o  the space 

group P2, 2 (2 ( (D^, No. 1 9 ) . 112

S t ruc tu re  De te rm ina t ion . A c o lou r less  c r y s t a l ,  approximate dimensions, 

0.5 x 0.5 x 0.3 mm, was mounted about ^ .S ix te e n  layers ,  0k l - * l5k l  were
O

c o l le c te d ;  2675 r e f l e c t i o n s  were recorded w i th  20 < 50 o f  which 809 had 

I/o ( I )  ^  2 .0  and were used f o r  re f inement .  U n i t  weights were used and no 

absorp t ion  c o r re c t i o n  was app l ied .

This  s t r u c tu r e  is  thought  t o  be d isordered but the na ture  o f  t h i s  d i s 

orde r  could not be reso lved.  The temperature fa c to r s  o f  the  atoms located 

are extremely high,  thus r e f l e c t i n g  the  d is o rd e r  perhaps a lso  a high degree 

o f  thermal mot ion.  I t  was not poss ib le  t o  d i s t i n g u i s h  between c h lo r i n e  and 

phosphorus atoms because carbon atoms could not def in i te ly  be located.

The on ly  d e f i n i t e  in fe rence which can be made from t h i s  s tudy  is  t h a t  

( P B u l^ H g C ^  e x is ts  as d i s c re te  d i s to r t e d  te t ra h e d ra l  monomeric u n i t s  w i th  

no p o s s i b i I i t y  o f  f u r t h e r  m ercu ry -ch lo r ine  con tac t  (F igure  4 . 5 ) .  The data 

in Table 4 .3  def ine,  the geometry o f  the monomer. The phosphorus and c h l o r i n e  

atoms have been assigned on the basis o f  what is  thought t o  be ’ chem ica l ly
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Figure 4 .5 .

The s t r u c t u r e  o f  the *PoHqCI^ * u n i t  o f  (PBu^ >2-9  — 2__

P2

CI2

CI1

PI

Table 4 .3 .

Bond dis tances and ang l es f o r  the  ! P^HgCUt u n i t  

o f  (PBu?)2HqCI2 . _
o o

(b) Angles/(a) D is tances /  A

H g - C I ( I ) = 2.55(5) 

Hg-CI(2) = 2.66(5) 

Hg-P( l )  = 2 . 3 4 ( 6 )  

Hg-P(2) = 2.64(6)

C l ( I ) -H g -C I (2) 

C K I ) - H g - P ( l )  

C l ( I ) -H g -P (2 )  

C l ( 2 ) - H g - P ( I ) 

C l(2 ) -Hg-P(2)  

P ( l ) -Hg-P (2 )

105(2)

99(2)

103(2)

105(2)

102( 2 )

139(2)

2 2 9



s e n s ib l e ’ in terms of  the  (PR^)2HgX2 s t ru c tu re s  reported in t h i s  work, and
O

of  the  s t r u c tu r e  o f  CPPh^)2HgI2 . Consequent ly,  the large angle o f  ca. 139 

is a t t r i b u t e d  to  P ( I ) - H g - P ( 2 ) .

This compound awai ts  data c o l l e c t i o n  a t  low temperature,  which,  i t  is  

hoped w i l l  help t o  reso lve  the problems assoc ia ted w i th  ’ d i s o r d e r 1, and 

subsequently a l low  complete s t r u c t u r e  de te rm ina t ion .

4 .1 .5 .  General d i s c u s s io n .

The c r y s ta l  s t ru c tu re s  o f  the (PR^)2HgX2 complexes now known are 

summarized in Table 4 .4 .  A l l  s t ru c tu re s  are monomeric w i th  va ry ing  degrees 

o f  d i s t o r t i o n  from a regu la r  t e t rahe d ra l  geometry.

The f a c to rs  which ,in f Iuence  these d i f f e r e n t  c o o rd ina t ion  arrangements 

around phosphorus in c lu d e : -

a) the  nature o f  s u b s t i tu e n ts  jo ined  t o  phosphorus;

b) the  halogen atom;

c) s o l i d - s t a t e  e f f e c t s .

I t  is  extremely u n l i k e l y  t h a t  s o l i d - s t a t e  e f f e c t s  have any in f lu e n c e  

a t  a l l  in views o f  the  large inter-monomer d is tances  found f o r  these s t r u c t 

ures.

U n fo r tuna te ly  i t  is  not  poss ib le  c l e a r l y  t o  separate the e f f e c t s  o f  

su b s t i t u e n ts  jo ined  to  phosphorus and those due to  the presence o f  d i f f e r e n t  

halogen atoms. However, discussed below are s t r u c t u r a l  t rends  which suggest 

t h a t  s u b s t i t u e n t  e f f e c t s  and the way these in f luence  the donor p ro p e r t ie s  o f  

the PR^ l igands are a major f a c to r  determin ing the s te reochem is t ry  o f  the  

monomer.

Cons idera t ion o f  a l l  fou r  (PR^)2HgX2 s t r u c tu re s  in d ic a tes  the re  is  a 

wide v a r i a t i o n  in P-Hg-P angle (Table 4 .4 ) .  A f u r t h e r  s i g n i f i c a n t  f e a tu re  

o f  these monomers are t h e i r  very long Hg-X d is tances  (Table 4 .4 )  which f o r
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Table 4 . 4 .
*

Summary o f  the c r ys ta l  s t ru c tu re s  

o f  some (PR-, )^HqX^ comp I exes

Compound d(Hg-X) /  A d(Hg-P) /  A X-Hg-X/° P-Hg-P/°

(PPh3 ) 2Hgl274

(PBu3 )2HgCI2

(PEtMe2 )2HgBr2

(PEt3 ) 2HgCI2

2 .733(1 ) ,2 .763(1 )

2.55 ( 5 ) , 2 .66 (5)

2 .72  ( 2 ) , 2 . 7 9  (2) 

2 .7 9  ( 3 ) , 2 .88 (2)

2.68 ( 1) , 2.68 ( 1)

2 .574 (1 ) ,2 .574 (1 )  

2.34 (6 ) ,2 .64  (6 )

2 .44  ( 6 ) , 2 . 5 0  (5)

2 . 3 9  ( 5 ) , 2 . 4 8  (6 )

2.39 (1 ) ,2 .39  (1)

110.43(9)

105(2)

102( 1) 

107(1)

105.5(5)

108.95(4)

139(2)

147(2)

150(2)

158.5(5)

-  A l l  s t ru c tu re s  are d i s t o r t e d  te t r a h e d ra l  monomers.
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(PE+3>2H^C*2 and ^ E^ e2^2Ĥ Br2 are comParab le  length t o  some Hg-X
o

b r idge  bonds found in o the r  HgX2 complexes (e .g .  2.62 and 2.66 A f o r  the
*  o

(PPh^HgC^ dimer;  2.75 and 2.75 A f o r  the d imer ic  anion in [NEt^ ]2 ^ 26^ ]  

96 ).  The percentage increases in the Hg-X bonds due t o  complexat ion f o r  

the present (PR^)2HgX2 compounds have been ca lcu la ted  r e l a t i v e  to  the Hg-X 

dis tances o f  the  mercur ic  ha l ides  in the g a s -ph as e*^  [ 2 .2 8 (4 ) ,  2 .40(4)  and 

2 .57(4)  f o r  HgC^,  HgB^ and H g ^ ,  re s p e c t i v e ly ]  and are found t o  be : -  

1% f o r  (PPh3 )2Hgl2 

14I  f o r  (PBu3 )2HgCI2 

16j  f o r  (PEtMe2 )2HgBr2 

11% f o r  (PEt3 )2HgCI2 

The above observa t ions  regarding  P-Hg-P angles and percentage increases 

in Hg-X bonds may be r a t i o n a l i z e d  by regarding  the  re a c t io n ,

2PR3 + HgX2  (PR3 ) 2HgX2

as approaching a s u b s t i t u t i o n  re a c t io n ,  whereby the PR3 l igands are a t tem pt 

ing t o  d isp lace  the  halogen atoms and u l t i m a t e l y  achieve a l i n e a r  P-Hg-P 

arrangement. The f i n a l  geometry o f  the (PR3 )2HgX2 u n i t s  are t h e r e fo re  con

t r o l  led by the donor s t reng ths  o f  the PR3 l igands and the ease o f  e l im in a t i o n  

o f  the halogen atoms.

On the  basis o f  pKa va lues, cone angles and T a f t  constants  (Sect ion  

2 .3 .1 )  i t  is  poss ib le  t o  arrange the  presen t se r ies  o f  PR3 l igands i n t o  the 

approximate o rder  o f  donor s t reng th  shown: -

PEtMe2 > PEt3 ~ PBu3 > PPh3 

Also,  based on the r e l a t i v e  e l e c t r o n e g a t i v i t i e s  o f  the halogens one 

may arrange Cl ,  Br and I in the fo l l o w in g  o rde r  o f  ’ ease o f  e l i m i n a t i o n ’ 

from the  i n i t i a l  HgX2 u n i t : -  

I < Br < Cl

*  -  the present work (Sect ion 2 . 2 . 2 ) .
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Therefore  the la rge r  P-Hg-P angle observed f o r  ( P E t f ^ ^ H g B ^  as 

compared t o  t h a t  observed f o r  ( P P h ^ ^ H g ^  and also the g rea te r  percentage 

increase of  Hg-X bonds f o r  ( P E t N ^ ^ H g B ^  (Table 4 .4) can be explained in 

terms o f  the  s t ronger  donor p ro p e r t ie s  o f  P E tN ^  r e l a t i v e  t o  PPh^ and also 

by the g rea te r  ’ ease o f  e l i m i n a t i o n ’ o f  bromine r e l a t i v e  t o  iod ine .

Comparison o f  P-Hg-P angles and percentage increase in Hg-CI bonds 

f o r  the two c h lo ro  compounds v i z . (PBu^^HgC^ and ( P E t ^ ^ H g C I c l e a r l y  

in d ic a te  t h a t  the re  is  a d i f f e r e n c e  in the  ex ten t  o f  P-Hg-P i n t e r a c t i o n ,  

which,  can on ly  be explained in terms o f  the PEt^ l igand being a s t ron ge r  

donor than PBu^ towards HgC^ in these 2:1 complexes.

Consider ing s o le ly  the  ’ donor s t reng ths  o f  the  l igands PEt^ and P E tN ^ ,  

one may have expected t o  observe a sm a l le r  P-Hg-P angle in ( P E t ^ ^ H g C ^  than 

in ( P E t N ^ ^ H g B ^ l  however, t h i s  is not the  case. This obse rva t ion  would 

seem to  suggest t h a t  the 'ease o f  e l i m i n a t i o n ’ o f  the halogen atoms a lso  

has some in f luence  in these compounds.

In conc lus ion ,  t h e r e fo re ,  i t  has been ind ica ted  t h a t  the  ex ten t  o f  

P-Hg-P in te r a c t io n  is  a major f a c to r  c o n t r o l l i n g  the  s te reochem is t ry  about 

mercury in these monomers, and a lso  t h a t  the nature o f  the  halogen atom 

should a lso be taken in to  c o ns ide ra t ion .  Fu r the r ,  the above observa t ions  

in d ic a te  t h a t  phosphorus in a s u f f i c i e n t l y  r e a c t i v e  environment,  which is  

c o n t r o l l e d  by the s u b s t i tu e n ts  jo ined  t o  phosphorus, has a h igher  a f f i n i t y  

f o r  H g ( I I )  than do the halogens. I t  would appear t h a t  as the  donor s t re n g th  

o f  the PR^ l igands increase they ’ a t te m p t ’ t o  rep lace the two halogen atoms 

o f  the  o r i g i n a l  HgX2 u n i t  and take up the common digonal c o o rd in a t io n  

arrangement. This is a s i m i l a r  s i t u a t i o n  to  t h a t  observed f o r  (PR^JHgC^ 

complexes where the Cl^-Hg-P angle approaches l i n e a r i t y  as the  donor s t ren g th  

of  the  phosphine is  increased.

The l im i te d  so lu t ion -phase  data a v a i l a b le  f o r  (PR3 )2HgX2 compounds are
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summarized in Table 4 .5 ,  and are gene ra l ly  in l i n e  w i th  the s o l i d - s t a t e

observa t ions j u s t  descr ibed.

The r e l a t i v e  molecu lar mass (M^) de term inat ions  o f  Farhanghi and

Graddon,*^"- f o r  (PBu3 ) 2 HgX2  (X=CI, Br o r  I) and o f  K e s s l e r ^  f o r  (PEtMe2 ) 2 HgX2

(X=CI o r  I ) ,  in d ic a te  t h a t  the species present in s o lu t i o n  are neutra l
4

monomers. On the o ther  hand Schmidbaur e t  a_l_. on the basis o f  c o n d u c t i v i t y  

measurements propose t h a t  the compounds (PMe3 ) 2 HgX2  (X=CI, Br o r  I ) ,  e x i s t  

as [PMe^-Hg-PMe^ ] 2  + ca t ions  and 2X anions in s o l u t i o n ,  whereas, from s i m i l a r  

s tud ies  Coates and Lauder suggest t h a t  (P E t^ ^ H g C ^  in s o l u t i o n  e x i s t s  as 

[ (PEt 3 ) 2 Hg(H2 0 )2] 2+ + 2 CI”  ions . 1 4 7

These c o n d u c t i v i t y  data are understandable in view o f  the  c r y s ta l  

s t ru c tu re s  contained in Table 4 .4 .  I t  is reasonable to  suppose t h a t  

^ P E t j ^ H g C ^  in aqueous s o lu t i o n  might r e a d i l y  lose i t s  two weakly held 

c h lo r i n e  atoms. Also,  judg ing  by the large P-Hg-P angle in the s o l i d ,  i t  

is  l i k e l y  t h a t  a l i n e a r  [PEt 3 ~Hg-PEt3] 2+ c a t ion  may r e s u l t  in aqueous s o l u t i o n ,  

perhaps w i th  some degree o f  s o lv a t i o n .  A s im i l a r  s i t u a t i o n  may be envisaged
4

f o r  the (PMe3 ) 2 HgX2  (X=CI, Br or  I) complexes in methanol .

The 'J(Hg-P) coup l ing  constant  data in Table 4.5 are worthy o f  mention 

because they are co n s is te n t  w i th  the idea t h a t  vary ing  degrees o f  P-Hg-P 

donor -acceptor in te r a c t io n  occur as a r e s u l t  o f  the d i f f e r i n g  donor p ro p e r t ie s  

of  the  PR3  l i gands.  For example, cons ider  the *J(Hg-P) coup l ing  constants  

f o r  : -

Compound So lu t ion-phase s t r u c tu r e  *J(Hg-P)/Hz

(a) (PMe3 ) 2 HgCI2  [PMe3 -Hg-PMe3] 2+ + 2Cl“  4  55054
go qo

(b) (PEt l^^^HgCI  2  monomeric 5606

(c) (PBu^^HgC^ monomeric* ^  5 1 2 5 ^

(d) [P(CgH^CMe3 - P ) 3 l 2 HgCI2 * 2 7  monomeric*^7, 4602*^7

I 27* -  Al though not conf irmed by M de te rm ina t ion ,  the author assumes t h a t
t h i s  compound is  monomeric in s o l u t i o n .  In re t r o s p e c t ,  as a r e s u l t  o f  the  
c r y s ta l  s t r u c tu r e  ana lys is  of  ( P P f u ^ H g ^  and v ib r a t i o n a l  s tud ies  f o r  
(PPI^^HgCI 2  (Sect ion 5.2a) i t  is  f e l t  t h a t  t h i s  is a reasonable assumption.
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The h igher  J(Hg-P),  the  s t ronge r  is the coup l ing  between mercury 

and the  two phosphorus atoms, and the s t ronge r  w i l l  be the P-Hg-P donor- 

acceptor  i n t e r a c t i o n .

Cons idera t ion o f  ' j (Hg-P)  f o r  the l a t t e r  th ree  complexes (b ) ,  (c) and

(d) show a decrease in the sequence (b) (c) (d ) ,  which can be c o r re la te d

w i th  the  donor p rope r t ie s  o f  the PR^ l igands.  I t  is  i n t e r e s t i n g  t o  note 

t h a t  the coup l ing  constants f o r  (a) [ PMe^-Hg-PMe^] and (b) monomeric 

(PEtMe2 ) 2HgCI2 are o f  the  same o rde r .  This r e s u l t  in d ica tes  a s i m i l a r  

P-Hg-P donor -acceptor in te r a c t io n  even though the s o l u t i o n  phase species 

are not e x a c t ly  the same. I t  may be suggested t h a t  a n e a r - l i n e a r  

(PEtMe2” Hg-PEtMe2) arrangement is  present in the (P E tN ^ ^ H g C I  ̂ monomer in 

CDCI^ and t h a t  the c h lo r i n e  atoms are on ly  very weakly held by mercury,  thus 

having l i t t l e  in f luence  on ' j (Hg-P)  [cf_. the s o l i d - s t a t e  s t r u c t u r e  o f  

(PEt3 )2HgCI2] .

I 32Thermodynamic data are a v a i l a b le ,  in the form o f  en tha lp ies  o f  

l i g a t i o n  (AH^) f o r  the r e a c t i o n : -

HgX2 + 2PR3 ------ — (PR3 ) 2HgX2

Although on ly  PPh3 and PBu3 from the  present se r ies  have been s tud ied ,  

the r e s u l t s  in d ic a te  t h a t  s t ronger  P-Hg-P donor -acceptor  i n te r a c t io n s  are 

found f o r  the reac t ions  between PBu3 and HgX2 than between PPh3 and HgX-^, 

and a lso  t h a t  AH^ values f o r  the reac t ion  between a p a r t i c u l a r  phosphine 

and the mercur ic ha l ides  decrease in the sequence

Cl > Br > I 

As f a r  as i t  is  poss ib le  t o  t e l l  these re s u l t s  are c o n s i s te n t  w i th  

the c ry s ta I  Iograph ic  data (Table 4 . 4 ) .  Only f o r  ( P E t N ^ ^ H g B ^  is  t he re  

any ' s i g n ’ o f  f u r t h e r  Hg-X in te r a c t io n  beyond the monomer s tage,  w i th
O

Hg-Br dis tances o f  ca. 3.8 and 4 .0  A. However, as these d is tances  are 

g rea te r  than the sum o f  the van der Waals' r a d i i  o f  mercury and bromine i t
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is  u n l i k e l y  t h a t  the atoms are in con tac t .  The lack o f  f u r t h e r  Hg-X 

assoc ia t ion  is  not s u r p r i s i n g  f o r  ( P P h ^ ^ H g ^  and (PBu^^HgC^  in view o f  

the  large s t e r i c  bu lk  o f  the  PR^ l igands invo lved.  However, i t  is  d i f f i c u l t  

t o  f i n d  a reason f o r  the lack o f  f u r t h e r  a s soc ia t ion  f o r  (PEt^^HgCI

e s p e c ia l l y  when one cons iders t h a t  f u r t h e r  assoc ia t ion  e x i s t s  in the  very

83
s i m i l a r  ( th io s e m ic a rb a z id e ^H g C ^  complex.

Cons idera t ion o f  the  (PR3 )2HgX£ complexes in the more general con tex t  

o f  (L )2HgX2 ind ica tes  t h a t ,  as f o r  the  1:1 system, the re  are e s s e n t i a l l y  

two separate types o f  mercu ry -1igand i n t e r a c t i o n : -

84
a) A r e l a t i v e l y  weak in te r a c t io n  -  f o r  example as in (Py^HgC^#

86 85(phenoxath i i n^HgCI  ̂ and (CH^OH^HgCI a l l  o f  which con ta in  v i r t u a l l y

und is to r ted  HgC^ u n i t s  t o  which are weakly at tached two donor l igands .
o

Extra Hg-CI con tac ts ,  o f  ca.  3 A, between ’ monomers’ r e s u l t  in po lymeric  

arrangements,  in which mercury atoms l i e  in d i s t o r t e d  octahedra l  environments.

b) A range o f  s t ronger  in te r a c t io n s  -  f o r  example, f o r  S- o r  P- donor

l igands ,  which r e s u l t  in s t ru c tu re s  ranging from d is c re te  monomers f o r

74 75(P P h ^ ^ H g ^  and ( o - e t h y I t h i o c a r b a m a t e ^ H g C I a r r a n g e m e n t s  in which

the donor - I igands  appear t o  d isp lace  the halogen atoms and adopt digonal

83
c oo rd ina t ion  environments, such as in ( t h io s e m ic a rb a z id e ^ H g C ^  and

8 1
(PEt^^HgCI2* t o  a s t r u c tu r e  l i k e  ( t h i o u re a ^ H g C I  ̂ ' n which a c h l o r i n e  

atom has a c t u a l l y  been displaced r e s u l t i n g  in an io n ic  s t r u c t u r e  c o n s i s t i n g  

o f  [S2HgCI]+ + Cl ions.

The importance o f  the halogen atom in determin ing the  s t r u c t u r e s  o f

(L )2HgX2 compounds has been ind ica ted  by the ( th iou rea> 2HgX2 (X=CI, Br o r  I )

80se r ies  (Sect ion 1 .3 .3 ) ,  where i t  has been shown t h a t  the bromo compound 

gives r i s e  t o  a more associated s t r u c t u r e ,  con ta in in g  a la rge r  S-Hg-S angle ,  

than the corresponding iodo compound,^ where the c h lo ro  compound^* t u rn s  

ou t  t o  be a complete ly  d i f f e r e n t  io n ic  s t r u c t u r e .
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Table 4 . 5 .

So lu t ion  phase data f o r  some (PR^)oHqX^ comp I exes.

Proposed s o lu t i o n - Other

Compound phase s t r u c tu r e So 1 vent 'j (Hg-P)/Hz exper imenta 1 

techn i ques

Ref.

( L) 0HgC10 complexes

L=

PBu^ Monomeric benzene Mr 132

PBun

PBu^

Monomeri c 

Monomeric

c d c i3
or

ch2c i 2

5125

5100

IR,Ra 90

126

PBu^ Monomeric ch2c i 2 5078 125

PPhBu^ Monomer i c ch2c i 2 5035 125

PPh2Bun Monomer i c ch2c i 2 4754 125

PEtMe2 

• PMe3 

PMe3

Monomeric 

tP-Hg-Pl2+ + 2Cl" 

[P-Hg-P]2+ + 2Cl"

CDCI3

CH3OH

H20

5606

5505

1R,Ra,Mr 

Conducti vi  t y

90

4

4

P(C6H4SiMe3- p ) 3 Monomeric CH2CI2 4653 127

P(C6H4CMe3- p ) 3 Monomeric ch2c i 2 4602 127

P(Octyl ) 3 

PE+3

Monomer ic 

[P2Hg(H20 ) 2] 2++2Cl“ H20

5160

Conducti v i t y

126

147

(L ) 0HgBr0 complexes

L=

PBu3 Monomeric benzene Mr 132

PBu3 Monomeric c d c i2 4829 IR,Ra 90

PBu§ Monomeri c 4780 126

PBu3 Monomeri c ch2c i 2 4741 125

PPhBu2 Monomer i c CH2CI2 4629 125

PPh2Bun Monomeri c CH2CI2 4216 125

PEtMe2

PMe3

Monomeric 

[P-Hg-Pl 2+ + 2Br”

c d c i3

CH30H

5560 IR,Ra

C o n d u c t i v i t y

90

4

PPh2 (C6H4CgH|?-p) Monomeric CH2CI2 4130 127

P(C6H4CMe3- P)3 Monomeric ch2c i 2 4228 127

P(Octyl ) 3 Monomeri c 4800 126
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Tab I e 4 .5 ,  cont inued

Compound

Proposed so 1u t  i on- 

phase s t r u c t u r e Sol vent 1J(Hg-P)/Hz

Other

exper imental

techniques

Ref.

