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ABSTRACT 

The crystal and roolecular structures of phenyl,2-irercaptopyrimidine 

irercury(II) and phenyl,roorcaptobenzene irercury(II) have been detennined 

by the irethods of X-ray crystallography. The interaction between 

nercury and sulphur is investigated. This interaction is of interest 

both biochemically and toxicologically. More specifically, secondary 

Hg---S interactions are fotmd to mimic that observed in NMR exchange 

processes, where they tmdergo a transition state as a four-merrbered 

bridging intermediate. 

Structural correlations between compotmds containing at least one 

rercury - sulphur covalent bond are examined. The coordination 

geometry about the rrercury atom is generally fotmd to be distorted 

tetrahedra or octahedra, with a very strong tendency to retain the 

linear character of the R - Hg - S angle. The electronegativity 

of sulphur is fotmd to be the :rrost influential parameter in determining 

the coordination geonetry of the mercury atom. The transition from 

four- to six-coordinated structures is examined but did not reveal 

unambiguously whether this occurs by an 5N3 or C5N2) 2 disubstitution 

process. The four-rnerrbe;red bridging structure formed by secondary 

Hg---S interactions is investigated to determine whether minimum 

energy pathways are evident. However, there is no evidence for 

pathways representing exchange as observed in solution. 
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rnAPIBR 1 

INTRODUCTION 

1 . 1 THE STORY OF MERCURY 

~rcmy and sulphur fonn an association which has its roots deep in the 

days of the alchemists 1 • In the nmdamental physical theory of the Four 

Elements (Fire, Water, Earth and Air) ascribed to Aristotle (c. 350 B.C.), 

Fire and Water were by far the most important, and they descended into 

the sulphur-marcury theory of netals. 

According to an unknown rredieval writer, "The natural principles in the 

mynes, are A1'gent-vive (Mercury) and Sulphur•. All rretta.lls and minerals 

whereof there be sundrie and divers kinds, are begotten of these two: but 

I nrust tel you, that nature alwaies intendeth and striveth to the perfection 

of Gold: but many accidents coming between change the nettalls. • . . For 

according to the puritie and irnpuritie of the two aforesaid principles, 

Argent-vive, and Sulphur, pure and impure nettalls are ingendered. i: 

The sulphur-nercury theory was supplenented by Paracelsus (1493 - 1541) 

the father of a new alchemical era known as the era of iatrochemistry, or 

chemistry in the service of nedicine. He added the concept of salt 

(rnagnesilDil) fanning the system of the tria-prima consisting of marcury, 

sulphur and salt which respectively represent man's soul, spirit and body. 

~rcury in its elemental fonn was one of the first netals known to man. 

Archeologists have found a small vessel full of mercury in a grave at Kurna, 

dating back to the fifteenth or sixteenth century B.C.. Theophrastus 

(300 B.C.) spoke of liquid silver, or quicksilver, obtained from 
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'cinnabar (HgS). Pliny naned the rretal hydrargyrum, hence the symbol Hg. 

Aquinas studied solutions of rretals in rrercury and called them amalgams. 

The rretallic nature of nercury was a matter of confusion and debate, ending 

with the discovery in 1759 by J.A. Brown, who froze it to a solid rretal 

with a mixture of snow and nitric acid. 

The most important source of mercury is the red crystalline sulphide, 

cinnabar, mined in Spain, Italy, the United States, ~xi.co, Canada and 

Russia2
• 

The use of mercury goes back at least two or three millenia when, mined 

in China and Peru, it was used as a pigrrent. Its ability to kill bacteria 

was already noted in 400 B.C.. ~dicines were produced by medieval 

physicians from cinnabar. 

l\bre recently, mercury has fmmd wide industrial applications; electrolytic 

procedures, electrical apparatus, paints, industrial controls and catalysts, 

agricul tura1 fmgicides, phannaceuticals, paper and pulp industries, to 

nention but a few 3
• 

It was only recently, however, that public concern for the properties of 

nercury began when fisherrren of Minamata, Japan were stricken with a 

mysterious illness involving very severe damage to cells of the central 

nervous system4
• Investigations of this illness led to the discovery 

that a vast amomt of mercury had been discharged in the sea as industrial 

waste. Further incidents continued to emphasise the toxicity of this 

substance. Outbreaks of mercurial poisoning have occurred in Iraq, 

Pakistan and Guatemala as we 11 as Sweden and Canada 3 • 
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1. 2 1HE BI0018'USTRY OF MERCURY 