( L) 0Hg10 complexes

L=

PBu^ Monomeric benzene Mr 132

PBun Monomeric c d c i3 4101 IR,Ra 90

PBu" Monomeric 4040 126

PBu^ Monomeric ch2c i 2 4100 125

PPhBuJJ Monomeri c CH2C i2 3726 125

PEtMe2 Monomeric 
9 + —

CDCI3 4788 1R,Ra,Mr 90

PMe3 [P-Hg-P] + 21 CH30H C o n d u c t iv i t y 4

P(Octy 1 Monomeri c 3960 126
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Chapter 5.

Spectroscopic s tud ie s  o f  some 

(PR^^HgX^ complexes.
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5 . i . BAS IS FOR V1 BRAT IONAL ASS IGNMENTS FOR (PR3 )2HgX2 COMPLEXES.

The poor q u a l i t y  o f  spec troscop ic  data a v a i la b le  in the  I i t e r a tu r e  fo r

the (L )2HgX2 system (Section 1 .4 .2 )  suggested th a t  perhaps, as f o r  the  1:1

system, a systematic . study o f  a s e r ie s  o f  c lo s e ly  re la te d  complexes o f  known

s t ru c tu re  would improve our knowledge o f  s t ru c tu re /s p e c t ra  re la t io n s h ip s .

U n fo r tu n a te ly ,  data r e la t in g  to  such a s e r ie s  o f  complexes were not a v a i la b le .

4 90Spectroscop ic s tud ie s  c a r r ie d  ou t  in t h i s  work and elsewhere * suggested

th a t  the (PR^>2HgX2 complexes would be s u i ta b le  f o r  such a systematic s tudy.

The re s u l ts  o f  these spec troscop ic  s tu d ie s  ind ica ted  t h a t  the  (PR^)2HgX2

complexes g ive  r is e  to  associa ted o r  o the rw ise  unusual s t ru c tu re s  depending

on the  nature o f  the  PR^ l igand . Therefore  to  de f in e  these d i f f e r e n t

s t ru c tu re s  and to  exp la in  the  spec troscop ic  obse rva tions  i t  was decided to

determine the  c ry s ta l  s t ru c tu re s  o f  ( P B u l ^ H g C I ( P E t ^ ^ H g C ^  ar|d

(P E tN ^ )2^91̂ 2> s u i ta b le  c r y s ta ls  o f  which could be prepared.

The c ry s ta l  Iograph ic  data so ob ta ined , to g e th e r  w i th  the  re c e n t ly  

74reported (P P h ^^ H g ^  s t ru c tu re  then formed a bas is  from which v ib ra t io n a l  

assignments were made.

The s t ru c tu re s  o f  a l l  these complexes were shown to  be monomeric but 

w i th  the  c o o rd in a t io n  polyhedron about mercury va ry ing  from one s t r u c tu r e  

to  another (Table 5 .1 ) .

In s p i te  o f  the d i f f e r e n t  stereochemical arrangements about the  mercury 

atoms a l l  monomers are e s s e n t ia l l y  o f  C^y symmetry. P o in t  group a n a ly s is  

p re d ic ts  the  fo l lo w in g  m olecu lar modes f o r  a ( ^ y  monomer:

T jn+ = 4A,(IR ,Ra) + A2 (Ra) + 2B( (IR,Ra) + 2B2 (IR,Ra)

These modes may be described as f o l l o w s : - * ^

A, : Vs (HgX) A2 : P+ (HgP2 )

Vs (HgP)

6s (XHgX)

Ss (PHgP)

241



Table 5 . 1 .

Summary o f  the  geometries o f  some (PR^.)^HqXo monomers.

Compound d(Hg-P)/A d(Hg-X)/A P-*Hg-P/° X-Hg-X/°

(PBu^)2HgCI2v

(PEt3 )2HgCI2

(PEtMe2 )2HgBr2

(PPh3 ) 2Hgl274

2.34 (6 ) ,2 .6 4  (6 )

2.39 (1 ) ,2 .3 9  (1 )

2.4.4 ( 6 ) ,2 .5 0  (5)
2 .3 9  ( 5 ) ,2 .4 8  (5)

2 .574 (1 ) ,2 .5 74 (1 )

2.55 ( 5 ) , 2 .66 (5)

2.68 ( 1) , 2.68 ( 1)

2 .72  (2 ) ,2 .7 9  (2 ) 
2 .7 9  ( 3 ) , 2 .88 (2)

2 .733 (1 ) ,2 .7 6 3 (1 )

139(2)

158.5(5)

147(2)
150(2)

108.95(4)

105(2)

105.5(5)

102( 1)
107(1)

110.43(9)

F igure 5 .1 .

The approximate forms o f  motion o f  v(HqX) and v ( HoP) modes

fo r  a CL monomer.  2 v ---------------

v s (HgP)(A( ) va (HgP)(B2 ) vs (HgX)(A,) v ( H g X ) ( B , )



Tab Ie 5 .2 .

_1 96
Solid state  v(HqX) data for (Et^N)^HgX^ (X=CI , Br or I )(cm )

Compound v (HgX) v (HgX)

(E t4N)2HgCI4 265s Ra 229m Ra

i .a . 230s ,b r IR

(E t4N)2HgBr4 168s Ra I 59m Ra

i . a . I 57s,I50sh IR

(E+4N)2Hgl4 122s Ra I223 Ra

i .a . 123s IR

Ra -  recorded a t  room tempera ture.

IR -  recorded a t  c£. I00K.

a -  c o in c id e n t  w ith  the  v s (HgX) mode,

i . a .  -  in a c t iv e .

243



Bj : v (HgX) B2 : V g (HgP)

P r (HgX2 ) 6 a (PHgP)

The most in fo rm a tiv e  o f these modes, as f a r  as the  present work is 

concerned are the  v(HgX) and v (HgP) modes. The approximate forms o f  motion 

o f  these modes may be determined from the  C2v cha rac te r  ta b le  and are shown 

in F igure 5 .1 .

The question  a r is e s  as to  the  wavenumber p o s i t io n s  o f  both se ts  o f

modes.
2 -

R e lia b le  spec troscop ic  data f o r  some te tra h e d ra l [ HgX^] monomers 

96(X=CI, Br o r  I)  (Table 5 .2) should p rov ide  a c lu e  as to  the  p o s i t io n s  o f

v(HgX) modes in an ’ id e a l ’ (PR^)2HgX2 monomer. The p o s i t io n s  o f  the  m ercury- 

halogen s t re tc h in g  modes observed f o r  the  remaining c r y s ta I lo g ra p h ic a I ly  

cha rac te r ized  complexes which dev ia te  from ideal te tra h e d ra l  are e a s i ly  

in te rp re te d  in terms o f  t h e i r  s p e c i f i c  s t ru c tu r a l  fe a tu re s .

The approximate wavenumber p o s i t io n s  o f  v(HgP) modes a r is in g  from t e t r a 

hedral ly  coord ina ted  Hg-P bonds and the d i f f i c u l t i e s  encountered in  t h e i r  

lo c a t io n  have been discussed p re v io u s ly  in Section 3 .2 .2 .  Using s im i la r  

arguments as presented f o r  (PR^)HgX2 complexes, where the  p o s i t io n  o f  v(HgP) 

modes are dependent on the  C ls-Hg-P ang le , the  wavenumber p o s i t io n  o f  v(HgP) 

modes in the  (PR^)2HgX2 complexes m ight be expected to  increase as the  

P-Hg-P angle is  increased.

5 .2 . THE SOLID-STATE VIBRATIONAL SPECTRA OF SOME (PR5 )2HgX2 COMPLEXES OF

KNOWN STRUCTURE.

(a ) (PPh3 )2HgX2 (X=CI, Br o r  I )

74(PPh3 )2Hgl2 has been shown to  be a s l i g h t l y  d is to r te d  te t ra h e d ra l  

monomer o f  C2v symmetry. The re g u la r  halogen mass-dependence o f  the  v ib r a 

t io n a l  spectra  (F igures 5.2a and 5.2b) in d ic a te  t h a t  c h lo ro  and bromo
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complexes are isos+ruc+uraI.

As shown in the  prev ious S ec tion , using the p o in t  group approach one

may expect to  observe the  fo l lo w in g  v(HgX) and v(HgP) modes f o r  a 1te tra h e d ra I  1

monomer o f t h i s  symmetry

Tv(HgX) = Aj ( IR,Ra) + B( ( IR,Ra)

and Tv(HgP) * A ,( IR ,R a) + B2 (IR,Ra)

Room temperature IR spectra  recorded in the  present work are in complete

agreement w ith  a prev ious re p o r t  by Deacon e t  &\_J, but a t  low temperature

the IR spectra (F igure  5.2a) show improved re s o lu t io n  and expected band

s h i f t s  to  h igher wavenumber va lues. The present study a lso  inc ludes room

temperature Raman data obta ined f o r  the f i r s t  t im e .  Wavenumber p o s i t io n s

and v ib ra t io n a l  assignments are conta ined in Table 5 .3 . In te rn a l modes o f

the  PPh^ ligand have been e l im ina ted  using the halogen mass-dependence

method and by comparison w ith  the  f re e  ligand spec tra . Assignments o f  the

IR -a c t iv e  modes are e s s e n t ia l l y  in agreeement w i th  those o f  Deacon e t  a I . ?

but because o f  the  improved re s o lu t io n  more d e ta i le d  assignments are now

p o s s ib le .  The X -s e n s i t iv e  bands a t  ca. 230, 160 and 135 cm * f o r  c h lo ro ,

bromo and iodo complexes, re s p e c t iv e ly ,  in  both IR and Ra spectra  are r e a d i ly

assigned to  v(HgX) modes. The h igher wavenumber bands in each case have

been assigned Vs (HgX), by comparison w i th  some p o la r is a t io n  data recorded 

90by Kessler f o r  o th e r  (PR^)2HgX2 complexes in s o lu t io n .  The lower wavenumber

va lue o f  the  \MHgCI ) mode found f o r  (PPh^)2HgCI2 as compared to  t h a t  found 

90f o r  [N E t^ ]2 [ H g C I m a y  be a t t r ib u te d  to  longer Hg-CI bonds in the  p resen t 

case.

141Comparison w ith  the v(N iP ) mode assignments o f  A l le n  and W ilk inson 

f o r  some (PR^)2NiX2 complexes a l low s one t e n t a t i v e ly  to  assign the  bands a t  

161 and 145(IR) and 140 cm * (Ra) f o r  the ch lo ro  complex, and a lso  the  bands 

a t  14 0 ( IR) and I 39(Ra) f o r  the  bromo complex as v(HgP) modes. The v(HgP)
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Far infrared spectra (ca . 3QK) of (PPh^)gHgXg (X=CI, Br or 1) (cm )

X=CI • -  in te rn a l mode o f  the

I Igand.

X=Br

X= I

rocvj

100200300400 cm
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Raman spectra (RT) of (PPh^)^HqX^ (X=CI, Br or I) (cm *)

"  • -  in te rn a l  mode o f  the

X=CI | « l igan d .

<M CD CM

X=Br

(o  ID  m in

1

X= I

o
m

CD CM CM •  CM

 i________i________i________ i__

350 250 150 50 cm" 1
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Table 5 .3 .
a - I

V ibrational assignments for (PPl~u H o X ^  (X=CI . Br or I ) (cm )

Cl Br 1

AssignmentsIRb Rac IRb Rac 1 Rb RaC

237s 236vw 164s 164m 137s 137m v s (HgX)

223sd 224vwd 155s 155m 129s 130s V a (HgX)

1 61 w I64se Vs (HgP)

145w 140m 140m 139w 137se I37me Vg (HgP)

1 16m

1 19m I l l s I04w 108m 92w 97m
>
I Deform ation,

89s 72s 76w,sh 71s 73vw 79s rock i ng,waggi ng,

81 s 57s 68sh 56s 63w 72s t w is t in g  and

73s 40s 60m 36s 46m 59m ex te rna l modes.

63sh 32s 18m 44m

18m 34s

22m

12w

/

a -  o m it t in g  in te rn a l ligand modes, 

b -  recorded a t  ca_. 30K. 

c -  recorded a t  room temperature, 

d -  c o in c id e n t  w ith  an in te rn a l l igand mode, 

e -  assumed c o in c id e n t  w ith  \>s (HgX)
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modes o f the  iodo complex are e v id e n t ly  a c c id e n ta l ly  c o in c id e n t  w ith  the

vCHg I ) modes a t  ca-, 137 cm *.

D e ta i led  assignment o f  the  deformation modes has not been attempted.

2- 96However by comparison w ith  s im i la r  modes o f  I HgX^l species these modes

may be assigned to  the  bands occur ing  below 119, 108 and 97 cm *, in the  IR

and Ra spectra  o f  c h lo ro ,  bromo and iodo complexes, re s p e c t iv e ly .  At very 

low wavenumber values in the  Ra spectra  ( < 40 cm *) one is  a lmost c e r ta in ly  

beg inning to  observe ex te rna l modes.

One may note t h a t  the  Raman spectra  o f  the  c h lo ro  and iodo complexes 

have been recorded a t  two separate a m p l i f i e r  ga ins . The problem which 

arose because o f  the  weak Ra s ig n a ls  fo rV (H g C I)  modes f o r  th e  1:1 complexes 

(Section 3 .3 .1b )  is  again apparent f o r  the  (P R ^^H gC ^ complexes. The 

a m p l i f ie d  spectra were recorded to  help w ith  e l im in a t io n  o f  the  in te rn a l  

modes o f  the PPh^ l igand .

(b) (PEt3 )2HgX2 (X=CI, Br o r  I)

The s t ru c tu re  o f  (P E t^ ^ H g C ^  has been shown to  be monomeric and o f  

C2v symmetry but w ith  a la rge  P-Hg-P angle and r e la t i v e l y  long Hg-CI bonds 

(Table 5 .1 ) .

The re g u la r  halogen mass-dependence o f both IR and Ra spectra  in d ic a te  

t h a t  the  bromo and iodo complexes both have s im i la r  s t ru c tu re s  to  the c h lo r id e .

The number and a c t i v i t y  o f  the  v ib ra t io n a l  modes p red ic te d  by p o in t  

group an a ly s is  f o r  t h i s  s t ru c tu re ,  t h a t  o f  a G2v monomer, has been s ta te d  in 

the  prev ious Section .

V ib ra t io n a l  spectra are shown in F igures 5.3a and 5.3b. In te rn a l 

modes o f the  ligand have been e l im ina ted  so t h a t  modes a r is in g  f r o m v (Hg-X) 

are r e a d i ly  assigned in both IR and Ra spectra  a t  £a. 190, 150 and NO cm * 

f o r  c h lo ro ,  bromo and iodo complexes, r e s p e c t iv e ly .  The \M HgX) and \M HgX) 

have been assigned in the  same wavenumber o rde r  as p re v io u s ly .  The low wave-
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h i gure 5 ,-Ma ) .

Far infrared spectra (ca. 50K) of (PEt .̂) ^HgX  ̂ (X=CI t Br or I ) (cm *)

X=CI

• -  in te rn a l  mode o f  the

I i  gand.

X=Br

X= I

I__

400
i -

300

i

200
250

»

100



Raman spectra (RT) of (PEt^)pHpX2 CX-CI, Br or I ) (cm )

X=CI in te rn a l mode 

o f  the  I i  gand,

X=Br

350 250

2 5 1

50 50 cm



Table 5 . 4 .

V i b r a t i o n a l  a s s i qnments9  f o r  (PEt, ) 2 H9^2 ^ = C I , Br o r  I ) (cm 1)

c. Br 1

IRb Rac 1 Rb RaC IRb Rac Ass i gnments

139m

196sh) 
189s ) 198s,br 149s 1 51 vs 109s 108s \MHgX)

176s ) 
166sh)

153s

132s 109s 108s Vg (HgX)

1 I5w

93s

73sh

59w

8 8 vs

67sh

55s

34m

92w 

64 s 

59sh 

44m

89sh

60vs

42s

32sh

57m 

51 sh

44vs

30m

23m

Deform ation, 

t w is t in g ,  wagging 

and ex te rna l 

modes.

a -  o m it t in g  in te rn a l ligand modes, 

b -  recorded a t  ca. 30K. 

c -  recorded a t  room temperature.
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number va lues o f these modes, as compared to  the  e q u iv a le n t  modes observed

f o r  the  ( P P h ^ ^ ^ ^  complexes, r e f l e c t  the  longer bond lengths which are

known fo r  the  ch lo ro  complex and in fe r re d  f o r  bromo and iodo complexes.

Bands a r is in g  from v a (HgX) have on ly  been observed in the  IR spectra  o f  the

bromo and c h lo ro  compounds, whereas, v (Hgl) and v (Hgl) modes are probablya s

c o in c id e n t  in both IR and Ra spec tra . C e r ta in ly ,  t h i s  phenomenon o f  decrease

in  wavenumber separa tion  o f v and v modes as X changes from C I - ^ B r - * * - l  iss a

q u i te  common w i th in  the  present s e r ie s  o f  (PR^^*9^2 comP iexes anc  ̂ bas been
2 -reported on a number o f  occasions f o r  re la te d  systems v i z . [HgX^l spec ies ,

90,96 / nn \ M • v I 1̂ 1 I 18(PR^)NiX2 complexes, and (Py)2CoX2 complexes.

The o r ig i n  o f  bands which occur a t  l53(Ra) cm *, and l34(Ra) and 13 7 ( IR) 

cm * in the  spectra  o f  the ch lo ro  and iodo complexes re s p e c t iv e ly  is  d i f f i c u l t  

t o  assess. There is  the p o s s i b i l i t y  t h a t  these modes may have a r is e n  from 

v(HgP) modes, the  corresponding modes f o r  the  bromide being ’ masked’ by the 

v(HgBr) modes (a t  ca. 151 cm * ) .  However, one may have expected v(HgP) modes 

to  appear a t  h igher va lues , e s p e c ia l ly  f o r  (P E t^ ^ H g C ^  ' n view o f  i t s  la rge 

P-Hg-P ang le .

(c ) (PBug) 2HgX2 (X=CI, Br o r  I)

P re l im in a ry  c ry s ta  I log raph ic  a n a ly s is  in d ic a te s  th a t  (P B u ^^H gC ^  is

a d is to r te d  te tra h e d ra l  monomer o f  C2v symmetry (Table 5 .1 ) .  V ib ra t io n a l

spectra  (F igures 5.4a and 5.4b) suggest t h a t  the  e q u iv a le n t  bromo and iodo

compounds are is o s t ru c tu ra I  w i th  the  c h lo r id e .  The Raman spectrum o f  the

bromo complex appeared to  undergo decomposition in the la se r  beam, presumably

to  the  1:1 complex, consequently t h i s  spectrum is  not shown.

Room temperature IR and Ra spectra  recorded in the  p resen t work are in

90agreement w i th  those reported by Kess le r. The corresponding f a r  IR spectra  

a t  c a . 30K (F igure  5 .4 a ) ,  however, showed improved spec tra l r e s o lu t io n ,  which 

a llowed more d e ta i le d  v ib ra t io n a l  assignments.
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Far infrared spectra (ca . 30K) of (PBu^^HgX^ (X=CI, Br or I) (cm *)

X=C1

• -  in te rn a l mode o f  the

igand

X=Br

X= I

400 300 200
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Raman spect.ra IKU of irbuy )^HgX  ̂ (X=UI ,o r  1) tern ' )

CM

in te rn a l mode 

o f  the  I i  gand

in
co

350 250 150 50 cm"1
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Table 5 . 5 .

V i b r a t i o n a l  a s s i gnments8  f o r  (PBu^)^HqX^ (X=CI, Br o r  I )  (cm *)

Cl Br 1

Ass i gnmentsIRb Rac IRb Rad 1 Rb RaC

217s 218s 144sh 1 15s 1 2 2 s Vs (HgX)

205s 127s 107s 1 1 2 sh v a (HgX)

1 76sh 167m,br

1 55w

142w 1 35w

1 1 Osh 96sh

1 1 2 mw 76sh 95w 62w 44vs
>

Deform ation,

98m 6 6 vs 85sh 46w 35sh ro ck in g ,  wagging,

85ms 42vs 6 6 m,br tw is t in g  and

78sh 25sh e x te rna l modes.

6 8 sh

59m

a -  o m it t in g  in te rn a l ligand modes,

b -  recorded a t  £a. 30K.

c -  recorded a t  room temperature,

d -  see t e x t .
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In te rna l modes o f  the  PBu^ ligand are e a s i ly  e l im in a te d  by comparison

o f  the  spectra  o f  a l l  th re e  complexes.

The number and a c t i v i t y  o f  the  v ib ra t io n a l  modes p red ic ted  fo r  v(HgX)

and v(HgP) has a lready  been s ta ted  (Section 5 .1 ) .

The Vs (HgX) modes o f  the  ch lo ro  and iodo complexes have been assigned

as the  s trong  halogen mass-dependent bands a t  ca_. 218, 120 cm *, r e s p e c t iv e ly ,

whereas bands a t  ca. 205, 127 and I 10 cm * have been assigned v (HgX) modes,—  a

fo r  c h lo ro ,  bromo and iodo complexes re s p e c t iv e ly .

Deformation, wagging modes e t c . ,  are l i k e l y  t o  be conta ined w i th in  bands 

occu r ing  lower than ca_. 112, 95 and 62 cm * f o r  c h lo ro ,  bromo and iodo comp

lexes, re s p e c t iv e ly .

Bands in the  IR spectra a t  142(C l)  and 135 cm * ( I )  are p o s s ib ly  due 

to  v(HgP), the  corresponding mode f o r  the bromo complex being masked by the  

v(HgBr) mode. Again, however, on the  bas is  o f  P-Hg-P ang le , i t  is  a n t ic ip a te d  

th a t  v(HgP) modes would occur a t  h igher wavenumber values f o r  the  (PBu^)2HgX2 

s e r ie s  than fo r  the  (PPh^)2HgX2 s e r ie s .