.Analysing the toxicological effects of mercury, in both organic and 

inorganic fonns requires discussion on a biochemical level 5
• Interaction 

occurs predominantly.with thiol, selenide, phosphate, amino and carboxyl 

groups of such cellular components as amino acids, proteins, enzyires, 

nucleic acids and lipids. As is common for most metals, mercury fonns 

strong covalent bonds with atoms donating electron pairs, thus reacting 

readily with sulphur and other non-rietals. Consequently it may be deduced 

that mercury would interact strongly with biological matter offering 

ligands such as phosphates, cysteinyl and histid:yl side chains of proteins, 

purines, pteridines and porphyrins. Thus complexes of great stability 

are fanned between mercury and sulphydryl groups of arnino acids , proteins , · 

nucleotides and nucleic acids. 

The toxic effects of :irercury depend inter alia on its chemical fonn. 

Whereas ingested metallic mercury passes through the gastro-intestinal 

tract with little effect, mercury vapour, upon inhalation, may cause 

acute or chronic poisoning. The organomercurials may be divided into -

three classes with respect to their toxicity: aryl, alkyl and alkoxyalkyl. 

Together these three groups range the toxicological spectn.nn from life­

saving medicines to lethal poisons. Of the three the alkylnercurials are 

infinitely more poisonous 5 , 6 • Investigations carried out on phenylmercury, 

an arylnercurial, have shown.it to be of relatively low toxicity. The 

elucidation of molecular structure by X-ray crystallographic nethods in 

this work conceTils itself only with phenylnercury compol.Ulds having 

sulphur-substituted organic ligands. 
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1. 3 THE rnEMISTRY OF ORGA.l\JOMERCURY COMPOUNDS 

The coordination chemistry of organomercury compounds is the predominant 

factor in determining their behaviour in biological systems. 

M:lrcury has high d-electron levels in its electronic shell enabling dative 

drr .... drr interaction to occur, stabilising bonds involving ligands with 

vacant d-orbi tals of lower energy such as sulphur. It is thus classified 

as a B-group netal ion according to the Chatt-Ahrland and Davies theory'. 

A further characteristic property of this group is the fonnation of 

adducts with aromatic hydrocarbons. 

This theory is supported by the HS.AB theory 8 , according to which rrercury 

lies in the category of soft acids, thus preferring to react with soft 

bases which_are generally easily polarisable, less electronegative and 

readily oxidizable' having external. occupied orbitals at higher energy 

levels relative to hard bases. 

M:lthylrrerc.ury has been studied more extensively than the other organo= 
'\ 

rrercurials 9 
' 1 0 , and fonnation constant rreasurelll8nts favour sulphur-

substituted ligands such as cysteine. 

This exceptionally strong bond between rercury and sulphur has initiated 

the theory11 that organomercury derivatives are transported through 

biological systems which have accessible sulphydryl groups as mercaptides 

according to 

RHgSR' + ORG-SH -+ RHgS-ORG + R' SH. 

This exchange process has been confirned by NMR studies 12 • The rapid 

intennolecular exchange process proceeds along a second-order reaction 
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pathway, with a transfer of the ligand on the mercury without cleavage 

of the mercury-carbon bond13
• The proposed mechanism involves a four-

centre bridged internediate 

RHgX + R'HgY ~ 

;X\ 
I \ 

R-Hg Hg-R' 
\ I 

\ I y 

~ RHgY + R'HgX 

This observation supported theories questioning a proposed ionic pathway 

for the reaction discussed by Hughes, Ingold and co-workers 14 • 

1 • 4 TIIB STRUCTURES . OF ORGANOMERCURY COMPOUNDS 

The structural chemistry of mercury has been of interest, as the 

classification of coordination group seemed ambiguous. Grdenie1 5 '
16 

proposed two types of coordination, namely characteristic and effective 

coordination. 

In the former, according to the stereochemistry of mercury, molecules 

have either two collinear, three co-planar or four tetrahedral bonds, 

with hybrid orbitals sp, sp2 or sp3 respectively. Trigonal bipyramidal 

and octahedral coordination are far less cormnon. For each of these 

groups the covalent radius of mercury is in accordance with the additivity 

rule, i.e. the radius of mercury and the radius of the ligand atoms 

bonded to mercury are within agreement of the observed mercury- ligand 

bond length. 

In practice the actual coordination of mercury is often fotmd to be 

irregular and di~torted, with bond lengths and angles covering a veiy 

wide range. This Grdenic classified. as effective coordination, which may 

be defined as secondary bond fonnation arising from mercury interacting 
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with ligands additional to characteristic coordination. This is found 

most coJTUTOilly for mercury atoms which have two collinear bonds, giving 

rise to distorted octahedral effective coordination. 

In the investigation of the structure of two phenylmercury compounds, the 

interaction of mercury and sulphur, possibly forming a four-centred bridge 

between two molecules, and the coordination of mercury were of specific 

interest. 

The cornpol.Illds studied were: 

a) phenyl,2-mercaptopyrimidine mercury(II) 

b) phenyl;mercaptobenzene mercury(!!) 

Henceforth these will be referred to as PMfl.1 and PMBM respectively. 

The structural formulae are· given in Figure 1. 



CHAPTER 2 

GENERAL EXPERIMENTAL 
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FIGURE 1 STRUCTIJRAL R)Rt\ffi.AE OF PHENYL,2-MERCAPTOPYRIMIDINE MEROJRY(II) 

A~D PHENYL ,MERCAPTOBE\lZTh'E MEROJRY (II) 

(a) PMPM 

(b) PMBM 
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ffiA.PTER 2 

GENERAL EXPERIMENTAL 

2. 1 SYNTHESIS OF THE COMPOUNDS 

Analytically pure reagents were used in the synthesis of the two irercury 

complexes. The phenyl,2-mercaptopyrimidinatomercury(II) complex was pre= 

pared by adding an aqueous solution of phenylmercury(II) acetate (0,337g : 1nnnol) 

to an aqueous solution of 2-thiopyrimidine (0,112g: 1rnmol). The resulting 

precipitate was isolated by filtration and recrystallised from a I?-1SO/aqueous 

ethanol mixture. The phenyl,rercaptobenzene rrercury(II) complex was prepared 

in a similar manner, adding (0,086ml : 1rnmol) thiophenol to an aqueous 

solution of phenylrrercury(II) acetate. 

The PMPM crystals were colourless needles, ·whereas those of PMBM forrred 

small flat plates. 

2.2 DENSITY DETERMINATION 

The density of crystals of both PMPM and PMBM was detennined by the flotation 
/ . 

rethod, the former in rn2r2;cc14 and the latter in rn2Iz/chlorobenzene 

mixtures. Their densities (Dm) were read off nomograms as 2,56gcm-3 and 

2,22gcm- 3 respectively. 

2.3 PRELIMINARY X-RAY .ANALYSIS 17 ,is,19,20 

Suitable single crystals were selected and mounted at the ends of glass 

fibres. In the case of PMPM oscillation and Weissenberg (zero layer and 

upper layer) photographs were obtained, taken about the needle axis which 
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proved co-incident with the crystallographic b axis. 

For PMBM oscillation and Weissenberg (zero layer and upper layer) 

photographs were taken about the crystallographic a, b and a axes. 

The oscillation and Weissenberg photographs were taken on a camera with 

radius 28,65:rrnn using a Stoe (Heidelberg) goniometer together with 

Philips PW 1008 and PW 1120 X-ray generators operating at 20mA and 40kV. 

Using a nickel filter and copper target Cu-Ka radiation (A = 1,541~) 

was obtained, and the X-ray films (3M) were developed and fixed in the 

nonnal way. The unit cell parameters and space groups were obtained 

from appropriate analysis of the oscillation and Weissenberg photographs. 