(d ) (PEtMe2)2HgX3 (X=CI, Br o r  I)

C rys ta I log raph ic  a n a ly s is  shows t h a t  the  s t ru c tu re  o f  (PEtMe2 )2^913^ 

co n s is ts  o f  two s im i la r  monomeric u n i ts  o f  app rox im ate ly  C2V symmetry (Table 

5 .1 ) .  The c lo s e s t  approach o f  these two monomers is  through a mercury-bromine
o

d is tance  o f  c£. 3 .8 A, which is  j u s t  o u ts id e  the sum o f  the  van der Waal s ’ 

r a d i i  o f  mercury and bromine, and th e re fo re  l i t t l e  i f  any bonding between these 

two atoms is  considered to  take p lace. C ons idera tion  o f  the  v ib ra t io n a l  

spectra  o f  the  e q u iv a le n t  ch lo ro  and iodo complexes in d ic a te s  t h a t  s im i la r  

s t ru c tu re s  are present to  the  bromide (F igures 5.5a and 5 .5 b ) .

*The s im p l i c i t y  o f  the  v ib ra t io n a l  spectra  o f  a I I th re e  complexes a l low s  

one to  use a simple p o in t  group a n a ly s is  based on a s t ru c tu re  o f  C2V symmetry. 

The number and a c t i v i t y  o f  the  modes p red ic ted  f o r  a molecule o f  t h i s  symmetry
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Far infrared spectra (ca. 30K) of (PEtMe^)2tlS2?2 * Br or 1) (cm *)

X=CI
• -  in te rn a l mode o f  the

i gand

X=Br

X= I
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Raman spectra (RT) of (PEtMe^) qHqX  ̂ (X=CI, Br or I ) (cm *)

X=CI -  in te rn a l mode o f  the  l igand .

—1________L

? -  u n c e r ta in ty  as to

the  ex is tence  o f  

t h i s  band.

X=Br

1/1 O

X= I

350 250 150 50 cm” 1
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Table  5 . 6 .

a - 1
V i b r a t i o n a l  a s s i q nments f o r  (PEtMe^ ) 2 ^ 9 X2  (X=CI, Br o r  1) (cm )

Cl Br 1

1 Rb RaC 1 Rb RaC .Rb RaC Ass i gnments

226vwd 1 24w

205 1 2 2 s 1 19mw 103sh \M HgX)

188 179s,br6

181
s ,b r

169

1 1 2 sh 94 s 94s Vg (HgX)

159

137

1 1 Iw 78s,br 73w 56vs 71m 42vs jDeformat i on,

93sh 59ms 33s 64sh 31 sh l r o c k in g ,  wagging,

8 6 s 2 0 vs 56ms 2 0 s [ tw is t in g  and

6 8 sh 13s le x te r n a l  modes.

47sh
)

a -  o m it t in g  in te rn a l ligand modes,

b -  recorded a t  ca. 30K.

c -  recorded a t  room temperature.

d -  u n c e r ta in ty  as to  the ex is tence  o f  t h i s  band (see t e x t ) ,

e -  c o in c id e n t  w ith  an in te rn a l l igand mode.
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have been stated previously (Section 5 .1 ) .

90These complexes have a lso  been s tud ied  by Kess ler, but again the

low-temperature IR spectra  recorded here a l low  more d e ta i le d  v ib ra t io n a l

assignments. The assignments made here are e s s e n t ia l l y  in agreement w ith  

90those o f  Kess le r, the  one notab le  d i f fe re n c e  occuring  in the  Ra spectrum

- I  90o f (P E tN ^ ^ H g C I2 where a medium in tense band a t  233 cm has been assigned

t o v s (HgX). I t  was d i f f i c u l t  to  d is t in g u is h  t h i s  band in the  present s tudy,

probably due to  high spec tra l no ise. However, because in the  presen t study

one has the  b e n e f i t  o f  the c ry s ta l  Iograph ic  data f o r  ( P E t f ^ ^ ^ H g B ^ ,  one may

suggest the r e la t i v e l y  high wavenumber p o s i t io n  o f  t h i s  band is  not c o n s is te n t

w ith  the  l i k e l y  s t ru c tu re  o f  (P E t lv ^ ^ H g C I2> and a lso  not c o n s is te n t  w i th

K e ss le r ’ s own p o la r iz a t io n  data .

The few in te rn a l modes o f  the  P E tN ^  ligand have been e l im in a te d  by

the  halogen mass-dependence method. The very s trong  abso rp t ion  from 137 to

205 cm * in the  IR spectrum o f  the c h lo ro  complex is  assigned to  V (HgX) anda

v s (HgX). The e q u iv a le n t  Raman bands are thought to  be masked by the  s trong  

l igand band between 150 and 200 cm *. The low wavenumber va lues o f  these 

v(HgCI) modes suggests t h a t  the Hg-CI bonds are  q u i te  long, w h i le  the  broad 

nature  o f  the  IR band perhaps suggests ove r lap  o f  bands which may have a r is e n  

from v ib ra t io n  o f  a range o f  Hg-CI bonds, some o f  which may be b r idg e  bonds. 

Fu r the r  inter-monomer con tac t is  q u i te  l i k e l y  when one cons iders  the  s t r u c tu r e  

o f  (P E tN ^ ^ H g B ^ ;  however the  proposal f o r  f u r t h e r  a s s o c ia t io n  remains 

te n ta t i v e  w ith o u t  the  necessary c ry s ta I  Iograph ic  evidence.

Assignments o f  v(HgX) modes f o r  bromo and iodo complexes are s t r a i g h t 

forward and are shown in Table 5 .6 . The wavenumber p o s i t io n  o f  th e  v(HgBr) 

modes are c o n s is te n t  w i th  the Hg-Br bond lengths found; s im i l a r l y ,  the  low 

wavenumber p o s i t io n  o f  v (H g l)  modes suggest co rrespond ing Iy  long Hg-I bond 

lengths fo r  the  iodo complex.

261



F in a l l y ,  i t  should be mentioned th a t  no evidence fo rv (H g P )  modes was 

immediately apparent.

(e) Summary.

As ind ica ted  in Section 4 .1 .5  the  d i s t o r t io n  o f  the  f P2HgX2 ’ u n i t  from 

re g u la r  te tra h e d ra l appears to  be dependent upon the  donor s t re n g th  o f  the  

PRj l igan d . The degree o f  t h i s  d i s t o r t io n  and thus the  e x te n t  o f  mercury- 

phosphorus in te ra c t io n  may be ind ica ted  by each o f  two seemingly complementary 

parameters, v i z . P-Hg-P angle and Hg-X bond leng th .

The magnitude o f  the  Hg-X bond lengths, and consequently the  P-Hg-P 

ang les, are r e f le c te d  in the  v ib ra t io n a l  spectra  o f  the  complex by the  

p o s i t io n  o f  the  mercury-halogen s t re tc h in g  modes (Table 5 .7 ) .  The re g u la r  

halogen mass-dependence in the v ib ra t io n a l  spectra  o f  each o f  the  fo u r  s e r ie s  

o f compounds a lready  s tud ied  suggests t h a t  e q u iva le n t  ha lo analogues have 

s im i la r  s t ru c tu re s  (Table 5 .7 ) .

Therefore  lo c a t io n  o f  v(HgX) modes in the  regions 160-240 cm * f o r  

c h lo ro ,  110-160 cm * f o r  bromo and 90-140 cm * f o r  iodo complexes, and the  

absence o f o th e r  bands a t t r ib u ta b le  to  mercury-haIogen s t re tc h in g  in d ic a te  

the  presence o f  monomeric 'P2HgX2 f species w ith  the  d e ta i le d  geometries 

de term in ing  the  p rec ise  wavenumber p o s i t io n s .

Although i n i t i a l  in te r p r e ta t io n  o f  these v ib ra t io n a l  s p e c tra ,  p r io r  

to  c ry s ta l  Iograph ic  examination ind ica ted  long Hg-X bonds, a f u r t h e r  in f e r 

ence from the  re s u l ts  was the  p o s s i b i l i t y  o f  mercury-halogen assoc ia ted  

90s t ru c tu re s .  There is  no evidence f o r  the  ex is tence  o f  assoc ia ted  s t ru c tu re s  

fo r  (PR^)2HgX2 complexes. Therefore  i t  has been shown th a t  the  very low 

v(HgX) modes observed f o r  some s t ru c tu re s  is  s imply a fu n c t io n  o f  the  long 

Hg-X bond leng ths, and th a t  even such very low wavenumbers fo r  v(HgX) cannot 

be used to  p o s tu la te  a s s o c ia t io n  v ia  h a loge n -b r idg ing .

Although the re  is  no evidence fo r  a s s o c ia t io n  v ia  h a lo g e n -b r id g in g  from
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Table 5 .7 .

rhe r e l a t ’ on sh ip between the s t ru c tu re s  and v ib ra t io n a l  spectra  

o f  some (PR-z)^HgX^ comp lexes.

Parameter (PR3 )2 HgCI2 (PR3 ' 2HgBr 2
CPR3 )5?H9 * 2

PPh3 PBu3 PEtMe2 PE+3 PPh3 PBu3 PEtMe2 PEt 3 PPh3 PBu3 PEtMe2 PEt 3

P-Hg-P 
ang 1 e /°

139 158.5 av.
148.5

110.43

av. Hg-X 2.60 2 . 6 8 2.79 2.75
1ength/A

vas (H9 X) 223 205 181- 176 155 127 1 1 2 132 129 107 94 109
/cm 169
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c ry s ta I  log raph ic  s tu d ie s ,  in one case, (PEtMe2 )2HgCI2, the  breadth o f  the  

IR -a c t iv e  band assigned to  vCHgCI) has t e n t a t i v e ly  been a t t r ib u te d  to  band 

ove r lap  caused by bands a r is in g  from v ib r a t io n  o f  a range o f  d i f f e r e n t  Hg-CI 

bonds, some o f  which may be Hg-CI b r idge  bonds.

Evidence compiled concern ing wavenumber regions where one m ight expect 

to  observe v(HgP) modes is  again very meagre, as found fo r  complexes o f  1:1 

s to ic h e io m e try .  Only the  t e n ta t i v e  assignments f o r  the  s e r ie s  (PPh3 ) 2HgX2 , 

(PBu3 ) 2HgX2 and (PEt3 ) 2HgX2 have been p o s s ib le .

5 .3 .  THE SOLID-STATE VIBRATIONAL SPECTRA (cm"1) OF SOME (PR5 )2HgX2 

COMPLEXES OF UNKNOWN STRUCTURE.

(a ) (PPr3 ) 2HgX2 (X=CI, Br o r  I)

The general appearance o f  each spectrum in d ica te s  t h a t  a l l  th re e  

complexes e x is t  as monomers (F igures 5.6a and 5 .6 b ) .  There are s im i l a r i t i e s  

in the  wavenumber p o s i t io n s  o f  v(HgX) modes between the c h lo ro  complex and 

(PEtMe2 ) 2HgCI2 , the  bromo complex and (PBu3) 2HgBr2> and the  iodo complex 

and (PEt3 )2Hgl2 . S im i la r  c o o rd in a t io n  te tra h e d ra  about mercury may th e re 

fo re  be envisaged a lthough t h e i r  p rec ise  nature  are unknown.

In te rna l modes o f  the  PPr^ ligand have been e l im in a te d  by the  usual 

methods. S p e c i f ic  wavenumber p o s i t io n s  and v ib ra t io n a l  assignments fo l lo w  

n a tu r a l ly  from the  s im i l a r i t i e s  noted above and may be found in  Table 5 .8 .

The bands a t  156, 161 and 155 cm * in the  Ra spectra  re s p e c t iv e ly  o f  the  

c h lo ro ,  bromo and iodo complexes have been t e n t a t i v e ly  assigned to  v^ tH gP). 

However, one should not d ismiss the p o s s i b i l i t y  t h a t  these bands c o n ta in

14some c o n t r ib u t io n  from an in te rn a l ligand mode, because A l le n  and W ilk inson  

have noted l igand bands in t h i s  reg ion  f o r  (P P r^^PdC I2 »

(b ) (PPh2Me)2HgX2 (X=CI, Br o r  I)

The v ib ra t io n a l  spectra o f  the  ch lo ro  complex are very s im i l a r  to  those 

observed fo r  (PPh^^HgCI2 , suggesting a s im i la r  monomeric s t r u c tu r e
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n — I
Raman spec t ra  (RT) o f  (PPr^ ) ^HqX^ (X=CI, Br o r  I ) (cm ^

X=CI in te rn a l mode o f 

the  I i  gand.

X=Br

350 250 150 50 cm"1
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Table  5 . 8 .

V i b r a t i o n a l  a s s i gnments3  f o r  (PPr^)oHqXo ( X=CI, Br o r  I )  (cm *)

Cl Br 1

Ass i gnments1 Rb RaC IRb RaC 1 Rb RaC

278w

247w

/  202 

19!
s ,b r

179

161

I00m,br 

76m 

61 mw 

94m

197s

156m

100s h 

72vs 

58sh 

44sh

\\25s,br 

!l 13 s ,b r

lOOsh 

81 sh 

62sh 

54sh

132m

161 s

50vs

38s

/ I  10

'l05sh
s,br

100s h 

{ 95sh

61 mw

108s 

100s h 

t 88sh

155m

80w

42vs

24s

v(HgX)

v (HgP)

] Deform ation,

1 rock ing ,  wagging, 

I tw  i s t i  ng and 

1 ex te rna l modes.

a -  o m i t t in g  in te r n a l  l ig a nd  modes, 

b -  recorded a t  ca. 30K. 

c -  recorded a t  room te m p e ra tu re .
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Far infrared spectra (ca.30K) of (PPhgMe)gHgXg (X=C I # Br or I )  (cm"1)

in te rn a l  mode o f  the
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Raman spectra  (RT) o f  (PPhpMe)^HgX^ (X=CI, Br o r  I )  (cm ' )

X=CI t o  CM
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Tab Ie 5 . 9 .

V i b r a t i o n a l  a s s i q nments3  f o r  (PPh^ M e ) ( X=CI , Br  o r  I ) (cm 1)

Cl Br 1

Ass i gnments1 Rb RaC 1 Rb RaC 1 Rb Ra°

242s ; 243shj

236s ; 239s j 164s 162s 132s 132s 1 v s (HgX)

232s ; 1 '
225mw 149s 144m 1 1 2 m 108m v (HgX)

226s ! ) 3

159m 156m 149- 144- 1 56m I53w v (HgP)
164s 162s ; S j

147s 1 39sh 140m v g (HgP)

142sh 1 2 1 m

105sh

95sh

1 15s 1 0 0 s 93w 77sh 75sh 88m \Defo rmat  ion,
1 0 2 s 87s 63m 67vs 6 6 w 71m Crock ing ,  wagging,
81s 6 6 vs 55vs 54w 56s l t w i s t i n g  and
71 sh 42s 32s 48ms Jexternal  modes.

32vs 25vs 39m 1
27vs

}

a -  o m i t t i n g  in te rna l  l igand modes, 

b -  recorded a t  ca.  30K. 

c -  recorded a t  room temperature.
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(F igu res  5.7a and 5 .7 b ) .  Accord ing  t o  assignments presented  in  Table  5 .9

the p o s i t i o n s  o f  bands a t t r i b u t a b l e  to  v(HgX) modes f o r  bromo and iodo

complexes are again o f  wavenumbers c h a r a c t e r i s t i c  o f  the ’ monomeric 1

(PPh^) 2 HgX2  (X=Br o r  I )  complexes. However, in the present case the re  is a

f a r  wider separa t ion  between symmetric and a n t i  symmetric v(HgX) modes. This

separa t ion is  l i k e l y  to  be s i g n i f i c a n t  in terms o f  the p rec ise  co o rd in a t io n

environment o f  mercury,  but  in ex ac t ly  what way i t  is  d i f f i c u l t  t o  assess.

Poss ib le  exp lana t ions  inc lude;  ( i )  the presence o f  two Hg-X bonds o f

d i f f e r e n t  length ,  o r  ( i i )  the presence o f  a r e l a t i v e l y  large X-Hg-X angle

I 37as ind ica ted by Baran from h is  work on a number o f  C2v systems. Of course 

the p o s s i b i l i t y  o f  d i f f e r e n t  s t ru c tu re s  and a l t e r n a t i v e  assignments should 

not be dismissed, but a l t e r n a t i v e  ( i i )  seems most l i k e l y .

Modes a r i s i n g  f romv(HgP) have been t e n t a t i v e l y  assigned a t  ca_. 150 cm 

f o r  ch lo ro  and iodo complexes, thev (H gP )  modes o f  (PPh2 Me)2 HgBr2  being 

assumed to  be a c c id e n ta l l y  co in c id e n t  w i th  v(HgBr) modes between 144 and 164 

cm *. Wavenumber p o s i t i o n s  and v ib r a t i o n a l  assignments,  o m i t t i n g  in te rna l  

l igand modes , are contained in Table 5 .9 .

(c ) (PPhMe2 ) 2 HgX2  (X=CI, Br o r  I)

As f o r  the (PPhMe2 )HgX2  complexes, the appearance o f  s t rong l igand 

modes in the Ra spectra o f  (PPhMe2 ) 2 HgX2  complexes makes assignment o f  Ra- 

a c t i v e  modes very d i f f i c u l t .

In o v e ra l l  appearance, the v ib r a t i o n a l  spectra o f  the iodo complex 

(F igures 5.8a and 5.8b) are very s i m i l a r  t o  those o f  (PPh2 Me)2 HgI 2  and the re  

fo re  s im i l a r  s t r u c t u r a l  p o s s i b i l i t i e s  are envisaged (Sect ion 5 .3b ) .

The lack o f  a well  def ined ’ window’ region between v(HgBr) modes and 

deformat ion modes e t c . ,  in the IR and Ra spectra o f  (PPhMe2 ) 2 HgBr 2  perhaps

ind ica tes  t h a t  f u r t h e r  Hg Br i n te ra c t io n s  are present.  The p o s i t i o n s  o f

the v(HgBr) modes suggests the ex is tence o f  bond lengths o f  the  same o rde r  

as those found f o r  (PEtMe2 ) 2 HgBr2 .
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Raman spectra (RT) of (PPhN^^UgXp (X=CI, Br or I )
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Table  5 , 1 0 . ,

V i b r a t i o n a l  a s s i gnments9 f o r  (PPhMe^)^HqX^ (X=CI, Br o r  I ) (cm *)

Cl Br 1

1 Rb RaC IRb RaC 1 Rb RaC Ass i gnments

183 1 2 0 s
f 129s 
[ 1 2 2 s 124m Vs(Hgx)

139 s, br 

1 2 0

[106sh 
| 95sh 1 0 0 s h 103s 1 0 0 m Va (HgX)

;93
s, vbr

|7I

8 8 vs

6 6 s

78sh

63m

8 6 sh

78vs

78m 

61 m

75s

55sh

>Deformation, 

wagging, t w i s t i n g ,

49w 43s

39vs

56sh

46w

54m 41 vs rock ing  and 

externa l  modes.

a -  o m i t t i n g  in te rna l  modes o f  the l igand,

b -  recorded a t  _ca. 30K.

c -  recorded a t  room temperature.
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The vibrat ional  spectra of (PPhMe2 ^HgCI  ̂ are unusual, but neither  

spectrum is obviously informative. However, i t  appears there is no absorp

t ion a t t r ib u ta b le  to v(HgCI) in the IR spectrum above ca. 183 cm *, and 

the very broad absorption below th is  value possibly suggests a bridged 

structure,  for  s im i lar  reasons as previously described. The Ra spectrum of 

th is  complex a t  wavenumbers above c£. 8 8  cm * is ob l i te ra ted  by what are 

thought to be internal ligand modes and so no assignments were possible in 

th is  region of the spectrum.

The large number of weak absorptions in the higher wavenumber regions 

of the IR spectra ( >180 cm *) of a l l  three complexes most probably ar ise  

from internal modes of the PPhMe2  l igand, and are assigned as such.

I t  was not possible to gain information concerning v(HgP) modes. 

Wavenumber posit ions and vibrat ional assignments may be found in Table 5.10.

5 .4 .  GENERAL DISCUSSION.

For the series of complexes (PR^^Hĉ  examined in th is  work the 

general structural type appears to be tha t  of a monomer. The precise 

stereochemistry of these monomers is apparently dependent on the donor 

properties of the PR  ̂ ligand.

I t  has been shown (Section 5.2) that  the wavenumber posit ions of  

v(HgX) modes for  these monomers r e f le c t  t h e i r  stereochemistry,  and v(HgX) 

modes may be found within a range of wavenumbers v i z . 160-240, 110-166 and 

90-140 cm * for  chloro, bromo and iodo complexes, respect ively.  The v(HgX) 

modes which occur at  the lower wavenumber ends of these ranges indicate  

larger P-Hg-P angles and longer Hg-X bonds.

These structure/spectra relationships presented in Section 5.2 allow 

one to make some quite confident structural  proposals. For example, tha t  

the structures of (PPh^Me^HgCI  ̂ an<̂  (PPh^^HgC^ are very s im i la r  and are 

probably s l ig h t ly  distorted tetrahedral monomers, and also that  (P Pr^^H g^
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and (PBu l^Hg^ are s t ruc tu ra l ly  very s im i la r  containing distorted t e t r a 

hedral monomers.

The vibrat ional  spectra of other complexes, notably (PPhMe2 ) 2 HgX2  

(X=CI or Br),  suggest that  other structural arrangements ex is t .  The 

t en ta t ive  proposals to the e f fe c t  that  associated structures are present can 

only be corroborated by complete crystal  Iographic analysis.  Unfortunately 

crysta ls  of (PPhN^^HgCI  ̂ suitable  for  X-ray analysis could not be prepared.

With the knowledge which is now ava i lab le  concerning the wavenumber 

positions of v(HgX) modes for  a fP2 HgX2 ! C2 V monomeric structure,  previous 

l i t e r a tu r e  data can be examined. In some cases, such as the closely related  

complexes (PCy^)2 HgX2  (X=CI, Br or I ) ,  quite detai led re - in te rp re ta t lon  is 

possible.  In view of the posit ion of v(HgX) modes at  ca. 200, 140 and 100 

cm * for  chloro, bromo and iodo complexes, respect ively,  monomeric structures  

s l ig h t ly  more distorted than those found for  (PBu^ 2 HgX2  complexes may be 

envisaged. In other cases i t  is obvious that  previous assignments and

proposals of tetrahedral monomeric structures are erroneous v i z . the

10 3(primary amine) 2 HgX2  complexes, the (arylamine) 2 HgX2  complexes,

[PhNHCS(NH2 ) ] 2 HgCI2 , 2 5  and [Me2 NCS(H)] 2 Hg12 , 1 0 0  (Table | . 6  ) .  In a l l  these

compounds the posit ions of bands assigned to v(HgX) are fa r  too high to have

arisen from regular tetrahedraI Iy coordinated Hg-X bonds in a (L) 2 HgX2  complex.

The majority of other previous data have been interpreted in terms of

a distorted octahedral polymeric structure, s im i la r  to that  found c r y s ta l lo -

84graphically  for  (Py^HgC^.  Because of a l imited crystaI  lographIc basis,

one cannot comment upon these data other than re-emphasize the spectral

98properties of (Py^HgC^,  for which no v(HgX) modes are observed above

ca. 2 0 0  cm *, whereas most other reports propose th is  structure assign bands

- I  2 - Iat  c£. 290 cm or above for chloro complexes, and ca_. 200 cm and above

2 18-20for  bromo complexes. ' The high posit ions of these v(HgX) modes are
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not consistent with the assignments reported, evidently without ambiguity,  

for  (Py) 2 HgCI2 . 9 8

90
The proposal of Kessler tha t  (PEtMe2 ) 2 HgX2  (X=Br or I) adopt bridged 

structures with l inear  P-Hg-P units,  is c e r ta in ly  in part  correct because
o

a P-Hg-P angle of ca. 150 , approaching l in e a r i t y  has been found for  

(PEt l^^^HgB^.  However, evidence concerning mercury-halogen bridging has 

not been d e f in i t e ly  found crystaI lographicaI I y .
4

On the basis of the present work Schmidbaur’ s proposal for  the 

existence of l inear  [P-Hg-P]^+ cations and 2X anions for  (PMe^)2 HgX2  

complexes in the solid state ,  can be stated probably to be correc t ,  as fa r  

as the presence of l inear  P-Hg-P units are concerned. However, the nature 

of Hg-X interaction is s t i l l  in doubt.
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6 .1 .  THE CRYSTALLQGRAPHIC EXAM I NAT I ON OF (PEtMe,, ) 3 (HgCI2 ) 2

6 . 1 . 1 . Introduction.

Although the l i t e r a t u r e  contains very many reports of the existence of

mercuric halide complexes of neutral unidentate ligands of varied stoicheiometry,

very few d e f in i t i v e  data are ava i Iab Ie  concerning t h e i r  actual structure .

6 1Evans ’e+ ’aj_. have long since reported the existence of 3:2 ( Iigandimercuric  

hal ide)  complexes v i z . ( P R ^ ) ^ ( H g or  BL,n̂  anc* *AsR^)^(HgI 2 > 2  

(R=Et, Prn or Bun) .  However, no crystal  Iographic data are ava i lab le  for  

complexes of th is  type.

During the present work a compound of 3:2 stoicheiometry,  (PEtMe^^ —

(HgC 12   ̂2̂  was ' s° l a'*"e  ̂ from a sample which in bulk analysed as a 2:1 complex, 

(PEtMe2 ) 2 HgCI2 .

The crystal  structure of th is  3:2 complex has been determined thus 

providing the f i r s t  crystaI lographic report for  th is  stoicheiometry.

6 .1 .2 .  Structure determination of (PEtMe2 ) ^(HgCI 2 ) 2  

Crystal Data.

^12^33^3^2^*4 Mr =813.31 Orthorhomb ic

a= l 8 . 755(3),  b= l3 .749(3 ),  c=9.740(2) A;

a=(3=Y=90.00 .

D =2.19 g cm  ̂ (by f lo ta t io n  in a CHBr,/CHCI, mixture) ,  D =2.15 g cm  ̂m ' 5 3 c

Z=4, F, , = 1511.65, y(Mo-K ) = 12 3 . 4 1 cm* " 1(0 0 0 ) ' a

Systematic absences:- 

hoo re f lec t ions are absent for  h=2 n + 1 

oko M ” 11 M k=2 n + 1

0 0 1 " " M " l= 2 n + 1

These absences uniquely define the crysta ls  as belonging to  the space 

group, P2J2 (2 ( (D*, N o .1 9 ) .112

Data Col lection and Structure Refinement. The data set .used fo r  th is
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s t r u c t u r e  was c o l l e c t e d  on a Nonius Cad-4 d i f f r a c t o m e t e r  ( a t  Rothamsted
O

Exper imental  S t a t i o n )  us ing Mo-K r a d i a t i o n ,  k = 0 . 7 1069 A.

A c o l o u r l e s s  c r y s t a l ,  approx im ate  d im e n s io n s ,0 .46x0.31x0.31  mm was
O

mounted. There were 2702 r e f l e c t i o n s  recorded w i t h  2 6< 40 o f  which 2552

had 1/  a ( I )  ^ 2 , 0  and were used f o r  re f in e m e n t .  I n t e r l a y e r  s c a l i n g  was used,

but  no a b s o rp t io n  c o r r e c t i o n  was a p p l i e d .

The w e ig h t in g  scheme used w a s : -

w = 4 . 6 2 8 9 / ( 0 2| F I + 0.000297 | F | 2 )1 o o

F u l l - m a t r i x  re f in e m e n t  w i t h  a n i s o t r o p i c  tem pera tu re  f a c t o r s  f o r  a l l  non-
%

carbon atoms gave Rw=0.064.  F ina l  a tomic  and thermal  parameters a re  g iven 

in Table  A2.9 (Appendix 2 ) .  C a lc u la te d  and observed s t r u c t u r e  f a c t o r s  are  

g iven  in Table  A3.9 (Appendix 3 ) .  A f i n a l  s e t  o f  bond d i s ta n c e s  and bond

ang les  may be found in Table 6 .1 .

D iscu ss io n  and d e s c r i p t i o n  o f  s t r u c t u r e . The s t r u c t u r e  may be env isaged 

as a c o n t i  nous ’ i o n i c ’ cha in  o f  [ ( P E t N ^ ^ H g C N  + c a t i o n s  and [ (PEtN^JHgCI ^  

an ions  l in ke d  t o g e t h e r  v ia  chI  o r i n e - b r i d g e s .

An unusual f e a t u r e  o f  t h i s  s t r u c t u r e  i s  the  presence o f  a l t e r n a t i n g  

f o u r -  and f i v e - c o o r d i n a t e  mercury atoms.

The Hg(2) atom is  j o i n e d  t o  the  t h r e e  c h l o r i n e  atoms, C l ( 2 ) ,  C l (3) and
O

C l (4) a t  d i s ta n c e s  o f  2 . 6 2 ( 1 ) ,  2 .5 2 (1 )  and 2 .4 5 (1 )  A, r e s p e c t i v e l y ,  and t o
O

t he  P(3) atom a t  2 .4 0 (2 )  A. The Hg(2) atom l i e s  in a d i s t o r t e d  t e t r a h e d r a l
o

env i ronment ,  th e  t e t r a h e d r a l  ang les  rang ing  f rom 9 8 .2 (5 )  f o r  C l ( 2 ) - H g ( 2 ) -  

C l (3) t o  132 .9(6)°  f o r  P ( 3 ) - H g ( 2 ) - C I ( 4 ) .

The c h a r a c t e r i s t i c  c o o r d i n a t i o n  number o f  Hg( I ) is  t h r e e ,  w i t h  two
O o

s h o r t  Hg-P bonds each 2 .40  A long separa ted  by an ang le  o f  172 .3(5)  , and
o

a lo n g  Hg-CI bond o f  2 .6 9 (1 )  A. The r e s u l t  is  an unusual T-shaped geometry .

The e f f e c t i v e  c o o r d i n a t i o n  number o f  Hg( I ) i s  increased f rom th r e e  t o  

f i v e  by f u r t h e r  c o n t a c t s ,  Hg( I ) —C I ( 2 ) = 3 . 0 7 ( I ) A and Hg( I ) - C I ( 4 ) = 3 . 2 5 ( I ) A,

*  -  R= 0.057
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which result  in a very distorted tr igonal bipyramidal arrangement.

The molecular packing diagram shows how the chains are arranged with 

respect to one another in the unit  cel l  (Figure 6 .2 ) .

The P-C and C-C distances, and C-P-C angles of the P E t f ^  ligands are 

typical of other phosphine ligands studied in th is  work.

I t  is d i f f i c u l t  to draw any meaningful inferences with regards to factors

influencing structures of th is  stoicheiometry on the basis of a single

structure,  but there is one s t r ik ing  feature of th is  structure which is

analogous to previous f indings for the 1 : 1 , and especia l ly  the 2 : 1  systems,

notably the large P-Hg-P angle (172.3(5) ) contained in the [P^HgC13 + cat ion.

Mercury once again adopts the common l inear  coordination arrangement apparently

favoured by the ’ strong 1 donor properties of the PEtMe2  l igand, as expressed

by i ts  cone angle, Taf t  constant and pK value.a
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Tab Ie 6 .1 .

Bond distances and ang les for  (PEtMe^)-^(HqCI 

with standard deviations in parentheses.

(a) Distances/ A

H g ( l ) - C I ( I ) = 2.69(1

Hg( I )  C l (2) = 3.07(1

Hg( I ’ )  C l (4) = 3 .25(2

H g d ) - P ( l )  = 2.40(1

Hgd )-P(2)  = 2.40(1

H g(2 ) -C I ( 2 ) = 2.62(1

H g(2 ) -C I (3) = 2.52(1

H g (2 ) -C I (4) = 2.45(1

Hg(2)-P(3) = 2.40(1

P ( l ) - C ( l I ) 

P ( I ) - C ( 12) 

P ( I ) - C ( I  3)

C( 13) -C( 14)

P ( 2 ) -C (2 I ) 

P(2)-C(22)  

P(2)-C(23)  

C(23)-C(24)

I .83(6)  

I .79(5)  

I .82(6)  

I .59(9)

I .70(6)  

I .81(7)  

I .79(5)  

I .57(8)

(b) Angles/

C l ( I ) - H g ( l ) - P ( l ) = 97.6(5)

C l ( I ) -Hg( I ) -P (2 )  = 9 0 . I (5)

P d ) - H g ( l ) - P ( 2 )  =172.3(5)

C l ( 4 ) - H g ( I ) - C I (2) =140 . I (4)

C l (2 )—Hg(2 )—C I (3) 

C l (2 ) -H g (2 ) -C I (4) 

Cl(2 ) -Hg(2) -P(3 )  

C l (3 )—Hg(2 )—C I (4) 

Cl(3 ) -Hg(2) -P(3 )  

Cl (4)-Hg(2)-P(3)

= 98.2(5)  

=103. I (5) 

=101.0(5)  

= 98.5(5)  

=117.2(5)  

=132.9(6)

P ( 3 ) -C (3 I ) 
P(3)-C(32)  

P(3)-C(33)  

C(33)-C(34)

Hgd )-CI (2)-Hg(2) =133. I (5)

Hg ( l ) -C I (4 ) -Hg (2 )  =107 . I (5)

C(l I )■ 

C( I I )« 

C d  I )■ 

C( 12)- 

C( 12)- 

C( 13)- 

C (14)*

C ( 2 1 )■ 

C( 2 1 )■ 

C( 2 1 )■ 

C(22)' 

C(22)- 

C(23)- 
C(24) ■

■Pd)-Hg( l)  

•P ( I ) -C ( I  2) 

•P ( I ) -C ( I  3) 

•P ( l ) -H g d )  

•P ( I ) -C (13) 

■P( l) -Hgd)  

-C (13) —P (1)

■P(2)-Hg( I ) 

•P(2)-C(22)  

•P(2)-C(23)  

•P(2)-Hg( l)  

•P(2)-C(23)  

■P(2)-Hg(I) 

•C(23)-P(2)

I .81(5)  

I .81(5)  

I .81(7)  

I .58(9)

I 10(2) 

103(3)

I I I (3)

I 10(2 ) 

104(3)

I 18(2)

I 13(5)

I 10( 2 ) 

108(3) 

105(3)

I 15(2) 

106(3)

I 12( 2 )

I I I (4)
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Tab Ie 6 . 1, con tinued ,

(b) Angles/

C(31) -P (3) -Hg(2) = 113(2)

C(31) -P (3 ) - C (32) = 109(3)

C(3 I ) -P (3 ) -C (33 ) = 102(3)

C(32) -P(3)-Hg(2) = 107(2)

C(32)-P(3) -C(33) = 113(4)

C(33)-P(3) -Hg(2) = 113(2)

C(34)-C(33)-P(3 ) = 107(5)
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C (11)

C(14)

C (2 4 )C (2 3 )C(2t)

C (l3 )
C(12)

1 1  

I I 
I I

C (3 4 )

Hg(2)

C (3 3 )

/ I 
I t
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—viewed along the a -axis

a — Om itting carbon atoms
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7 . 1 . •  PREPARATIVE METHODS

The t e r t i a r y  phosphines PPh  ̂ and PMe  ̂ were prepared using standard 

Grignard syntheses. The (PMe^)AgNO^ complex was prepared as described by 

Goggin et  a I J  ^9 ||  other t e r t i a r y  phosphines were supplied by Maybridge

Chemicals (T in tagel,  Cornwall) and were used as obtained.
145

The Ph^PS was prepared as described by Dalz ie l  e t  a I . All other  

ligands were commercially ava i lab le ,  eas ily  obtained and were used as 

received.

Sodium-dried Analar benzene was used for  a l l  molecular mass determin

at ions.

Table 7 . I contains analy t ica l  data fo r  a l l  complexes prepared and 

studied in th is  work. The methods of preparation used fo r  each complex are 

denoted A, B, C, e tc .  Deta i ls  of each of these preparative methods are out

lined below. The approximate quantity of mercuric halide used for  each 

preparation was 1.35 g (0.005 mole) HgC^* 1.80 g (0.005 mole) HgB^ and 

I .25 g (0.0025 mole) H g ^ .  Because I t  was the structural properties of the 

complexes which were under investigation and not the properties of the actual 

reaction, product yields have been sacr if iced a t  the expense of obtaining  

high pur i ty  of samples, and so, no percentage yields are quoted. Unless 

otherwise stated the f ina l  recrysta l l ised sample was used fo r  subsequent 

study.

A_ Equimolar proportions of ligand and mercuric halide were dissolved in

minimal quanti t ies of ethanol.  When necessary, these mixtures were heated 

to enable complete dissolution of solute.  The ligand solution was added 

dropwise to the mercuric halide solution and the prec ip i ta te  which formed, 

immediately or on standing, was collected and dried by suction. A portion  

of th is  i n i t i a l  product was recrysta l l ised  from a DMF/^O mixture, and dried  

i n vacuo.

B This method was very s imilar  to method A; however, recrystaI  I isa t ion
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consisted of f ive  rapid rec rys ta l l isa t ions  using ethanol as solvent,  as
56described by Evans e t  a\_. Previous attempts to prepare (PEt^HgB^ and 

CPEt^>Hgi2  showed that  slow re c rys ta l l isa t io n  resulted in 2:3 complexes being 

formed.
149

£  The method employed was that  described by Goggin £ £ .  The PMe^

ligand was released from the complex (PMe- )̂AgNO  ̂ by heating under re f lux  in 

the presence of thiourea.  The PMe  ̂ ligand was d i s t i l l e d  under dry into 

a reaction vessel containing an ethanolic solution of mercuric chlor ide.  

Equimolar proportions of (PMe^)AgNO^ and mercuric chloride were used. The 

white prec ip i ta te  which formed immediately on contact of PMe  ̂ and HgC12  was 

col lected,  dried by suction and recrystaI  Iised from DMFA^O.

£  A solution of (PMe-j)AgNO^ in water was added dropwise to an equimolar 

aqueous solution of (NEt^HgX^*  (X=CI or Br) .  A yei low/white p rec ip i ta te  

containing a mixture of AgCI and (PMe^)HgX2  formed immediately. A f te r  complete 

addit ion of the (PMe^)AgNO^ solution the prec ip i ta te  was collected and dried 

by suction. The (PMe^)HgX2  complex was extracted from the AgCI using hot 

DMF. D is t i l l e d  water was added dropwise to the DMF extract  unt i l  i t  became

cloudy. The DMF extract  was heated unt i l  the cloudiness disappeared. On 

standing, white,  well formed, rectangular ly  shaped crysta ls  were obtained.

These crysta ls  were collected and dried in vacuo. For the preparation of  

(PMe^JHg^, the (NEt^^Hgl^ s a l t  had to be dissolved in a considerable 

quantity of acetone. In the case of (PMe^JHgC^* i t  was found th a t  I^HgCI^ 

could be used in place of (NEt^^HgCI

£  This method is very s imi lar  to  method £  but with re c ry s ta l l is a t io n

carried out from ethanol rather  than from DMF/H2 O.

6 1 n£  This method has previously been described by Evans e£ aj_ ’’The PPr^ 

ligand (I mol) and a solution of excess Hg^ (2 mol ) In 10$ aqueous potassium 

iodide solution were vigorously shaken together; a pale yellow st icky product

*  Prepared as described in Reference 96
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deposited; recrys ta l l isa t io n  from a I coho I :acetone (4:1) gave the white 

a-  form of the ( P P r ^ H g ^  complex. The mother l iquor on standing deposited 

the 3 -  form as yellow c r y s ta ls . ”

G Equimolar quanti t ies of PPhN^ and Hg^ were dissolved separately in

minimal quanti t ies of ethanol.  The ligand solution was added dropwise to the 

Hg12  solution and a yellow o i l  was produced. The contents of the f lask  were 

heated so as to dissolve as much of the o i l  as possible.  The ethanolic  solu

t ion  was then decanted to separate the remainder of undissolved o i l .  On 

standing, small white c lusters of very f ine  needle shaped crysta ls  appeared.

On further  standing yellow opaque deposits also formed together with more of  

the yellow o i l .  The white p rec ip i ta te  was col lected and dried in vacuo; 

th is  product was found from elemental analysis to be the 1 : 1  complex and so 

was used for  subsequent study. The yellow deposits were found to be (P P h ^ ^ ^  

(Hg^)^  (found : C, 12.2; H, I 6 reciu ' res : C, I 1.7; H, l .4j£).

H_ Equimolar quanti t ies of PBu^n and HgC12  were dissolved separately in

minimal quant it ies of ethanol.  The PBu^n solution was added dropwise to the 

ethanolic solution of HgC12$ whereupon a f ine  white p rec ip i ta te  formed

immediately. When approximately hal f  of the PBu^n solution had been added,

the prec ip i ta te  then obtained was col lected,  washed in ethanol,  then ether ,  

and dried in vacuo; i t  was then recrysta l l ised  from benzene/heptane.

Separate experiments showed that  i f  a l l  the PBu^n solution was added to the 

HgC^ solut ion, the white prec ip i ta te  i n i t i a l l y  formed redissolved and 

subsequent attempts to isolate  a complex of l : l  stoicheiometry led to the 

formation of what is most l ik e ly  an impure sample of a 3:2 complex (found :

C, 35.8; H, 6 . 8 %. C 3 6 H 8 |P3 H92CI 4  requires : C, 37.6; H, 7.1%).

J_ Stolcheiometric proportions of ligand and mercuric hal ide,  in the r a t io

2:1,  were dissolved separately in minimal quant i t ies  of ethanol.  The mercuric 

halide solution was added dropwise to tha t  of the ligand solut ion .  The 

prec ip i ta te  which formed, immediately or on standing, was col lected,  dried by
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suction, and recrysta l l ised  from DMF/h^O.

J_ This method is s imilar  to  _l_; however, a l l  the ethanol in the reaction

mixture was allowed to evaporate o f f ,  leaving a sticky product a t  the bottom 

of the f lask .  This sticky product was taken up in hot pentane and several 

drops of ether were added. The solution was cooled in an ice bath and the 

white prec ip i ta te  which formed was col lected and dried in vacuo.

K Stoicheiometric proportions of ligand and mercuric chlor ide, in the ra t io

3:1,  were dissolved separately in minimal quanti t ies of sodium-dried AnalaR 

benzene. The HgC^ solution was added dropwise to that  of the l igand. On 

standing, white,  well formed, rectangular block shaped crysta ls  were produced 

which were col lected and dried in vacuo. Attempts to form (PEt^^HgC^ and 

(PPr^^HgC^ using method £  resulted in formation of the 1 : 1  complexes.

L This method is very s im i lar  to that  described fo r  method J_ but using 

ethanol as rec rys ta l l isa t io n  solvent rather than DMF/h^O.

M These complexes were provided by Dr. P. L. Goggin (Universi ty  of

B r is t o l ) ,  Deta i ls  of t h e i r  preparation may be found in Reference 90.

£  Stoicheiometric proportions of PPf^Me and Hg^# in the r a t io  3:1 ,  were 

dissolved separately in minimal quanti t ies of acetone. The Hg^  solution was 

added dropwise to that  of the PPI^Me solut ion. On standing, very large, well 

formed white crysta ls  appeared which were col lected,  washed with ethanol,  and 

dried in vacuo. Attempts to prepare (PPI^Me^Hg^ using method _L resulted  

in the 1 : 1  complex being formed.

£  The ( P E t l ^ ^ O H g C ^ ^  complex was provided by Dr. P. L. Goggin (Univer

s i t y  of Br is to l )  and was isolated from the bulk of a sample of (PEtMe2 ^HgCI2* 

the preparation of which may be found in Reference 90.

7 .2 .  SPECTROSCOPIC TECHNIQUES

Infrared spectra. All infrared spectra (40-450 cm *) were obtained 

using a RI IC FS-720 interferometer a t  Sheff ie ld  City  Polytechnic.  Vibrat ional
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in fo rmat ion  was c o l le c te d  on paper tape in the form of  in te r fe rograms.

In te rfe rograms were t ra n s fe r re d  in to  spectra using convent iona l  Four ie r  

t rans fo rm  computat ion m e t h o d s , u s i n g  an IBM 1130 computer. A l l  spect ra  

were ra t ioed  aga ins t  an instrument background.

Most samples were ground to  a f i n e  powder, 7-10 mg o f  which was added 

to  high dens i ty  po lyethy lene powder (20 mg, B .D .H . ) .  A f t e r  thorough m ix ing,  

the sample plus  po lye thy lene powder, was pressed in to  the form o f  a c i r c u l a r  

d isc  (£" diameter,  using a fo rce  o f  50 t o n s ) .

For samples which were unstable under vacuum, such as (C^HgS)HgCI 2 »two poly 

ethy lene discs( iOmg)  were prepared (45 tons f o r c e ) ,  and a m ix ture  compr is ing 

7-10 mg o f  f i n e l y  ground sample plus 5 mg o f  po lye thy lene powder was d i s 

t r i b u t e d  evenly between them. The d iscs  were re-pressed (50 tons fo rce )  

y i e ld i n g  a ’ sandwich d i s c ’ . This procedure countered decomposi t ion due to  the 

vacuum environment o f  the in te r f e ro m e te r .