2.4 DIFFRACIDMETER DATA CDLLECTION 

Selected single crystals were mounted and sent to Dr G. Gafner (PMPM) 

and Mr J. Albain (PMBM) (National Physical Research Laboratory, C.S.I.R. 

Pretoria.) for diffractometer data collection. 

A computer controlled Philips PW 1100 four-circle diffractometer was 

used in conjunction with a Philips PW 1130 3kV X-ray generator operating 

at SOkV and 20mA. The radiation used was MoKa, with a graphite 

monochrometer (A= 0,7107~). 

Initially least squares analysis of the X, ¢ and ze angles of a preset 

nurrber (usually 25) of standard reflections centred on the diffractometer 

provided accurate cell parameters. This was followed by three-dimensional 

intensity data collection carried out by the w - 28 scan teclmique, in 

which the angular rate of the diffractometer detector rotation is double 
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that of the crystal. In thew - scan the reciprocal lattice (i.e. the 

crystal) is rotated by the w circle carrying the lattice points across 

the sphere of reflection to the inside. This resembles a photorretric 

trace made parallel to the centre line of the film on a zero-layer 

Weissenberg photograph, whereas the 28 scan corresponds to a similar trace 

along the diagonal passing through reflections on a comrron central lattice 

row1 a. 

Throughout the duration of the'data collection, instn..mental arid crystal 

stability were monitored by the periodic ireasurerrent of three standard 

reference reflections. Obsenred reflections were deeired "obsenred" if 

I(rel) > 2oI(rel) 

where 

07rel = sta11dard error in relative integrated intensity 

Npk = gross peak count for a specific reflection 

Nbg = backgrotmd count 

Ninstr = [0,02 x (Npk - Nbg)l2 

Lorentz and polarisation correction$ were applied to the data. These are 

applicable in equating the structure factor modulus, IFhkil to the intensity 

measured. Polarisation corrections are necessitated by the nature of the 

X-ray beam and the manner in which its reflection efficiency varies wi t.h 

the angle of reflection. The Lorentz factor arises because the tine taken 

by a reciprocal lattice point to pass through the sphere of reflection is 

dependent on its position in reciprocal space and on direction of approach 

to the sphere 1 8 • 
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2.5 ME1HODS OF COMPUTATION 

Crystallographic data reduction, structure solution and subsequent 

refinement was carried out by iooans of the SHELX76 2 1 program system. 

Facilities of the program used include data reduction, automatic centre= 

sym:iretric methods for solving the phase problem, IlRllti -solution refinement, 

full-matrix and accelerated full-matrix least squares refinement, geometric 

position and constrained refinement of hydrogen atoms, analysis of variance 

and automatic optimisation of weighting schemes, various Fourier syntheses 

with peak search, and structure factor lists. 

Guidelines to the correctness of structure may be obtained from a number of 

criteria. Of relative importance is the residual index19 which relates 

observed and calculated structure factors according to 

R = 
II IF0 I - IFcl 

IIF0 ! 
= 

upon introduction of a weighting scheire this may also be expressed as Rw, 

where 

Rw = -·---
Iw~ IF0 I 

1 
w = 

'Ihe analysis of variance computed upon completion of the final refine:nent 

' 
cycle gives an indication of the effectiveness of the weighting sche:ne. 

Scattering factors used were from Cromer and Mann22 for all non-hydrogen 

atoms, and from Stewart et al 2 3 for the hydrogen atoms. Atomic radii used 

were those of Pauling24
• 
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Bond distances, bond arigles, torsion angles and least square planes were 

calculated using the program XANADU2 5 , and molecular illustrations and 

diagrams generated using PLUT026
• All computations were carried out on a 

Univac 1106 computer at the Computer Centre of the University of Cape Town. 