Spectra o f  s o lu t i o n s  and l i q u id s  were obta ined using a RIIC FS-100 

l i q u i d  c e l l  w i th  PTFE spacers and po lye thy lene windows. Cel l  p repa ra t ion  

was as suggested by Go lds te in  and W i l l i s . 1 - ^ 1 Spectra were recorded a t  room 

temperature and a t  ca. 30 K. The low temperature was obtained using a 

CTi cryogen ic coo l in g  u n i t  model 20 (Cryogenic Tech. I n c . ,  Massachusetts ) .

Raman s p e c t ra . A l l  Raman spect ra  were recorded using a C0DERG T-800 

T r i p l e  Monochromator spectrophotometer using A r+ (488.0 mm) lase r  e x c i t a t i o n ,  

e i t h e r  a t  the U n iv e r s i t y  Co l lege C a r d i f f  (Department o f  Physics) o r  the 

U n iv e r s i t y  o f  Le ices te r  (Department o f  Chemis try ) .  A l l  samples were powders

and sampled using 90° c o l l e c t i o n  from a c a p i l l a r y  tube.

31 31P n .m.r  s p e c t ra . P n .m . r .  spectra were recorded on a JE0L PFT-100

F ou r ie r  Transform spectrophotometer equipped w i th  an EC-100 computer, D iab lo

d isc  d r iv e  and Schomandl ND I00M frequency syn thes ize r  a t  the U n iv e r s i t y  o f

S h e f f ie ld  (Department o f  Chemis try ) .  Samples were prepared in 10 mm ou ts id e

diameter tubes using a Ch^CI^/CD^CI 2 <ca. 4 :1)  m ix tu re ;  the  deuter ium so lven t

signa l  was used f o r  f ie l d / f r e q u e n c y  l o c k in g .  Chemical s h i f t s  are recorded



on the 6  sca le ,  increasing <$ correspond ing to  increas ing  f requency. Standard 

c o n d i t io n s  f o r  record ing spec tra were 40.48 MHz sweepwidth as requ i red ,  

noise decoup l ing ,  and 85$ externa l  standard.

7 .3.  CRYSTALLOGRAPHIC TECHNIQUES

Photographic techn iques . O s c i l l a t i o n ,  Weissenberg and precession photo

graphs were taken using convent iona l  methods and using Mo -  K r a d ia t i o n .
a

O s c i l l a t i o n  and Weissenberg photographs were taken using a ’ StiJe non

i n te g ra t i n g  Weissenberg gon iometer ’ and precession photographs were taken 

using a ’ St 8 e Buerger precession gon iometer ' .  Measurement o f  photographs 

involved the use o f  a r u l e r  accurate to  0.5 mm f o r  measurement o f  lengths 

and a Char les Supper measuring device f o r  angles.

Data c o l l e c t i o n  techn iques . A l l  data,  unless o therw ise  s ta te d ,  were 

c o l le c te d  using Mo -  K r a d ia t i o n  = 0.71069 A) using a St 8 e Stadi 2, 2-
CL

c i r c l e  d i f f r a c to m e t e r ,  which uses a g raph i te  monochromator, a P h i l i p s  PWI964/

20/30 s c i n t i l l a t i o n  counter as a de tec to r  and a D ig i t a l  PDP8 / f  co n t ro l  u n i t .

Data were c o l le c te d  using the background, w-scan, background techn ique.

Paper tape ou tpu t  was converted to  cards and then stored on d isc  in a format

compat ib le w i th  the SHELX system o f  computer programs.**^  Computation was

c a r r ie d  out using an IBM 370/135 computer.  One data se t ,  f o r  (PEtMe2 )^HgCI2 ^2 *

was c o l le c te d  using a Nonius Cad-4 d i f f r a c to m e t e r  a t  Rothamsted Experimental

S ta t io n .  Mo -  K r a d ia t i o n  (A = 0.71069 K) was used. a

7 .4 ,  MOLECULAR MASS DETERMINATION

Al l  r e l a t i v e  molecular mass values quoted in t h i s  work have been detei— 

mined using a H i tach i  Perkin-E lmer  model 115 molecu lar we ight apparatus and 

standardized aga ins t  benzi l  s o lu t i o n s  in benzene o f  conce n t ra t io ns  in the 

range 3 -  16 x 10 ^ mol dm Sample s o lu t i o n s  were o f  s i m i l a r  conce n t ra t io n  

ranges. The r e l a t i v e  molecu lar mass values quoted are considered accurate
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within -  5 $.

7 .5 .  ANALYSES

All microanalyses were carr ied out a t  the laboratory of Dr. F. B. Strauss, 

10 Carlton Road, Oxford. Results of carbon and hydrogen analyses are cont-  

ai ned i n Table 7 .1 .
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TABLE 7.1

Preparative and Analytical Data.

COMPOUND METHOD OF 
PREPARATION

% C % H
CALCULATED FOUND CALCULATED' FOUND

(PPh3 )HgCI2 A 40.5 40.6 2 . 8 2 . 8

(PPh3 )HgBr2 A 34.7 34.9 2.4 2.4

(PPh3 )Hg12 A 30.2 30.1 2 . 1 2 . 2

(PEt 3 )HgCI 2 A 18.5 18.6 3.9 3.9

(PEt 3 )HgBr2 B 15.1 15.1 3.2 3.4

(PEt 3 )Hgl 2 B 1 2 . 6 12.7 2 . 6 2 . 6

(PMe,)HgCI 9

r
10.4 10.4 2 . 6 2.9

( D 10.4 10.5 2 . 6 2.4

(PMe3 )HgBr2 D 8.3 8.3 2 . 1 2 . 0

(PMe3 )Hg1 2 D 6 . 8 6 . 8 1.7 1 . 8

(PBu3 )HgCI2 H 30.4 30.4 5.7 5.7

(PBu3 )HgBr2 E 25.8 25.8 4.9 4.9

(PBu3 )Hgl 2 E 21.9 2 2 . 2 4.1 4.2

(PPr3 )HgCI2 E 25.0 25.4 4.9 4.9

CPPr3 )HgBr2 E 2 0 . 8 20.9 4.1 4 .0

a- (PPr 3 )Hgl 2 f c 17.6 17.7 3.4 3.6

3-(PPr 3 )Hgl 2 V 17.6 17.6 3.4 3.4

(PPhMe2 )HgCI 2 A 23.5 23.3 2.7 2.7

(PPhMe2 )HgBr2 A 19.3 19.2 2 . 2 2.3

(PPhMe2 )Hgl 2 G 16.2 16.2 1.9 1 . 8

3“ (PPh2 Me)HgCI2

#
A 33.1 32.3 2 . 8 3.1

a~(PPh2 Me)HgCI2 A 33.1 33.2 2 . 8 2.9

(PPh2 Me)HgBr2 A 27.9 27.7 2 .3 2.4

(PPh2 Me)Hgl 2 A 23.9 23.6 2 . 0 2 . 0

*
Rapid rec rys ta l l isa t ion  from DMF/h^O
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TABLE 7 . I (continued)

COMPOUND METHOD OF 
PREPARATION

% C % H
CALCULATED FOUND CALCULATED FOUND

(TPP)HgCI2 A 45.3 4 5 . 1 2.9 3.2

(TPP)HgBr2 A 39.3 39.6 2.4 2 . 6

(2,4,6-Me 3 C5 H2 N)HgCI2 E 24.5 24.4 2 . 8 2.9

(.2,4,6-Me3 C5 H2 N)HgBr2 E 2 0 . 0 I9 .3 2.3 2.3

(2,4-Me 2 C5 H3 N)HgCI2 E 2 2 . 2 22.4 2.4 2.3
(2,4-Me 2 C5 H3 N)HgBr2 E 18.0 1,8 . 2 1.9 1 . 9

(2,6-Me 2 C5 H3 N)HgCI2 E 2 2 . 2 2 2 . 0 2.4 2.5
(2,6-Me 2 C5 H3 N)HgBr2 E ' 18.0 18.2 1.9 2 . 0

(MPC)BgCI2 A 16.7 17.2 2 .5 2.5
(MPC)HgBr2 A I 3.8 14.3 2 . 1 2 . 2

(MPC)Hg12 E I 1.7 12.4 I . 8 2 . 2

(C4 H8 S)HgCI2 E 13.4 13.6 2 . 2 2.4
(C4 H8 S)HgBr2 E 10.7 I I . 1 1 . 8 2 . 1

(Ph2 SO)HgCI2 E 3 0 . 1
t

30.4 2 . 1 2.3

(C9 H7 N0)HgCI2* E 25.9 26.0 1.7 1 . 7

( C 9 H 6 ° 2 ) h 9 c ,2 * E 25.9 26.1 1 . 5 1 . 4

(PPh3 ) 2 HgCI2 1 54.3 54.5 3.8 3.8
(PPh3 ) 2 HgBr2 1 48.9 48.7 3.4 3.5
(PPh3 ) 2 Hgl 2 1 44.2 44.3 3 . 1 3.2

(PBu3 ) 2 HgCI2 J 42.6 42.2 8 . 0 7.7
(PBu3 ) 2 HgBr2 J 37.7 38.0 7 . 1 7.0
(PBu3 ) 2 Hgl 2 M 33.6 33.3 6.3 6.4

quinoli ne-N-oxide 
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Table 7.1 (continued)

COMPOUND METHOD OF 
PREPARATION

o % H
CALCULATED FOUND CALCULATED FOUND

(PPr^ > 2 HgC12 ,K 36.5 36.7 7.2 7.2

CPPr^)2 HgBr2 L 31.8 31 .5 6 , 2 6 . 2

(PPrn) 2 Hgl 2 L 27.9 28.2 5.4 5.6

(PEt3 ) 2 HgCI2 K 28.4 28.5 6 . 0 6 . 0

(PEt3 ) 2 HgBr2 L 24.2 24.1 5.1 5.2

(PEt 3 ) 2 Hgl 2 L 20.9 20.9 4.4 4.4

(PEtMe2 ) 2 HgCI2 ( 2 1  . 2 2 1  . 0 4.9 5.3

(PEtMe2 ) 2 HgBr2 f  M 17.8 17.4 4.1 3.9
(PEtMe2 ) 2 Hgl 2 r 15.1 15.2 3.5 3.6

(PPh2 Me)2 HgCI2 L 46.5 46.4 3.9 3.9
(PPh2 Me) 2 HgBr2 '* L 41 .0 40.8 3.4 3.5
(PPh2 Me)2 Hgl 2 N 36.5 36.7 3.1 3.0

(PPhMe2 ) 2 HgCI2 L 35.1 34.8 4.1 4.3
(PPhMe2 ) 2 HgBr2 L 30.2 30.3 3.5 3.3
(PPhMe2 ) 2 Hgl 2 L 26.3 26.2 3.0 3.3

(Ph3 PS)HgCI2 A 38.2 38.3 2.7 2.7

(Ph3 PS)HgBr2 A 33.0 33.1 2.4 2.3
(Ph3 PS)Hgl 2 A 28.9 29.1 2 . 0 1.9

(AsPh3 )HgCI2 A 37.4 32.4 2 . 6 2 . 8

(AsPh3 )HgBr2 A 32.4 32.4 2.3 2.5

(PEtMe2 ) 3 (HgCI2 ) 2 0 17.7 17.8 4. 1 4.2

N. B. A solution of the yellow compound (PBu^JHgl^ in benzene when subjected
to a vacuum very quickly lost i ts  benzene leaving a residue of white 
powder. The carbon and hydrogen analysis of th is  white powder 
corresponded to a 1:1 complex. The appearance of a fa r - in f ra re d  
spectrum of th is  white compound was d i f f e r e n t  to that  of the or ig ina l  
yellow (PBu^)Hgl2 .
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Summary and suggestions for future work.

The primary object ive of th is  work has been to provide 

crystal  Iographic data,

a) to aid in meaningful in terpretat ion  of the vibrat ional  spectra of 

mercuric halide complexes.

b) to improve ex ist ing knowledge of the stereochemistry of m ercury ( l l ) .

Unlike previously accepted i t  has been shown that  (L)HgX2  complexes, 

instead of exhib i t ing THD structures, show a range of structures varying 

from discrete  THD structures e .g .  (PPh^)HgX2  (X=CI, Br or I ) and (TPP)HgX2  

(X=CI or Br),  to a discrete  tetramer for a-(PBu^)HgCI  ̂ various extended 

structures for  (PEt^HgC^,  (PMe^)HgX2  (X=CI or Br) and (2,4-d imethylpyr id ine)  

(X=CI or Br).

These changes in structure,  for  the (PFt^HgC^ complexes a t  least^and

most probably for the equivalent bromo complexes, are due to the donor

strengths and size of the ligands. The smaller ligands, such as PMe  ̂ and

PEt^, which appear to interact  strongly with HgX2  give r ise  to extended

structures , whereas, the larger PPh  ̂ and TPP ligands where Hg-P interaction

is weaker y ie ld the discrete dimeric structures.

I t  has been mentioned in th is  work that  donor strengths of PR  ̂ ligands

1 2 2may ar ise  as a resu l t  of solely s te r ic  e f fec ts  (cone angle,  0  ) or a

combination of s te r ic  and electronic e f fec ts  (OP-C angles and T a f t  constants,  
*121

o ) .  Determination of the structure of for  example (PCy^HgC^# where 

electronic properties favour strong interaction and thus an extended
o

structure,  and where s te r ic  properties ( 0= 170 ) favour weak interaction and 

thus an unassociated structure may help to elucidate the determining f a c t o r (s ) .

Only a small num ber of structural data is ava i lab le  for  (PR^JHg^ 

complexes. However, judging by the fact  that  from single crysta l  photographs 

(PMe^Hg^ appears d i f f e r e n t  from the chloro and bromo complexes, and tha t
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(TPP)Hg12  cannot even be prepared i t  seems l ike ly  that  the halogen 

also plays an important role  in determining the st ructure of these 

complexes, especia l ly  on changing X from Br to I .

Undoubtedly the donor-atom also plays i ts  part in influencing the 

structure of (L)HgX2  complexes. The mercury-donor atom interaction has 

been c lass i f ied  in tv/o categories:

a) Very weak interact ions, ar is ing from the reaction between mercury and 

oxygen ligands, where X-Hg-X units remain v i r t u a l l y  undistorted and 

weakly bound (LHgX2 ) p ’ polymers’ are formed.

b) Stronger interact ions, ar is ing from, for example, mercury-sulphur,  

-phosphorus, -selenium, -arsenic ,  -nitrogen interaction where there is 

considerable d is tor t ion  of the X-Hg-X un i t .  The resu l t  is tha t  (L)HgX2  

distorted monomers can pack together in a number of ways giving r ise

to a var ie ty  of structures.

Although i t  has been shown in the present work on (PR^)HgX2  complexes 

that  the R-substituents joined to phosphorus is an important parameter, i t  

would be interest ing to know i f  these substituent e f fects  are para l le led by 

other donor atom systems e.g. (L)HgX2  (where L= S-, As- or N-donor l igand).  

Mainly on the basis of v ibrat ional  data three types of structure had

been previously been predicted for  (PR^)2 HgX2  complexes v i z . discrete

4 2+ -tetrahedral monomers, an ionic structure [Me^PHgPMe^] + 2CI and an

90
extended structure (PEtMe2 ) 2 ^9 6 1 ^ 2  •

74Although (P P h -^ ^ H g h as  been described as a tetrahedral monomer, 

neither th is  structure nor the other two aforementioned structures have 

been found in th is  work. Each st ructure consists of extremely distorted  

four-coordinate monomers, ranging in t h e i r  degree of d is to r t ion  in the order  

^ ^ 3 * 2 ^9 ^ 2  > ^ ^ ^ e2 2̂ H ^ B r 2  > (PBu^^HgCI^  The degree of d is tor t ion

of the monomers. is  again due to the donor strengths of the PR  ̂ ligands.
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For both (PR^)2HgX2 and (PR^)HgX2 complexes i t  appears when PR^ is  a s trong  

donor e .g .  PMe^, P E tN ^ ,  PEt^, a ’ phosphorus1 competes w i th  a c h lo r in e  atom 

f o r  accomodation around mercury in a digonal arrangement. This phenomenon 

is  a lso  observed in the [ (P E tN ^^H gC I]  + c a t io n  in the (PEtMe2)^(HgCI^ 2  

io n ic  s t ru c tu re .

As a r e s u l t  o f  these very s trong  Hg-P in te ra c t io n s  observed fo r  the 

d is c re te  monomers i t  has been shown th a t  some Hg-X bond lengths e .g .  

(PE ts^H gC lz  (2.68 A) and (P E tN ^ ^ H g B ^  ( £V .  2.77 A) are la rg e r ' th a n  those 

Hg-X b r idge  bonds found in (PPh^JHgC^ (2.62 and 2.66 A) and [Hg2Brg3^
O

species (2x2.75 A ) .

A major problem throughout t h i s  work has been e l im in a t io n  o f  in te rn a l  

ligand modes in the  v ib ra t io n a l  spectra  o f  these complexes. A way in which 

t h i s  severe problem may be overcome is  d i f f i c u l t  to  foresee a t  the  presen t 

t im e . In s p i te  o f  t h i s  problem during  p rec ise  spec tra l in te r p r e ta t io n  i t  

has been shown t h a t  c e r ta in  general s p e c t ra /s t ru c tu re  r e la t io n s h ip s  do e x is t .  

G ene ra l ly ,  f o r  (L)HgX2 complexes i r re s p e c t iv e  o f  t h e i r  o v e ra l l  s t r u c tu r e ,  

v(HgX) modes associated w ith  v ib r a t io n  o f  s h o r t  Hg-X bonds (c lo se  to  those 

found in the  m ercuric  ha l ides  themselves) are found to  occur a t  c£. 300 (C l ) ,  

200 (Br) and I 50 cm ' ( I ) ,  w h i l s t  v(HgX)^ modes vary in t h e i r  wavenumber 

p o s i t io n  and are located around and below values o f  240 ( C l ) ,  160 (Br) and 

120 cm * ( I ) .  These wavenumber p o s i t io n s  i l l u s t r a t e  a remarkable ^ (H gX )^ /

Hg-X b r idge  length dependence. I t  has been shown th e re fo re  th a t  d e t a i l e d  

in v e s t ig a t io n  o f  the  complete fa r - IR  reg ion  o f  the  spectrum, in c lu d in g  

<200 cm *, is  necessary 'before making s t ru c tu r a l  p re d ic t io n s  concern ing these 

comp I exes.

The v(HgX) modes located f o r  the  d is c re te  (L )2HgX2 monomers again 

showed a s t r i k i n g  Hg-X bond length dependence and have been assigned in  the  

ranges 169-223 (C l) ,  112-155 (Br) and 94-129 cm" 1 ( I ) .

3 0 1



I t  was s ig n i f i c a n t  t h a t  \KHgX) modes assigned f o r  (L )2HgX2 complexes 

f e l l  w i th in  the reg ion associa ted w ith  v(HgX)^ modes observed f o r  (L)HgX2 

complexes. This shows, th e re fo re ,  t h a t  the  appearance o f  low wavenumber 

v(HgX) modes need not n e ce ssa r i ly  in d ic a te  the  presence o f  Hg-X b r idg es .

The above s t ru c tu re /s p e c t ra  re la t io n s h ip s  have allowed t e n ta t i v e  

s t ru c tu ra l  proposals to  be made, on the  basis o f  s o le ly  v ib ra t io n a l  da ta , 

some examples o f  which are l i s te d  below.

p-(PPh2Me)HgCl2 j -  ’ io n ic '  type s t ru c tu re s
(PPhMe2 )HgX2 (X=CI o r  Br) J c f .  (PMe^HgC^

(PPi^MeJHg^ -  d is c re te  THD s t ru c tu r e .

(PPh0Me)0HgCI 0 ) .. .. „ 4 - 4.2 2 ^ 2  l  -  d is to r te d  4 -co o rd in a ten (X=CI, Br o r  I) J monomers.

The lo c a t io n  o f  v(HgL) modes has been very d is a p p o in t in g  and c o n s is ts

o f  o n ly  a few te n ta t i v e  assignments. Th is  may be a t t r ib u te d  to  t h e i r  very
* 106 

low in te n s i t y  as was observed by Goggin_et a_L fo r  v(HgP) modes and a lso

to  severe in te r fe re n c e  caused by in te rn a l modes o f  the ligands .

Location o f  v(HgL) modes may be a ided, in p r in c ip le  a t  le a s t ,  by

is o to p ic  s u b s t i t u t io n  experiments in v o lv in g  isotopes o f  mercury and l igand

donor atom.

I t  has been mentioned th a t  v ib ra t io n a l  data in s o lu t io n ,  p a r t i c u l a r l y  

f o r  (PR^)HgX2 complexes would be usefu l f o r  two reasons:

a) I t  may help in spec tra l in te r p r e ta t io n  o f  the  s o l id  s ta te  spec tra

b) I t  may y ie ld  in fo rm a tion  concern ing p rec ise  s t ru c tu re s  o f  the  s ta b le  

s o lu t io n  phase spec ies . The reason fo r  the  lack o f  such in fo rm a tio n  is  due 

to  the  low s o l u b i l i t y  o f  (L)HgX2 complexes in s u i ta b le  s o lv e n ts .

I t  may be poss ib le  to  overcome t h i s  d i f f i c u l t y ,  f o r  the  IR -a c t iv e  

spectrum a t  le a s t ,  by the  use o f  a more s o p h is t ic a te d  rap id  scan F o u r ie r  

t rans fo rm  spectrom eter.
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Appendix I ; The A bso rp t io n  c o r r e c t i o n

A bso rp t io n  c o r r e c t i o n s  have been made f o r  (PMe^)HgCI2 and (TPP)HgCI2 ,
152

us ing  ABSCOR, w r i t t e n  by N.W. A lco ck .  A d e s c r i p t i o n  o f  th e  manner in which 

th e  a b s o rp t i o n  c o r r e c t i o n  f o r  (PMe^)HgCI2 has been a p p l ie d  is  o u t l i n e d  below. 

P r i n c i p l e .

The measured i n t e n s i t y  o f  the  X - ra y  beam emergent f rom a c r y s t a l  can 

have been d im in ish ed  due t o  a b s o rp t io n  o f  X -rays  by the  c r y s t a l .  Equat ion  ( I )  

d e f i n e s  th e  e x te n t  o f  a b s o r p t i o n .

where I

Io

X

y

y

where N

Vc

i

The t r a n s m is s io n  f a c t o r  T is  equal t o  I / I q and i s  o b ta in ed  by i n t e g r a t i o n  

over  the  volume o f  the  c r y s t a l .

o = i  /  e x p [ - y ( X ,  + X2 )]  .dV   (3)

V

where X| = length  o f  i n c i d e n t  beam from th e  p o i n t  o f  e n t r y  t o  the  

e lement o f  volume dV

i ( -yX) , .  .I exp H .......................  ( I )

measured i n t e n s i t y  o f  emergent  beam

i n t e n s i t y  o f  emergent  beam a t  zero  a b s o rp t i o n

t o t a l  path length  o f  t h e  X - ray  th rough th e  c r y s t a l  (cm)

l i n e a r  a b s o rp t io n  c o e f f i c i e n t  (cm *) and is  g iven  by

equa t ion  (2)

—  EV Zj (y . )............................................. (2)
c a . Ka i

number o f  molecules per  u n i t  c e l l  

Volume o f  u n i t  ce l  I

a tomic  a b s o rp t io n  c o e f f i c i e n t  

t h e  i ^  atom.
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X2 = length o f  d i f f r a c te d  beam from the p o in t  o f  emergence 

from element dV, to  the  p o in t  o f  emergence from the  

c r y s t a I .

The c ry s ta l  is  considered as a convex polyhedron, and f o r  every r e f l e c t io n  

may be d iv ided  in to  a number o f  te tra h e d ra .  The abso rp t ion  c o r re c t io n  f o r  

one te trahedron  is  found and summing over a l l  te trahe d ra  g ives the to ta l  

abso rp t ion  c o r re c t io n  needed f o r  t h a t  p a r t i c u la r  r e f l e c t io n .

D e f in i t io n  o f  c r y s ta l  shape.

For the  abso rp t ion  c o r re c t io n  to  be made the  c ry s ta l  shape has to  be 

d e f in ed .  The faces o f  the  c ry s ta l  can be defined in terms o f  t h e i r  M i l l e r  

in d ice s .  An o r ig in  p o in t  is  chosen w i th in  the  c ry s ta l  and the  pe rpe nd icu la r  

d is tance  from a l l  the  faces to  t h i s  o r ig i n  are measured. A l l  c r y s ta l  faces 

are th e re fo re  de f ined .

Fi gure A I . I .

Schematic d ia qram o f  the (PMe-^HqCU c ry s ta  I

►C

0 1

1 0 0

'0  1 0
d= p e rpe nd icu la r  

d is tance  (cm) 
from c ry s ta I  
face ( 100) to  
o r i  g in  poi n t  0

Thus having f u l l y  de fined the  c ry s ta l  shape the program is  ab le  to  use 

equation (3) to  c a lc u la te  T and f u r t h e r  supply co rrec ted  in t e n s i t ie s  f o r  

each r e f l e c t io n .
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Appendix 2 : Final p o s i t i o n a l  parameters ( f r a c t i o n a l )  and thermal parameters

Th is  Appendix c o n ta in s  Tables  o f  f i n a l  p o s i t i o n a l  parameters  ( f r a c t i o n a l )

and thermal  parameters f o r  a l l  t he  s t r u c t u r e s  dete rmined in t h i s  work.

I s o t r o p i c  tem pera tu re  f a c t o r s  are a lways o f  the  f o r m : -

exp - 8 tt2 u2 ( s i n 20 ) / X 2 

~2where u = t h e  mean square a m p l i tu d e  o f  a tomic  v i b r a t i o n » 

and a n i s o t r o p i c  tem pera tu re  f a c t o r s  are  a lways in the  f o r m : -
ry ry ft ry ry ft ry ry ft ry ft ^  ft ft ft ft

exp [ - 2 tt CU j j h a + U92k b + U-^ l  c + 2 U j2hka b + 2U |^h la  c + 2U23k lb  c ) ]  

where U’ s are  the  mean square am p l i tudes  o f  v i b r a t i o n  which d e s c r ib e  the  

e l l i p s o i d a l  e l e c t r o n  d i s t r i b u t i o n  o f  the  a n i s o t r o p i c a I  Iy v i b r a t i n g  atom.

For a l l  parameters ,  e s t im a ted  standard  d e v i a t i o n s  are  g ive n  d i r e c t l y  below. 

Tab Ie A 2 .1 .

F ina l  p o s i t i o n a l  parameters ( f r a c t i o n a l )  and thermal  parameters f o r  the

s t r u c t u r e  o f  (PPhUHgCI2 .

Atom X/A Y/B z /c Ul l U22 U33 U23 U1 3 U1 2

Hg 0.1325
0.0001

0.0899
0.0001

-0 .0143
0.0001

0.0607
0.0009

0.0352
0.0049

0.0436
0.0008

-0.0151
0.0007

-0 .0156
0.0006

-0 .0069
0.0008

CU 0.2219
0.0009

0.0239
0.0013

-0 .1566  
0.0007

0.0617
0.0065

0.1500 
0.0122

0.0526
0.0056

-0 .0248
0.0068

-0 .0 0 0 0
0.0048

0.0305
0.0071

CL2 0.9241
0.0007

0.1055 
0.0007

0.9263
0.0006

0.0549
0.0054

0.0364
0.0068

0.0639
0.0054

0.0133
0.0042

-0 .0297
0.0043

0.0140
0.0041

P 0.1908
0.0006

0.2365
0.0007

0.1058 
0.0006

0.0366
0.0047

0.0272
0.0062

0.0336
0.0044

-0.0074
0.0035

-0.0121
0.0035

-0.0002
0.0036

Cl 1 0.3398
0.0012

0.2251
0.0018

0.1329 
0.0015

0.0345
0.0071

C1 2 0.4012
0.0012

0.3243
0.0018

0.1598 
0.0015

0.0495
0.0088

Cl 3 0.5121
0.0012

0.3131
0.0018

0.1839 
0.0015

0.0728 
0.0116

C1 4 0.5617
0.0012

0.2027
0.0018

0.1810 
0.0015

0.0624
0.0104

C1 5 0.5003
0.0012

0.1035 
0.0018

0.1541 
0.0015

0.0680
0.0108

C1 6 0.3893
0.0012

0.1147 
0.0018

0.1300 
0.0015

0.0551
0.0094

C2I 0.1241 
0.0015

0.2272
0.0019

0.2180
0.0012

0.0307
0.0069
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Table A 2 . I , cont inued.

Atom X/A Y/B z/c U. l

C22 0.0173
0.0015

0.1859 
0.0019

0.2173
0.0012

0.0517
0.0090

C23 -0.0392
0.0015

0.1854 
0.0019

0.3050
0.0012

0.0738 
0.0116

C24 0.0111 
0.0015

0.2262
0.0019

0.3934
0.0012

0.0839
0.0133

C25 0.1179 
0.0015

0.2675
0.0019

0.3941
0.0012

0.0585
0.0097

C26 0.1744 
0.0015

0.2680
0.0019

0.3064
0.0012

0.0491
0.0087

C3I 0.1680
0.0019

0.3808
0.0015

0.0532
0.0016

0.0462
0.0087

C32 0.1259
0.0019

0.4720
0.0015

0.1096 
0.0016

0.0514
0.0091

C33 0.1168 
0.0019

0.5851
0.0015

0.0696
0.0016

0.0617
0.0100

C34 0.1496
0.0019

0.6071
0.0015

-0.0266
0.0016

0.0769
0.0156

C35 0.1916
0.0019

0.5160
0.0015

-0.0829
0.0016

0.0764
0.0122

C36 0.2008
0.0019

0.4028
0.0015

-0.0430
0.0016

0.0679
0.0107



Table A2 .2 .

Final  p o s i t i o n a l  parameters ( f r a c t io n a l ) a n d  thermal parameters f o r  the

s t ru c tu re  o f  (TPP)HgCI^

Atom X/A Y/B Z/C U«. U22 U33 U23 Ul 3 U|2

Hg 0.0722
0.0002

0.1573 
0.0003

0.1380
0.0002

0.0390
0.0008

0.0281
0.0076

0.0377
0.0008

-0.0020
0.0006

0.0104
0.0005

0.0163
0.0006

CLI 0.2907
0.0010

0.2799
0.0017

0.1209 
0.0014

0.0488
0.0061

0.0703
0.0123

0.0862
0.0086

0.0339
0.0073

0.0201
0.0057

0.0239
0.0062

CL2 0.0202 
0.0011

0.8848
0.0014

0.1563 
0.0009

0.0634
0.0062

0.0544
0.0109

0.0223
0.0045

0.0062
0.0045

0.0072
0.0041

0.0401
0.0062

P -0.0517
0.0009

0.2502
0.0013

0.2410 
0.0011

0.0452
0.0054

0.0331
0.0100

0.0411 
0.0056

0.0095
0.0049

0.0165
0.0043

0.0246
0.0050

Cl -0.1458 
0.0031

0.3336
0.0046

0.1022 
0.0037

0.0325
0.0085

C2 -0.0845
0.0035

0.4791
0.0051

0.1243 
0.0041

0.0405
0.0095

C3 0.0419
0.0034

0.5375
0.0050

0.2399
0.0041

0.0391
0.0093

C4 0.0575
0.0031

0.4262
0.0048

0.3192
0.0037

0.0329
0.0083

C5 -0.1477 
0.0023

0.1345 
0.0028

0.3652
0.0026

0.0422
0.0098

C6 -0.1618 
0.0023

-0.0102
0.0028

0.3907
0.0026

0.0337
0.0085

C7 -0.2380
0.0023

-0.0976
0.0028

0.4853
0.0026

0.0803
0.0159

C8 -0.3001
0.0023

-0.0403
0.0028

0.5544
0.0026

0.0486
0.0106

C9 -0.2860
0.0023

0.1045 
0.0028

0.5289
0.0026

0.0491
0.0104

CIO -0.2098
0.0023

0.1919 
0.0028

0.4343
0.0026

0.0622
0.0130

Cl 1 0.1667 
0.0019

0.4387
0.0033

0.4455
0.0021

0.0296
0.0081

Cl 2 0.2873
0.0019

0.5367
0.0033

0.4297
0.0021

0.0288
0.0080
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Tab Ie A2.2,  cont inued.

Atom X/A Y/B z/c u n

Cl 3 0.3895
0.0019

0.5666
0.0033

0.5479
0.0021

0.0971
0.0190

Cl 4 0.371 1 
0.0019

0.4985
0.0033

0.6819
0.0021

0.0686
0.0136

C1 5 0.2504
0.0019

0.4005
0.0033

0.6977
0.0021

0.0501
0.0107

Cl 6 0.1483
0.0019

0.3706
0.0033

0.5795
0.0021

0.0557 
0.0117

Cl 7 -0.2647 
' 0.0019

0.2424
0.0029

0.0065
0.0026

0.0337
0.0087

Cl 8 -0.3536
0.0019

0.3021
0.0029

-0.0491
0.0026

0.0558 
0.0115

Cl 9 -0.4664
0.0019

0.2208
0.0029

-0.1434
0.0026

0.0575
0.0122

C20 -0.4903
0.0019

0.0798
0.0029

-0.1820 
0.0026

0.0590 
0.0119

C2I -0.4014
0.0019

0.0200
0.0029

-0.1264 
0.0026

0.0434
0.0096

C22 -0.2886
0.0019

0.1013 
0.0029

-0.0321
0.0026

0.0599
0.0123

U22 U33 U23 Ul 3 UI2

3 0 9



Tab Ie A2.3.

Fi nal po s i t i o n a I  parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f  (PEt-.)HgC_l^ __

Atom X/A Y/B Z/C UM U22 U33 U23 UI3 Ul 2

Hg -0 .2 I8 5
0.0002

0 .0 I42  
0 .0001

0.0608 
0 .0001

0 .0681 
0.0009

0.0729
0 .00 I0

0.0548
0.0008

-0 .0 0 3 1 
0.0007

0.0429
0.0007

-0.0007
0.0008

CLI 0 .4371 
0 .0 0 I4

0.5878
0.0009

0.6063
0.0007

0.0678
0.0063

0.0970
0.0069

0 .0 6 12 
0.0053

-0.0208
0.0049

0 .03 I9
0.0048

0.0074
0.0050

CL2 0 . 1047 
0 .0 0 I3

0 .3 4 1 5 
0.0008

0.5023
0.0007

0 .0 7 17 
0.0065

0.0730
0.0057

0 .0821 
0.0062

-0.0037
0.0047

0.0548
0.0053

-0.0062
0.0046

P 0.8005 
0 .0 0 16

0.3695 
0 .0 0 12

0.7040
0.0008

0.0744
0.0076

0 . 1327 
0.0098

0.0624
0.0064

0.0282
0.0064

0.0473
0.0059

0.0028
0.0066

Cl -0.0052
0.0066

0 .7 I0 I
0.0036

0.2553
0.0034

0.0879
0 .0 I20

C2 0 . 1680 
0 . 0 1 30

0 . 5 132 
0.0079

0 . 1 808 
0.0065

0 . 1 542 
0.0327

C3 0 .3801 
0.0093

0.730I
0.0058

0 . 3 196 
0.0050

0 . 1 5 18 
0 .0 2 18

C4 -0.2050
0.0085

0.6377
0.0050

0.2095
0.0042

0 . 1263 
0.0 I88

C5 0.2300
0.0092

0.5792
0.0052

0.0933
0.0045

0 . I 533 
0 .0 I96

C6 0 .4 14 1 
0.0089

0 .8071 
0.0054

0 .40 I5
0.0049

0 . 1 399 
0.0205

3 1 0



Table A2.4,

Fi naI pos i t i o n a I  parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f  (PMe-r)_HgC I ^__

Atom X/A Y/B z/c u n U22 U33 U23 Ul 3 U12

Hgl 0 . 1 928 
0.000I

0.0099 
0.0001

0.2989
0.000I

0.0492
0.0004

0.0250
0.0003

0.0648
0.0004

-0.0008
0.0002

0.0053
0.0003

0.0027
0.0002

CLI 0.7334
0.0006

-0 .0 I3 2
0.0004

0 .3 2 18 
0.0006

0.0344 
0 .0 0 19

0.0440 
0 .0 0 1 9

0.0549
0.0024

-0 .0 0 I0  
0.0016

0.0037 
0 .0016

O.OOI2 
O.OOI4

CL2 0.2032
0.0007

0.2727
0.0004

0.2482
0.0006

0.0563
0.0024

0 .0271 
0 .0 0 1 5

0.0632
0.0027

0 .0 0 I0  
0 .0 0 1 6

0.0003 
O.OOI9

0.0042 
0 .0 0 1 5

PI 0.2099
0.0006

-0 .2 5 I0
0.0004

0.2525
0.0006

0.0276 
0 .0 0 I7

0.0282 
0 .0 0 16

0.0484
0.0023

-0.0022 
0 .0 0 1 5

0.0026 
O.OOI5

0.0030 
O.OOI3

Cl I .0498 
0.0026

0.3529 
0 .0 0 18

0.7622
0.0024

0.0440
0.0035

C2 0 .6 6 1 6 
0.0028

0.3359
0.0020

0.5535
0.0026

0 .0 5 1 3 
0 .0041

C3 0.6538
0.0033

0 .2 9 1 5 
0.0023

0.9550
0.0030

0.0628
0.0050
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Table A2.5.

Final  po s i t i o n a l  parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f

Atom X/A Y/B z/c U. l

Hg I 0.4787
0.0002

0 . 18 15 
0.000I

0 . 2 1 40 
0.0003

0 . I 387 
0.0025

CLI 0.3283 
0 .0 0 1 6

0 . 1735 
0.0007

0.0789
0.0024

0 . 1 606 
O.OI88

CL3 0.5777 
0.0016

0 . 1006 
0.0006

0 . I499 
O.OOI9

0 . 1962 
0.0202

PI 0.6079 
O.OOI6

0.2373
0.0009

0 .3 I40
0.0024

0 . I 144 
O.OI64

Cl I 0.6902 
0 .0 I I  7

0.2767
0.0062

0.2446
0 .0 I8 I

0.2842
0.0702

Cl 2 0.6499
0.0075

0.2703
0.0040

0.0864 
O.OII 6

0 . I879 
0.0393

Cl 3 0.6944 
0 .0081

0.3049
0.0042

-0 .0 I4 4  
O.OI23

0.2057
0.0429

Cl 4 0.6875
0.0064

0.2967
0.0033

- 0 . 1466 
0.0097

0 . 1867 
0.0336

C21 0 .5 7 1 2 
0 .0 I I  9

0.2929
0.0055

0 .4331 
O.OI50

0.2886
0.0656

C22 0.467 I 
0 .0081

0.2995
0.0039

0 . 4 1 I I 
O.OI03

0 . 1 729 
0.0377

C23 0.4406
0.0 I28

0.3338
0.0066

0.5440
0 .0 I8 I

0.2785
0.0796

C24 0 .3 5 10 
0 .0091

0.3455
0.0042

0.5530 
O.OII 5

0.2752
0.0468

C31 0 . 7 184 
0 . 0 109

0 . I 986 
0.0060

0.3346 
O.OI64

0 .3 I55
0.0703

C32 0 .7 2 1 3 
0.0088

0 . 1807 
0.0046

0.4340 
O.OI38

0 . 1 785 
0 .0451

C33 0.7990
0 .0 I5 I

0 . 1 531 
0.0069

0 .5391 
O.OI76

0.3562
0.08 I7

C34 0.8745
0 .0 I28

0 . 1336 
0.0068

0.5409 
O.OI70

0 . 2 1 62 
0.0863

:-(PBuS)HgCI2

U22 U33 U23 Ul 3 U12

0.0655 0 . 1066 0.0025 0.0265 -0 .0 0 4 1
O.OOI6 0.0023 O.OOI7 O.OOI8 O.OOI8

0.0838 0 . I 942 0.0077 0.0494 O.OI82
O.OI25 0.0237 O.OI39 O.OI80 O.OI28

0.0764 0 . I 106 0.0075 0.0805 0 .0 I38
O.OI09 O.OI68 0 . 0 104 O.OI48 O.OII 8

0 . 1299 0 . 1698 0 . 0 184 O.OI58 0 . 0 16 1
O.OI69 0 .0 2 14 O.OI56 O.OI53 O.OI40
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Table A2.5, cont inued.

Atom X/A Y/B z / c UM U22 U33 U23 U |3 U1 2

Hg2 0.4870
0.0003

0.0403
0.0001

0.3283
0.0003

0.1625 
0.0029

0.0704
0.0016

0.0882 -0.0006 
0.0020 0.0017

0.0226
0.0018

-0.0032
0.0019

CL2 0.4326
0.0015

0.1309 
0.0006

0.4195
0.0018

0.1800 
0.0191

0.0798 
0.0110

0.1052 -0.0136 
0.0155 0.0101

0.0669
0.0141

0.0021 
0.0112

CL4 0.6327
0.0017

0.0271
0.0007

0.4727
0.0023

0.1567 
0.0191

0.1056 
0.0149

0.1929 0.0201 
0.0227 0.0144

0.0551
0.0178

-0.0041
0.0130

P2 0.3504
0.0014

0.0074
0.0007

0.1846
0.0023

0.0935
0.0148

0.0887
0.0130

0.1425- -0.0137 
0.0197 0.0123

0.0199
0.0143

0.0075 
0.0110

C4I 0.3555
0.0051

0.0252
0.0024

0.0157
0.0067

0.0930
0.0221

C42 0.2610
0.0054

0.0147
0.0026

-0.0661
0.0074

0.1155 
0.0239

C43 0.2753
0.0057

0.0429
0.0030

-0.2108
0.0076

0.2082
0.0263

C44 0.1804 
0.0060

0.0387
0.0031

-0.3229
0.0079

0.2465
0.0278

C5I 0.2657
0.0077

0.0453
0.0038

0.2545
0.0100

0.1995 
0.0362

C52 0.1798 
0.0097

0.0186
0.0046

0.1976 
0.0126

0.2914
0.0516

C53 0.0863
0.0090

0.0456
0.0045

0.2889
0.0120

0.2820
0.0467

C54 -0.0121
0.0066

0.0309
0.0033

0.1807 
0.0087

0.3043
0.0312

C6I 0.3373
0.0061

-0.0666
0.0029

0.1855 
0.0080

0.1129 
0.0276

C62 0.4476
0.0071

-0.0876
0.0037

0.2051
0.0097

0.1197 
0.0375

C63 0.4305
0.0066

-0.1589 
0.0034

0.2058
0.0086

0.1603 
0.0329

C64 0,5474
0.0059

-0.1753 
0.0030

0.2341
0.0075

0.1418
0.0265
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Table A2 .6 .

F i na I po s i t i o n a  I parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f  (2 , 4 -d im ethyI pyr i d i  neM qBr^

Atom X/A Y/B Z/C U. l U22 U33 U23 U13 U12

Hg 0 .0
0.0

0.0372 
0 .000 I

0.2500
0.0

0.0439
0.0007

0 .0 4 1 9 
0.0007

0.0470
0 .00 I0

0.0008 
0 .0 0 14

-0.0052
0.0006

-0.0047 
O.OOII

Brl 0 . 1455 
0.0003

-0.0425
0.0004

0.4779
0.0005

0.0377
0.0020

0.0563
0.0022

0.03I4
0.0023

-0 .0 0 I0  
0 .0 0 2 1

-0.0002 
O.OOI5

0.0066 
O.OOI9

Br2 - 0 . 1396 
0.0003

- 0 . 1007 
0.0005

0 . I 189 
0.0007

0.0399 
0 .0021

0.0729
0.0028

0.0546
0.0030

-O .O I82 
0.0025

0.0000 
O.OOI9

-O.OII 5 
0 .0 0 2 1

N 0.0040
0.0033

0 .2 4 14 
0 .0021

0.2656
0.0060

0 .0381 
0.0056

Cl -0.0738
0.0025

0.3 I87
0.0033

0.2384
0.0050

0 .0331 
0.0076

C2 -0 .0 6 5 1 
0.0030

0.4444
0.0036

0.2524
0.0055

0.0442
0.0087

C3 0.024 I 
0.0025

0.50 I5
0.0029

0.3063
0.0046

0.0325
0.0073

C4 0 . I 144 
0.0028

0 . 4 175 
0.0034

0 .3541 
0.0052

0.0388
0.0078

C5 0 . 1002 
0.0026

0 .2 9 12 
0.0030

0.3228
0.0048

0.0334
0.0076

C6 0.0405
0.0046

0.6362
0.0053

0 .3 2 1 5 
0.0085

0.0805 
0.0154

C7 - 0 . 1787 
0.0033

0.2567 
0 .0041

0 . 1758 
0.0064

0.0543
0 .0 I0 I

314



Table A2.7 .