CHAPTER 3 

THE CRYSTAL AND MJLECULAR STRUCTURE 

OF 

PHENYL, 2-MERCAPTOPYRIMIDINE MERCURY (II) 

• 
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CHAPTER 3 

lliE CRYSTAL AND MJLECULAR STRUCTIJRE OF PHENYL,2-MERCAPTOPYRIMIDIN"E 

MERCURY (II) (PMPM) 

3. 1 iliEMICAL ANALYSIS· 

Ele:nental microanalysis was carried out on the crystals to detennine 

their carbon, hydrogen and nitrogen content, confinning the composition 

of PMPM as C10H8NzSHg. 

TABLE 1 

Calculated: 

Found: 

MICRO.ANALYSIS RESULTS 

%C 

30 ,89 

31,02 

3.2 PRELIMINARY X-RAY .ANALYSIS 

%H 

2 ,07 

2,04 

%N 

7,20 

7,07 

A suitable single crystal was selected and mounted along the needle axis. 

Initial alignment was achieved using a two circle optical goniometer, 

fol~owed by fine adjust:nent based on the oscillation photographs. The 

oscillation photograph indicated that the unit cell was monoclinic18
• 

This was confirned by subsequent Weissenberg photographs. An initial 

estimate of the cell parameter based on these photographs yields 

a= 20,92R, b = 6,7SR, a= 14,89~, B = 111° and z = 8. Tiie following 

conditions for non-extinction of reflections according to the zero and 

upper level Weissenberg photographs were evident: 
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No conditions 

i = 2n 

k = Zn 

'Ihese conditions uniquely detennine the space group to be P2 1/c 27 • For 

this space group there are four general positions, x,y,z, ;,y,z, x,l+y,!-z, 

x, !-y, l + z. As the number of molecules per unit eel 1 was fmmd to be 8 

according to density detennination and calculation, it was suspected 

that the molecules were held together by weak Hg---S interaction~ to 

fonn "dimers", the two molecules concerned being symmetrically unrelated. 

3.3 INTENSITY DATA COLLECTION 

Diffractometer data collection was carried out on a single notm.ted 

crystal of dimensions 0,04 x 0,12 x 0,41rnm. 'Ihe diffractometer scan 

width was 1 , O 0 8, scanning at a speed of O, O 3 °8s - 1 and collecting 

reflections over a range of 3° < e < 23°. A total of 3219 reflections 

were collected, of which 411 were systematically absent and 738 

suppressed as they did not satisfy the criterion I rel > 2aI rel. Every 

51 relections three standard reflections were measured and were found 

to remain constant to within 0, 74% of their mean value. 

Accurate .cell parameters, obtained from least squares·analysis of the 

x, ¢ and 28 angles are given in Table 2. 'Ihe expression 

ZM = ND,,pbcsinB 

where M molecular weight 

N Avogadro constant 

Dm measured density 

abcsinB volt.me of unit cell 
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was used to calculate the number of molecules per unit cell. z was 

found to be 7 ,9 thus there are eight molecules per unit cell. This 

value in tum gave a calculated density, De, of 2,62Mgm- 3• 

TABLE 2 CRYSTAL DATA 

Molecular formula: C10H8N2SHg 

Molecular weight: 388,8 

Space group: P21/n 

a: 21,295 c12)R 

b: 6,738(3)R 

c: 15' 305 (8)~ 
Q s: 107,31(2) 

V: 2096,5s.R3 

Dm: 2,56Mgm- 3 

De: 2,60Mgm- 3 

µ(Mo-Ka): 7, 146nmt 1 

F(OOO): 704 

However, the diffractoneter automatically selected a different unit 

cell, in the setting P21/n, and the intensity data collection was 

carried out for this latter setting. This was irmrediately tmderstood 

by analysis of systematic absences nanely 

hkZ 

hOZ 

.-OkO 

No conditions 

h + Z = 2n 

k = 2n 
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THE RELATIONSHIP BETI'ffiEN 1HE UNIT CELL (BOUNDED BY a, b 

AND c) CORRESPONDING TO 1HE SPACE GROUP P2 1/n AND 1HE 

UNIT CELL (BOUNDED BY a' , b ' AND c') CORRESPONDING TO 

THE SPACE GROUP P2 1/c 

# § I 
0 o-

0117 O+ , I 0 0 

I c' I j 0 o-

0112/ p'~ 
J 0 c ' 0 

I 0112+ 

j. j 0 o-

I 

Equivalent positions 

x,y,z -x,-y,-z 

' The two cells are projected onto (010). 