F ina l  po s i t i o n a l  parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f  (PEtMe^)^HqBr^__

Atom X/A Y/B z/c Ul l U22 U33 U23 Ul 3 U12

Hgl 0.1518 
0.0009

0.3541
0.0004

0.3183
0.0009

0.1445 
0.0090

0.0608
0.0049

0.1087 
0.0089

0.0008
0.0059

-0.0141
0.0087

0.0130
0.0060

Hg2 0.2246
0.0007

0.1208
0.0004

0.0034
0.0010

0.1007 
0.0069

0.0581
0.0042

0.0866
0.0072

0.0033
0.0068

0.0023
0.0081

0.0154
0.0054

Brl 0.2525
0.0029

0.2588
0.0010

0.2004
0.0028

0.1934 
0.0320

0.0569
0.0136

0.1713 
0.0309

-0.0173
0.0167

0.0607
0.0293

-0.0010
0.0181

Br2 0.2953
0.0017

0.3741 
0.0011

0.4754
0.0020

0.2115 
0.0172

0.1003 
0.0137

0.1498 
0.0218

0.0025
0.0143

-0.0522
0.0149

0.0166
0.0132

Br3 0.0819
0.0025

0.0195 
0.0011

-0.0590
0.0025

0.1598 
0.0269

0.0703
0.0170

0.1314 
0.0265

-0.0105
0.0153

-0.0396
0.0213

-0.0166
0.0179

Br4 0.3930
0.0021

0.1208 
0.0013

0.8600
0.0023

0. 1452 
0.0247

0.0852
0.0158

0.1285
0.0281

0.0024
0.0179

0.0250
0.0201

0.0206
0.0178

PI 0.1913 
0.0050

0.4513
0.0027

0.2087
0.0057

0.0677
0.0503

0.1066 
0.0391

0.0865
0.0569

0.0001
0.0370

-0.0182
0.0410

0.0123
0.0326

P2 0.0171
0.0057

0.2924
0.0029

0.4134
0.0057

0.1838 
0.0544

0.1300 
0.0477

0.1633 
0.0658

0.0048
0.0434

0.0681
0.0475

-0 .0010
0.0419

P3 0.3027
0.0053

0.0701
0.0029

0.1620 
0.0060

0. 1547 
0.0542

0.0440
0.0442

0.0701
0.0622

0.0095
0.0410

-0.0289
0.0462

0.0312
0.0394

P4 0.1087 
0.0050

0.1982 
0.0027

-0.0755
0.0055

0.0929
0.0499

0.0544
0.0416

0.1055 
0.0601

0.0168
0.0354

-0.0373
0.0407

0.0187
0.0340

Cl -0.0706
0.0136

0.0233
0.0073

1.2823 
0.0150

0.0900
0.0522

C6 0.6181
0.0127

0.7289
0.0069

0.9826
0.0153

0.0744
0.0544

C9 0.4527
0.0190

0.1038 
0.0098

1.2093 
0.0212

0.0439
0.0837

CIO 0.1953
0.0134

0.0764
0.0069

1.2762 
0.0144

0.0277
0.0530

Cl 1 0.3711 
0.0138

-0.0163
0.0070

1.1485 
0.0141

0 .I486  
0.0510

Cl 3 0.0679
0.0125

0.1616 
0.0072

0.7958
0.0145

0.0798
0.0503

Cl 4 -0.0193
0.0125

0.2013
0.0067

0.9998
0.0161

0.1190 
0.0456

Cl 5 0.1828 0.2811 0.9412 0.1211
0.0141 0.0073 0.0151 0.0520



Table A2.8.

Final  po s i t i o n a l  parameters ( f r a c t i o n a I ) and thermal parameters f o r  the

s t ru c tu re  o f  (PEt^)^HqCI^

Atom X/A Y/B Z/C Ul I

Hgl 0 .0
0 .0

0.5000
0 .0

0.2725 
0 .0001

0 .0621 
0.0022

PI 0 . 1087 
0.001 I

0 .66 I7
0 .0 0 I0

0.3043
0 .00 I0

0.0823
0.0084

CLI 0 . 1 532 
0 .00 I0

0 . 4 1 I 5 
0 .00 I0

0. I 582 
O.OOII

0 .0861 
0.0089

Cl 0.0255
0.0069

0.7869
0.0064

0.3525
0.0067

0 . 1706 
0 .0371

C2 0 . 1762 
0.0049

0 . 7 1 13 
0.0047

0 . 2 147 
0.0044

0 . 1226 
O.OI97

C3 0 . 2 194 
0 .0051

0.6400
0.0054

0 .3 9 16 
0.0054

0 . I 353 
0.0250

C4 0 .0 3 12 
0.0092

0 . 2 1 64 
0.0092

0 . 4 144 
0.0090

0.2 I99  
O.OI9 1

C5 0 . I 186 
0.0058

0.7475
0.0055

0 . 1300 
0.0064

0 . 1689 
0.0285

C6 0.2782
0.0043

0.5522
0.0043

0.3888
0.0046

0.0884 
O.OI67

U22 U33 U23 UI3 U12

0 .0 5 14 0.0596 0.0 0 .0 0 .0
0.0020 O.OOIO 0.0 0 .0 0 .0

0.0679 0.0573 O.OII I -0.0024 -O .O I55
0 .0081 0.0092 0.0060 0.0063 0.0076

0.0855 0 . 1 2 12 O.OOIO O.OI28 0.0382
0.0087 O.OI5 1 0.0079 0.0078 0.0075
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Table A2.9.

FinaI po s i t i o n a l  parameters ( f r a c t i o n a l )  and thermal parameters f o r  the

s t ru c tu re  o f

Atom X/A Y/B Z/C Ul.

Hgl 0,4175 
0.0000

-0.2561
0.0001

0.9794
0.0001

0.0287
0.0006

CLI 0,3082
0.0004

0.6242
0.0005

1.0377 
0.0010

0.0568
0.0049

PI 0.3361
0.0004

0.8783
0.0005

0.9617
0.0008

0.0451
0.0043

P2 0.5109
0.0004

0.6251
0.0005

0.9888
0.0007

0.0425
0.0041

Cl I 0.2903
0.0015

0.8974
0.0021

1.1248 
0.0031

0.0491
0.0080

Cl 2 0.2653
0.0014

0.8483
0.0018

0.8470
0.0028

0.0441
0.0074

Cl 3 0.3703
0.0016

0.9923
0.0020

0.8946
0.0031

0.0633
0.0085

Cl 4 0.4386
0,0021

1.0301 
0.0027

0.9751
0.0040

0.0998
0.0123

C21 0.4864
0.0014

0.5243
0.0019

0.8993
0.0029

0.0562
0.0080

C22 0.5361
0.0015

0.5877
0.0022

1.1602 
0.0033

0.0668
0.0091

C23 0.5910
0.0013

0.6662
0.0019

0.9073
0.0029

0.0451
0.0078

C24 0.6101
0.0018

0.7718
0.0023

0.9558
0.0034

0.0883
0.0103

Hg2 0.3849
0.0001

0.7642
0.0001

0.4477
0.0001

0.0557
0.0007

CL2 0.4592
0.0003

0.7552
0.0005

0.6747
0.0006

0.0609
0.0043

CL3 0.3242
0.0004

0.9254
0.0005

0.4901
0.0007

0.0464
0.0042

CL4 0.4727
0.0004

0.8180
0.0006

0.2780
0.0008

0.0649
0.0048

(PEtMe2 >3 LHgCi2-2—

U22 U33 U23 Ul 3 U12

0.0307
0.0006

0.0438
0.0006

0.0008
0.0006

0.0018
0.0004

0.0057
0.0004

0.0447
0.0043

0.0942
0.0065

0.0090
0.0050

0.0146
0.0052

-0.0093
0.0037

0.0369
0.0041

0.0375
0.0042

0.0033
0.0040

0.0068
0.0040

0.0129
0.0035

0.0369
0.0041

0.0409
0.0044

0.0030
0.0036

0.0004
0.0036

0.0096
0.0033

0.0293 0.0412 0.0034 -0.0041 -0.0045
0.0006 0.0006 0.0006 0.0005 0.0006

0.0684 0.0377 0.0029 -0.0083 0.0021
0.0051 0.0032 0.0047 0.0032 0.0048

0.0481 0.0563 0.0050 0.0075 0.0122
0.0042 0.0054 0.0036 0.0043 0.0034

0.0632 0.0536 0.0023 0.0123 0.0103
0.0051 0.0047 0.0040 0.0043 0.0042
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Tab Ie A2. 9, cont inued

Atom X/A Y/B Z/C Uj t U22 U33 U23 U,3 U|2

P3 0.3132 0.6204 0.4676 0.0553 0.0465 0.0493 -0.0025 -0.0069 -0.0166
0.0004 0.0006 0.0009 0.0051 0.0046 0.0050 0.0044 0.0046 0.0040

03 1 0.3492 0.5183 0.3733 0.0511
" 0.0013 0.0019 0.0030 0.0078

C32 0.3090 0.5902 0.6481 0.0810
0.0019 0.0027 0.0038 0.0116

C33 0.2260 0.6344 0.3901 0.0874
0.0019 0.0025 0.0041 0.0120

C34 0.1836 0.7116 1.4788 0.1143
0.0023 0.0030 0.0044 0.0141
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Observed and c a lc u la te d  s t r u c tu r e  fa c to rs  f o r  (PPh^)HgCI^



Table A3.2.

Observed and calculated s truc tu re  factors  fo r  (TPP)HqCI^_



Table A 3 .3 .

Observed and calcu lated  s tructure  factors fo r  (PEt,)HciCU
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Table A 3 .4 .

Observed and c a l c u la te d  s t r u c t u r e  f a c to r s  f o r  (PMe^)HqCI^
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Table A3.5.

Observed and measured s t r u c t u r e  f a c t o r s  f o r  a - (PBu^)JHgCJ2__
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Table A3.6.

Observed and c a l c u la te d  s t r u c t u r e  f a c t o r s  f o r  (2
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Observed and calcu lated  s tructure  factors  fo r  (PEt^)oHqCI

Table A 3 .8 .
Observed and calcu lated  s tructure  factors  fo r  CPEiMe^)J-IqBr
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Table A 3 .9 .

Observed and c a lc u la te d  s t r u c tu r e  fa c to rs  f o r  (PEtMe, , ) ^ ( J H g C J __
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Table A3.9, c o n t i  nued



Appendix 4 : P o in t  g roup,  l i n e  group and f a c t o r  group ana lyses

In t h i s  Appendix are  con ta in ed  the  d e t a i l s  o f  p o i n t ,  l i n e  and f a c t o r  

group ana lyses c a r r i e d  in t h i s  work.  Sec t ion  1.2 d e a l t  b r i e f l y  w i t h  th e  

a p p l i c a t i o n s  o f  each method. The n o t a t i o n  used here i s  e s s e n t i a l l y  as 

denoted by M i t r a  and G i e l i s s e . 57 

D e f i n i t i o n  o f  t e r m s .

Reduct ion fo rm u la :

N -  I z h x ^ R l x ^ R )
K N j  J k J

"t~h= The number o f  t im es  the  k i r r e d u c i b l e  r e p r e s e n t a t i o n  appears

in th e  c o m p le te ly  reduced r e d u c ib l e  r e p r e s e n t a t i o n .

N = th e  o r d e r  o f  t h e  group ( i . e .  the  t o t a l  number o f  o p e r a t i o n s ) .

"t* hh.  = t h e  number o f  group o p e ra t i o n s  con ta in ed  in t h e  j  c l a s s

”t”hX^(R) = t h e  c h a r a c t e r  in the  k i r r e d u c i b l e  r e p r e s e n t a t i o n  co r re sp on d ing

t o  o p e r a t i o n  R ( f rom c h a r a c te r  t a b le s )

*  t hX^(R) = t h e  c h a r a c te r  in th e  j  r e d u c ib l e  r e p r e s e n t a t i o n  co r re sp on d ing

t o  o p e r a t i o n  R.

Group c h a r a c te rs  y C(R) f o r  v a r i o u s  r e p r e s e n t a t i o n s .
J

#
Represen ta t io n  Group c h a r a c te r

To ta l  number o f  modes = Wp(± I +2coscf)^)

(3jn C a r tes ian  c o o r d in a te s )

A co u s t ic  modes X ^ " ^ )  = ±1 + 2cos<|>p

T r a n s la to r y  l a t t i c e  modes X ^ T q ) = [W^(s) -  I]  (± I +2cos<{>p)

Ro tary l a t t i c e  modes X ^ - ( R^  = (s—p )] x ^ p ^
J J

Wp - i s  the  number o f  atoms i n v a r i a n t  under th e  symmetry

o p e r a t i o n  R

W^(s) -  i s  th e  number o f  s t r u c t u r a l  groups rem a in ing  i n v a r i a n t

under symmetry o p e r a t i o n  R

328



WD(s-p ) -  is  the number o f  po lyatom ic groups remaining in v a r ia n t

under an ope ra t ion  R (p is  the number o f  monatomic groups) 

A is  the  angle o f  r o ta t io n  corresponding to  the  symmetry

ope ra t ion  R (p lus  and minus s igns s tand, re s p e c t iv e ly ,  f o r  

proper and improper )

X**.(P) “  is  equal to  (I ±2cos$p) f o r  n o n - l in e a r  po lyatom ic groups,

i t  is  equal to  ±2cos<f)p f o r  ope ra t ions  C ^ p )  and S(<|>p) in 

a l in e a r  polyatom ic group, and i t  is  equal to  0 f o r  

o pe ra t ions  C2 O )  and a in a l in e a r  po lya tom ic group.

For the  f i r s t  a n a ly s is  d e ta i le d  workings are g iven o f  how T^, T , RQ 

and n .̂o .̂ are de r ive d .  For subsequent analyses o n ly  the  re s u l t s  o f  T^, TQ, 

e tc .  are ta b u la te d .  For each a n a ly s is  in te rn a l d isplacement coo rd ina tes  

have been used to  es t im ate  the  modes o f  v ib ra t io n  associa ted w i th  s p e c i f i c  

bands; again on ly  f o r  the f i r s t  a n a ly s is  have d e ta i le d  workings been g iven . 

In a l l  analyses the  o rgan ic  l igands are taken as p o in t  masses.

Factor group a n a ly s is  f o r  ( I ,2 ,5 - tr ipheny Iphospho leJH gX^

These s t ru c tu re s  c o n s is t  o f  d is c re te  halogen-bridged dimers o f  C. p o in t

-  I 112
symmetry which c r y s t a l l i z e s  in the  t r i c l i n i c  space group PI (C . , No. 2 ) .

( I dimer per u n i t  cel I ) .

c.1 E i n , , t o t t a
T

0
R

0
n .

1

A
9

1 1 12 0 0 3 9

Au 1 -1 12 3 0 0 9

0 180

± 1 +2cos<J>p 3 - 3

WR 8 0

h.
J

1 1

3 2 9



C a lc u la t io n  o f  n^Q̂ . -  using I  h .X|^R)X* ^nf Qf )
N j  J J °

Nfl = I [24 (1 ) + 0(1)]A o“
9 2

=  12

N. = I [24 (1 ) + 0 ( - l ) ]  = 12
u 2

r , , -  I2A (R) + I2A (IR)t o t  g u

C a lc u la t io n  o f  T. -  using N. = I 2 h .XU(R)X^(T.)  a k ^  j. j k j A

T,

E i

-  1+2cos <f>R= X j (T a ) = 3 -3

1 13(1) + (-3 )  (1)] = 0
2

1 f 3 ( l )  + ( - 3 ) ( - 1 ) ] = 3
2

3A (IR)u

o f  Tq -  using N. = 1 2 h -X.,(R)X^J<
N j  J J

E i

- 1 +2cos <I>R = 3 -3

[ WR(s )-1 ] = 0 0

A J_ 10( I ) + 0 (1 )]  = 0
2

Au 2 

. = 0

I [0 (1 )  + 0 ( - l ) ] =  0
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C a lc u la t io n  o f  R -  using I Z h .y  .(Rty**. (R )
-----------------------------o N j  ^ J

E i

W (s -p )  = r  r I I

X ' j ' p ’ - 3 3

(= l± 2coscJ>p)

N. = I [3 (1 )  + 3 (1 ) ]=  3
9 2

Na = I 13(1) + 3 ( - 1 )] = 0
u 2

r D = 3A (R)
R^ go 3

Using in te rn a l d isplacement coo rd ina tes  one may p re d ic t  the  number 

and a c t i v i t y  o f  modes due to  V(HgP), v(HgX)^. and vWgXJ^

The reduc t ion  formula used is

Nk = 1  Z h i s ( j }x k (R)
N j  J

where S ( j )  = the  number o f  in te rn a l displacement coo rd ina tes  u n sh if te d

*t"hby an ope ra t ion  in the j  c la ss

v(HgP)

C.i E i

h.
J

1 1

S ( j ) (HgP) 2 0

N. = I [2 (1 )  + 0 (1 )]  = I
A rr

9 2

ii = 1  [ 2 ( 1 )  + 0 ( - l )] = I
NA 2u

Tv(HgP) = A (Ra) + A (IR) a g u
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v (HgX) f

c i E i

h.
J

S ( j ) (HgX+)

1

2

1

0

NA = I 12(1) + 0 ( 1 ) ]  = I
A o"

9 2

Na = I [2 (1)  + 0 ( - l )] = I
u 2

rv(HgX)+ = Ag (Ra) + AU(IR) 

v(HgX)fa

C.i
E i

h.
J

1 1

S(J)(HgXb) 4 0

Na = 1  14(1) + 0(1)3 = 2 
A 7T

9 2

= 1  [4 (1 ) + 0 ( - l ) J  = 2
NA 2 ' -u

rv(HgX)b = 2Ag (Ra) + 2Au (IR)
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Factor  group analys is f o r  (PPh-̂ HgX^

These s t ru c tu re s  c o n s is t  o f  d i s c re te  halogen-br idged dimers o f  C.

p o in t  symmetry which c r y s t a l l i z e  in the  m onoc lin ic  space group P2|/n

5 112
( -P 2 j / c ,  N°# ' ^ ) .  ^  dimers per u n i t  c e l l ) .

'2h

l2 cos<J>

h. 
• J

V ntot>

XJ (To )

X . (R )
J o

S( j ) (Hg-P)

S( j ) (Hg-CI+ ) 

S(j ) (Hg-CIfa)

E i

I I

I - I

I - I

0 180 180 0 

3 - I  -3  0

16 0 0 0

48 0 0 0

-3  - I

t o t

12

12

12

12

T, n .

T_ , . =I2A (Ra)+I2B (Ra)+I2A ( IR)+I2B ( IR) Total g g u u

r .  . = 9A (Ra)+ 9B (Ra)+ 9A (IR)+ 9B (IR)i n t  g g u u

Tv(HgP) = A (Ra)+ B (Ra)+ A (IR)+ B (IR) a g g u u

Tv(HgX) .= A (Ra)+ B (Ra)+ A (IR)+ B (IR) a t  g g u u

rv(HgX) .= 2A (Ra)+ 2B (Ra)+ 2A (IR)+ 2B (IR) b g g u u

333



Factor group an a ly s is  f o r  (PMe^)HgXg

These s t ru c tu re s  c o n s is t  o f  ’ i o n ic 1 chains w ith  [CI-Hg-PMe^] + c a t io n s  

and Cl an ions. There is  one chain per u n i t  c e l l ,  c o n s is t in g  o f  two ca t ion s

and two anions, which c r y s ta l l i z e s  in the t r i c l i n i c  space group PI

I 112
(C , No. 2 ) . l , z

This trea tm en t has a lso  been used f o r  the  (C^HgS)HgX2 (X=CI o r  B r ) ,  

(PPhMe2 )HgX2 (X=CI o r  B r ) ,  cx-CPPf^MeMgCI^ and (PPh^MeJHgB^ complexes.

C. t o t n.

12

12

± I +2cos<f>R

X "(n ,  ,) J t o t

X " ( T  ) 
J o

W

S(j ) (HgP)

S C j) (HgX) t

0 180 

3 -3

8 0

24

0

Total

r  i n t 
(c a t io n )

I2A (Ra) + I2A (IR) 
9 u

3A (Ra) + 3A (IR) 
9 u

Tv(HgP) = A (Ra) + A (IR) a g u

rv (H gC I) ,  = A (Ra) + A (IR) a t  g u

T. . . = 6A (Ra) + 3A ( IR)ion trans . g u
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Line group ana lys is  f o r  (PEt^XHgX^

@  =  Hg O =  Cl # = P

//
i  ^  Repeat /

'  unit

These s t ru c tu re s  c o n s is t  o f  po lymeric  cha ins , as in (a) be long ing 

to  the  C. l in e  group. This t rea tm en t has a lso  been used fo r  the 

(2 ,4 ,6 - t r im e th y l  p y r id  ine)HgX2 complexes and a-tPPi^MeJHgCI

C,

R

± I +2cosc{>

h .
- J

R

X j trW

S(J)(HgP) 

S(J)(HgX)b

180

-3

0

I

24 0

8 0

t o t

12

12

ncha i n 

I I 

9

r_  , . = I2A (Ra) + I2A (IR)TotaI g u

T , . = IIA  (Ra) + 9A ( IR)chain g u

Tv(HgP) = Ag (Ra) + V  IR)

rv(HgX). = 4A (Ra) + 4A ( IR) a b g u

335



Line group ana ly s is  f o r  ( 2 , 4 -d im e th y lp y r i d in e ^ g X ^

@  =  Hg O  =  CiorBr ©  =  N

/  /

/
(a)

Repeat  
unit

These s t ru c tu re s  are polymeric  cha ins , as in (a) which belongs to  

the  C| I in e  group.

c l E nt o t Ro ta ncha1n

A 1 24 1 3 20

0

± 1 +2cos(})r 3 ^T o ta 1 24A(IR,Ra)

W
R

8

h. 1 ^cha i n 20A(1R,Ra)
J

X^(n+ + ) AJ t o t
24 Tv(HgN) 2A(IR,Ra)

S( j ) (HgN) 2 Tv(HgX)b = 8A(IR,Ra)

S( j) (H gXb) 8

and Rq may be obta ined d i r e c t l y  from the  C| c ha rac te r tab 1e.
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Po in t  group ana lys is  f o r  (PBu-^HgX^

These compounds e x i s t  as d i s c re te  te t r a m e r ic  u n i t s  o f  C. p o in t

symmetry

1
I
I Repeat

unit

©  =  Hg

O  =  Cl 

©  =  P

C. nt o t n .

- I

24

24

21

21

R

± I +2cosc{)p 

WR

h.
------------------j  —

X^(n, ,)Aj  t o t

S( j ) (HgP)

S(j ) (HgCI+ ) 

S ( j) (H g C Ib )

0

3

16

48

14

180

-3

0

Tota I 

Tn.

= 24A (Ra) + 24A (IR)

= 2 1A (Ra) + 2 1A (IR)

Tv(HgP) = 2A (Ra) + 2A (IR) 
a 9 u

r v ( HgCI ) += Ag (Ra) + AU(IR)

rv (HgCI ) . =  7A (Ra) + 7A (IR)b g u

and Rq may be obta ined d i r e c t l y  from the  Cj cha ra c te r  ta b le ,
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Appendix 5 : Equat ions  f o r  p r e d i c t i n g  th e  p o s i t i o n s  o f  (HgX) modes in

p la n a r  four-membered r i n g  systems 

I 37( a ) The equa t ion  o f  Baran f o r  p r e d i c t i n g  th e  r e l a t i v e  p o s i t i o n s  o f  the  

two I R - a c t i v e  b r id g e  s t r e t c h i n g  modes in a p la n a r ,  symmetr ic  f o u r -  

membered r i n g .

The d e r i v a t i o n  s t a r t s  f rom th e  s im p le  idea v i z . t h a t  the  b ehav iou r  o f  

a b r id g e  X in a p la n a r  and symmetr ic  four-membered r i n g  w i t h i n

which i t  i s  s im u l ta n e o u s ly  in f lu en ce d  by both c e n t r a l  atoms M, can be 

desc r ibed  by th e  s u p e r p o s i t i o n  o f  two l i n e a r  harmonic o s c i l l a t o r s ,  each 

re p re s e n t in g  an ’ i s o l a t e d ’ M-X bond. The b r id g e ,  then v i b r a t e s  a lo ng  R

and (as in ( i ))

' t v

M

X

'm

Ci )

The form o f  such a f i g u r e  depends f i r s t  o f  a l l  upon the  ang le  under 

which th e  c e n t r a l  atoms i n f l u e n c e  the  b r i d g e .  Using V t o  denote a v e c t o r  

o f  the  ’’ i s o l a t e d ”  l i n e a r  movement in th e  M-X d i r e c t i o n  then  e qu a t io n s  la and 

lb d e s c r ibe  the  movement o f  the  r e s u l t i n g  components R^ and R^ in th e
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d i r e c t io n s  M-M and X-X re s p e c t i v e ly .

Rm2 = 2V2 ( l - c o s (j)) = 2V2 ( I +cose) ......................................................  la

Rx2 = 2V2 ( I -cose) = 2VZ( I +coscj)) .......................................................  lb

I f  one considers the two IR-^active in -p lane  modes o f  v ib r a t io n  

associated w i th  the  r in g ,  as in ( i i ) .

Corresponds to  motion Corresponds to  motion

along Rx along Rfj]

('•)
These forms o f  motion can be compared w i th  the r e s u l ta n t  vec to rs  Rx and R^.

For the  sake o f  b re v i t y  Baran has c a l le d  r in g  v ib ra t io n s  in the

X-X and M-M d i re c t io n s  v_ and v  re s p e c t iv e ly .  Rearrangement o f  equations
S 3

la and lb leads to  two main re la t io n s h ip s  between P = R^/R.. = v  / v  o f  bothr  X M s a

components o f  the  b r idge  v ib ra t io n s  and the  angles o f  the  br idged e n t i t y

2 2
cose = l - P and costj) = P - I

2 2l+P P +1

(b) An extension o f  the  formula o f  Ba ran*^7 to  inc lude  asymmetric 

r in g  systems.

In the present case we need to  in troduce the  two vec to rs  W and V to

denote ' i s o la t e d 1 l in e a r  movement along the  two d i f f e r e n t  b r idges M-X.
*

V represents  the weaker o f  the  two b r idges .

* I t  should be emphasized th a t  the  vec to rs  along M-X d i re c t io n s  do not
correspond to  bond lengths but to  'bond energy te rm s ' which are in v e rs e ly  
p ro p o r t io n a l to  bond leng ths.
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The d e r iv a t io n  w i l l  be r e s t r ic te d  to  the  s imple case when the  b r idge
o

angles are 90 i . e .  on ly  e f f e c t  o f  extending the  r in g  along one o f  i t s  

lengths w i l l  be discussed.

N.B. a + 3 = e = < f ) = 9 0

in the  present case.

kW

X

In a s im i la r  way to  Baran’ s d e r iv a t io n ,  equations 2a and 2b descr ibe  

movement o f  the  r e s u l t in g  components and R^ in the  d i re c t io n s  M-M and 

a lso  pe rpend icu la r  to  M-M (N.B. not along X-X).

R^ = W s in  a + V s in  B ................................................. 2a

R^ = W cos a + V cos 3....... ................................................. 2b

The c r i t i c a l  assumption is  made t h a t  the  IR -a c t iv e  modes o f  the

asymmetric b r idge  w i l l  have the fo l lo w in g  forms o f  motion, as in ( i v )

i v

3 4 0



i . e .  v ib ra t io n  is  along M-M and a lso  90 away from the  M-M a x is  in the  

plane o f  the  r in g .

I f  t h i s  assumption is  made again the  fo l lo w in g  r e la t io n s h ip  w i l l  ho Id : —

P ” RX/RM = V s ^ a  = ' 'W' s i n  'a ' r  V s in  3
W cos a + V cos $

Consider what happens, in q u a l i t a t i v e  terms, when the  r in g  has been

extended along one o f i t s  bonds as in ( i i i )  (remember in the  v e c to r  diagram,

the  vec to rs  are in v e rs e ly  re la te d  to  bond le n g th ) .  The v e c to r  V represents

the  ve c to r  along the  extended bond leng th . Therefore  in ( i i i )  the  M-X

d is tance  along V-V becomes sm a lle r .  This has the e f f e c t  o f  decreasing aand

increas ing  3 .

The way in which changes in a and 3 a f f e c t  R̂ , and are described below.
o

The e f fe c t  Upon Ry»- (remember a + 3= 90 )

When a is  ’ s m a l l ’ , s i n  a is ’ s m a l l ’ , th e re fo re  the  c o n t r ib u t  ion o f  

the  s tron ge r bond represented by v e c to r  W is  a lso  ’ s m a l l ’

When 3 is  ’ la rg e ’ , s in  3 is  ’ la rg e ’ and th e re fo re  the  c o n t r ib u t io n

o f  the  weaker bond represented by v e c to r  V is  a l so  ’ la rg e ’

The o v e ra l l  e f f e c t  is  th e re fo re  t h a t  R̂ , is  ’ s m a l l ’

The e f fe c t  upon Rĵ p~

When a is  ’ s m a l l ’ , cos a is ’ la rg e ’ , th e re fo re  the  c o n t r ib u t io n  o f  the  

s tro n g e r  bond represented by v e c to r  W is  a lso  ’ l a r g e . ’

When 3 is  ’ la rg e ’ , cos 3 is  ’ s m a l l ’ , and th e re fo re  the  c o n t r ib u t io n

o f  the  weaker bond represented by v e c to r  V is  a l so ’ s m a l l . ’

The o v e ra l l  e f f e c t  is  th e re fo re  t h a t  R^ is  ’ la r g e . ’

Consequently, changes in the  asymmetry o f  the  r in g  a l t e r s  the  r a t i o  

Rx /R m. The r a t i o  moves away from u n i ty  as the r in g  is  extended a long one o f 

i t s  b r idges . Therefore  one m ight expect from the  re la t io n s h ip  = v s/ v a

to  observe a g re a te r  separa tion  between the  two IR -a c t iv e  vtMX)^ modes w i th  

inc reas ing  asymmetry o f  the r in g .
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Appendix 6 . Equat ions o f  I east  squares p Ianes.

Equations o f  le a s t  square planes re fe r re d  to  orthogonal axes w i th  .
O

dis tances  (A) o f  re le v a n t  atoms from the  planes in square b racke ts .  

(PPh3 )HgCI2

Plane (a) i . e .  r in g  A; C ( l l ) ,  C ( 12), C(13) ,  C(14) ,  C ( I 5 ) ,  C(16) .

0.2433X + 0 .1 4 8 IV -  0.9586Z + 0.3342 = 0

Plane (b) i . e .  r in g  B; C ( 3 I ) ,  C(32), C(33), C(34), C(35), C(36).

.9 0 6 1X -  0.2I52Y -  0.3643Z + 3.0354 = 0

Plane (c) i . e .  r in g  C; C ( 2 I ) ,  C(22), C(23), C (24), C(25), C(26).

-0.3279X + 0.9226Y -  0.2034Z -  1.3259 = 0

(N.B. Because the  atoms o f  each r in g  have been re f in e d  to  f i t  a re g u la r  

hexagon, none o f  these atoms can p o s s ib ly  dev ia te  from t h e i r  mean p lanes .)  

PPh^ I i  ganda

Plane (a) i . e .  r in g  A; C ( l l ) ,  C(12) ,  C(13) ,  C(14) ,  C(15) ,  C ( I 6 ) .

-0.6076X + 0 .5671Y -  0 .556IZ  + 1.7832 = 0

CC(I I ) -0 .001 , C(12) 0.003, C(I 3) -0 .007 , C(14) 0.010, C(I 5) -0 .0 0 9 ,

C(I 6) 0.004]

Plane (b) i . e .  r in g  B; C ( 2 I ) ,  C(22), 0 (2 3 ) ,  0(24) ,  0 (2 5 ) ,  C(26).

0.4762X -  O.I545Y -  0.8657Z -  0.1733 = 0

[C( 2 1) 0.005, C(22) -0 .0 09 , C(23) 0.006, C(24) 0.002, C(25) -0 .0 0 6 ,

C(26) 0.003]

Plane (c) i . e .  r in g  C; C( 3 I ) ,  C(32), C(33), C(34), C(35), C(36).

0.5I08X + 0.8527Y -  0 .I095Z -  1.5162 = 0

EC( 3 1) 0.005, C(32) -0 .009 , 0(33) 0.006, 0(34) 0.002, 0(35) -0 .0 0 6 ,

C(36) 0.003]

(TPP)HgCI0Z ft

Plane (a) i . e .  r in g  A; C(17) ,  C(18) ,  C(19) ,  0 (20 ) ,  C ( 2 I ) ,  C(22) .

0.5073X + 0 .3 6 4 1Y -  0 .781 IZ + 1.3425 = 0

a -  The mean planes have been determined in the presen t work using the
atomic coo rd ina tes  quoted in re fe rence I I I .
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Plane (b) i . e .  r in g  B; C ( l l ) ,  C (12), C( 13 ) ,  C ( 14), C ( 15), C(16) .

0.6003X -  0.753IY -  0.2694Z + 4.6047 = 0

Plane (c) i . e .  r in g  C; C(5) ,  C(6) ,  C(7) ,  C(8) ,  C(9) ,  C( IO) .

-0.5723X -  0.2966Y -  0.7645Z + 1.1630 = 0

(N.B. The atoms in the above phenyl r in g s  have been re f in e d  as re g u la r  

hexagons).

Plane (d) i . e .  phosphole r in g ;  P, C ( l ) ,  C(2) ,  C(3) ,  C(4) .

0.7648X + 0.0309Y -  0.6435Z + 3.0436 = 0

[P 0.037, C ( l )  -0 .005 , C(2) -0 .0 34 , C(3) 0.071, C(4) -0 .069]

(PEt5 )HgCI2

Plane (a) Hg, P, C l ( I ) ,  C l (2) .

-0 .2701X + 0.9046Y -  0.3298Z -  0.9643 = 0

[Hg -0 .578 , P -1 .051 , C l ( I )  0.902, C l (2) 0.726]

(PMe3 )HgCI2

Plane (a) Hg, C l ( l ) ,  Hg1, CI ( I 1) ,  Hg” , C K I ’ M .

0.0004X + I.0000Y -  0.0058Z -  0.0345 = 0

[Hg 0.070, C l ( I ) 0.063, Hg’ -0 .1 39 , C l ( l ’ ) -0 .132 , Hg”  0.072,

Cl (I ” ) 0.066] 

g-(PBu3 )HgCI2

Plane (a) H g(2), C l (2) ,  C l (4) ,  P(2) .

0.5670X + 0.4368Y -  0.6984Z -  1.3078 = 0

[ Hg(2) 0.159, C l (2) -0 .027 , C l (4) -0 .0 65 , P(2) -0 .067 ]

(2 ,4-d im e thy lp y r id  ine)HgBr2 ^

Plane (a) Hg, B r ( I ) ,  B r (2 ) ,  N.

0.6377X -  0.0655Y -  0.7675Z + 1.7567 = 0

[Hg 0.155, B r ( I ) -0 .043 , Br(2) -0 .0 5 6 , N -0 .056]

Plane (b) N, C ( l ) ,  C(2) ,  C(3) ,  C(4) ,  C(5) .

0.32I4X + 0.0827Y -  0.9433Z + 1.7724 = 0

[N 0.014, C ( l )  -0 .032 , C(2) 0.01 I , C(3) 0.024, C(4) -0 .0 4 0 , C(5) 0.024]
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( 2 , 4 , 6 - t r  i methyIpyr id i ne)HgCI^

Plane (a) Hg, C l ( l ) ,  C l (2 ) ,  N

0.5444X -  0.3422Y -  0.7659 + 1 . 4 6 9 3 = 0

[Hg -0 .005 , C l ( I )  0 .002, C l (2) 0 .002, N 0.002]

Plane (b) N, C ( l ) ,  C(2) ,  C(3) ,  C(4) ,  C(5) .

0.I930X -  0.0046Y -  0 .98I2Z + 1 . 4 9 1 3 = 0

[N -0 .009 , C ( l )  0.010, C(2) -0 .001 , C(3) -0 .008 , C(4) 0.009, C(5) 0.000]

a -  The mean planes have been determined in the  present work using the  

atomic coo rd ina tes  quoted in re fe rence 64.



Append ix  7 : The d e f i n i t i o n  o f  cone ang le  (9)

The cone ang le  f o r  a symmetr ic  l igand  PR^ ( a l l  t h r e e  s u b s t i t u e n t s
O

be ing th e  same) is  th e  apex ang le  o f  a c y l i n d r i c a l  cone ce n t re d  2.28 A f rom 

the  c e n t r e  o f  th e  P atom, which touches th e  van der  Waals ’ r a d i i  o f  the  

ou te rmos t  atoms, as in ( a ) .

2.28 a 2.28 a

0 2 /2

( a ) ( b )

For an unsymmetr ic l igand  P R ^ R j  as in ( b ) ,  t he  cone ang le  may be g iven  

by:

2 3
= e i / «

i=1 ^

Less cong es t ion  around the  bonding face  o f  phosphorus,  g iven  by 0,  was 

found* '5'5 t o  be conduc ive  t o  g r e a t e r  *b i nd i ng a b i l i t y .
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Crystal Structures of the 1:1 Complexes of Mercury(n) Chloride with 
Phosphines or Arsines: R3P,HgCl3 (R =  Me, Et, or Ph) and Ph3As,HgCl2

By N o rm a n  A. B e l l ,  M ic h a e l  G o ld s te in ,*  T e r r y  Jones, and Ia n  W. N o w e l l  

('Chemistry Department, Sheffield City Polytechnic, Pond Street, Sheffield SI 1WB)

Summary The crystal structures of a series of mercury(n) M e r c u r y ( i i )  c h lo r id e  forms 1 : 1 complexes with a wide
chloride complexes R3M,HgCl8 have been found to range range of neutral unidentate ligands. The structures of many
from discrete chlorine-bridged dimers (R =  Ph, X  =  As of these have been described as discrete chlorine-bridged
or P) to chain-like arrangements made up of monomeric dimers on the basis of Raman and/or far-i.r. spectroscopic
E t3P,HgClj units or [Me3P,HgCl]+Cl~ ions. work. The crystallographic and even the spectroscopic
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evidence for this supposition is limited, yet it  is frequently 
asserted1 that such structures are prevalent. Hence we have 
determined the crystal structures of a series of these com
plexes, Ph3P,HgCl2 (I), Me3P,HgCl2 (II) , and E t3P,HgCl2 
( III) .

We find that only (I) contains discrete chlorine-bridged 
dimers. The bridge is almost totally symmetrical with 
H g-C l(l) distances of 2*66 and 2-62(1) A, which is in  
contrast to the less symmetrical arrangement found2 in 
Ph3PSe,HgCl2 [2-60 and 2*78(1) A]. Preliminary X -ray  
analysis of Ph3As,HgCl2 shows it to be isostructural with (I).

In  (II)  and ( III)  it  is not possible to identify discrete, 
dimeric units, and both contain chain-like arrangements in 
which mercury has an overall co-ordination number of five. 
Thus the structure of (II) is comparable to that found3 in the 
tetrahydrothiophen complex C4H 8S,HgCl2, and may be 
interpreted as a zig-zag arrangement of [Me3P,HgCl]+ 
cations linked together by Cl“ anions. There is only one 
'short* Hg-Cl bond, [Hg-Cl(2), 2*36(1) A], while three 
further Cl-  anions lie at distances of 2*77, 2*94, and 3*49(1) 
A from mercury.

Complex ( II I)  is of yet different structure to the other two 
phosphine complexes (Figure). There are two short Hg-C l 
bonds [Hg-C l(l), 2*53; Hg-Cl(2), 2*40 A], and ( III)  may be 
considered to contain monomeric E t3P,HgCl2 units linked 
together by relatively long intermolecular Hg-Cl inter
actions [H g-C l(l'), 3*03; Hg-Cl(2'), 3*20(1) A]. The result
ing chain-like arrangement is similar to that found4 in the 
collidine complex CgHjgN.HgClg, although the elongated 
trigonal bipyramidal geometry around mercury is more 
distorted in ( III) .

I t  is therefore clear that marked structural differences

P

F i g u r e .  Molecular structure of Et3P,HgCli (III) . Crystal data: 
Monoclinic, a =  7*44, b =  11*54, c =  13*44 A, )3 =  105*9°; space 
group P21/c, Z  =  4; R — 0*117 for 1006 independent reflections. 
Important parameters: Hg-P, 2*36(1); Hg-Cl(2), 2*40(1); Hg- 
Cl(l), 2*54(1); Hg-Cl(l'), 3*03(1); and Hg-Cl(2'), 3*20(1) A; and 
AP-Hg-Cl(2), 145*5(5); P-Hg-Cl(l), 115*3(5); Cl(l)-Hg-Cl(2), 
99*1(5); and C l(l,)-Hg-Cl(2,), 170*7(5)°.

exist between these 1:1 complexes, depending on the nature 
of the phosphine ligand. I t  is probably the larger size of the 
Ph3P ligand relative to that of E t3P or Me3P which inhibits 
(I) from developing the extended structures found in ( II)  
and ( III) , leading instead to the formation of discrete 
dimers. The structural trends are illustrated by comparison 
of the P-Hg-Cl(2) angles: 128*7(4)° for (I), 145*5(5)° for ( II) , 
and 161*8(3)° for ( III) .

A ll three phosphine complexes contain one short Hg-Cl 
bond, ca. 2*40 A in length, and these values may be corre
lated with v(Hg-Cl) frequencies that occur in the 280- 
300 cm-1 region of the i.r. spectrum. However, these same 
bands have often been used to indicate the presence of 
discrete chlorine-bridged dimers; such descriptions for ( II)  
and ( III)  are incorrect and care is needed in spectra- 
structure correlations of this type.

We thank the S.R.C. for a Research Studentship (to T.J.).
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Results and Discussion

Crystals of (I) were selected from a sample 
thought to be (Me2EtP)2HgCl2, but subsequent chem
ical and X-ray analyses showed that while the bulk of 
the sample had 2:1 stoichiometry, the larger crystals 
present had the composition of (Me2EtP)3(HgQ2)2. 
Complex (II) was obtained as the initial precipitate 
formed on adding an ethanolic solution of Bun3P to 
a solution of HgG2 in the same solvent, and was 
recrystallised* from heptane/benzene.

Tertiary phosphines are known [1] to form com
plexes with mercury(II) chloride having R3P:HgG2 
ratios of 2:1, 3:2, 1:1, 2:3, or 1:2, and many 
analogous compounds with other ligands have been 
described. However, crystallographic data are limited 
for all of these stoichiometries and the inherent 
dangers of the indiscriminate use of vibrational 
spectroscopy for structure elucidation of these 
systems have already been pointed out [2]. It is 
therefore to provide the first single crystal X-ray 
analysis of a 3:2 type complex and to extend the 
basis of vibrational spectra-structure correlations for 
such systems, that we report the crystal structures of 
(Me2EtP)3(HgG2)2 (I) and (Bun3P)HgG2 (II).

♦Address correspondence to this author.

Crystal Data

C12H33P3Hg2CU (I), orthorhombic,- a = 18.755, 
b = 13.749, c = 9.740 A. Space group P2\2\2U Z  = 
4,R  = 0.055 for 2256 independent reflections.

C12H27PHgG2 (II), monoclinic, a = 13.698, b = 
25.475, c = 10.621 A, 0 = 100.78°. Space group 
P2i/n, Z  = 8, R = 0.089 for 1294 independent 
reflections.

Complex (I) is found to have an extended chain
like structure with the unusual feature of mercury 
atoms having alternating co-ordination numbers of 
four and five. The structure can be envisaged as 
consisting of [(Me2EtP)2Hg]+ cations and [(Me2- 
EtP)KgG3]“ anions linked together by chlorine 
bridges (Figure). Mercury has a distorted tetrahedral
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Figure. X-ray structures of (Me2EtP)3(HgG2)2 (I) and (Bu3P)HgCl2 (II).
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co-ordination within the anionic species with Hg-Q 
distances varying from 2.46 to 2.64(1) A and angles 
about mercury ranging from 98 to 133°. A T-shape’ 
arrangement of one chlorine and two phosphorus 
atoms gives mercury a primary co-ordination of 
three within the [(Me2EtP)2HgQ]+ cations, with the 
P-Hg—P bond angie being 172.2(3)°. The presence of 
two further chlorine atoms associated with the 
anions increases this coordination number to five, 
giving a distorted trigonal bipyramidal arrangement 
about mercury.

The novel feature of alternating four and five 
co-ordination about mercury is, surprisingly, also 
found in (II), which has a unique tetrameric 
structure. The terminal mercury atoms lie in distorted 
tetrahedral environments (angles at mercury vary 
from 92 to 148°), while the co-ordination polyhedra 
about the two central heavy atoms are best described 
as distorted trigonal bipyramids having a Q (l)-  
Hg(2)-Cl(4') bond angle of 177°. The presence in the 
tetrameric species of two short Hg-Cl bonds [Hg(l)~ 
Q(3), 2.29 A; Hg(2}-a(4), 2.29 A] along with two 
different asymmetric chlorine-bridged systems can, 
with hindsight, be correlated with p(Hg—Cl) frequen
cies observed for the complex in the 100—300 cm-1 
region of the i.r. spectrum. The latter consists of a 
complex pattern of bands, characteristically different 
from the spectra observed both for chlorine-bridged

dimers as found [2] in (Ph3P)HgQ2, and for poly
meric type structures as found [2] for example in 
(Et3P)HgG2. It is therefore evident that the size of 
the ligand plays a particularly important role in deter
mining the extent of association within such 1:1 
phosphine complexes. Thus, while (Ph3P)HgG2 is 
found to contain discrete chlorine-bridged dimers, the 
smaller Et3P and Me3P ligands allow closer approach, 
giving rise to polymeric structures. The formation 
of tetramers when Bun3P is the ligand in (II) thus 
represents an intermediate stage.
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