Syrrnnetry operation synbols are in accordance with those in ref. 27. 
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These uniquely define the space group P2 1/n, a non standard setting 

unlisted in Intenlational Tables for X-ray Crystallography27 • P2 1/n 

is related to P2 1!~ by a different choice of a-axis. This is shown 

:rn Figure 2. Thus PMPM was detennined in the space group P21/n. 

3.4 SOLITTION AND REFINEMENT OF IBE STRUCTURE 

Structure solution and refinement was. achieved using the automatic 

centrosymietric routine of the SHELX program system20 , in the space 

group P2 1/n. The asymietric tmit consists of two molecules held by 

weak secondary interactions. 

Direct methods were used, resulting in three origin defining reflections 

and twelve additional reflections assigned positive or negative values 

with high E. These were expanded to 514 signs using 4948 relations 

with 4096 pernrutations. Two E-maps were generated, from which the 

positions of the two irercury atoms, Hg(1)A and Hg(1)B of the as)'111!retric 

tmi t were obtained. This was followed by three cycles of least squares 

refinerrent on the two irercury atoms, which were both treated 

anisotropically. This generated a weighted difference fourier map, 

which yielded the positions of the two sulphur atoms in addition to 

sixteen carbon atoms and two nitrogen atoms. The R value at this 

stage was 0,22. An additional three cycles of least squares refineirent 

followed, still with only :nercury treated anisotropically, resulting 

in the location of all non-hydrogen atoms and reduction of R to 0, 13. 

At this stage convergence was hampered by a few reflections with very. 

large deviations . 



- 18 -

These were: 

h k l Fo F D/a - _£ 

0 2 0 431,61 649,40 14,25 

0 2 1 351,05 537,51 12,20 

6 0 2 366 ,5 7 458,92 6,04 

3 1 2 298,18 414,53 7 ,61 

7 0 3 405,50 498 ,68 6, 10 

These poor reflections may be ascribed to secondary extinction effects. 

This is generated by reflections of such intensity that an appreciable 

amount of the incident radiation is reflected at a given instant by the 

first planes encountered by the beam. Less incident intensity is 

reached by deeper planes which subsequently reflect less power. The 

effect is greater for reflections at low (sin 8)/A where jntensities 

are generally the highest. The result is that F0 « Fe, as may be seen 

above. 

A final three cycles of accelerated full-matrix refii1errent with these 

bad reflections selectively omitted followed. At this stage all hydrogen 

atoms were constrained to ride at 1,08~ from their parent carbon atoms 

with the geometry of the molecule dictating their positions. 

The refinement converged to R = 0,0840, wit.11 Rw = 0,0902 and the 

weighting scheire w = (a2F + gF2)- 1 where g = 0,7 x 10- 3. 

The thennal parameters for the anisotropic refinerrent were of the fonn 

T = eJCP [-2n2 (u 11h2a*2 + Uz 2k2b*2 + u33z2c*2 + 2U1zhka*b* + ZU1~Za*c* + 

2u23kZb*c*J 
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TABLE 4 FRACTIONAL ATOMIC roJRDINATES ( x 10 3) .AND ISOTROPIC 

THEIDvW, MJTION PARAMETERS (R2 x 10 3) WIIB ESTIMATED 

STANDARD DEVIATIONS IN PARENTHESES 

Atom x/a y/b z/c Uiso 

Hg(1)A 459 (1) 483(1) 102 (1) a 

S(1)A 344(1) 484(1) 85 (1) a 

N(l)A 412(1) 554(3) 256 (1) 33(4) 

N(3)A 293(1) 548(3) 220 ( 1) 40 (5) 

C(2)A 351 ( 1) 538(3) 199 (2) 35(6) 

C(4)A 306 (2) 587(4) 310(2) 63(8) 

C(5)A 363 ( 1) 604(4) 377 (2) 54(7) 

C(6)A 418(1) 586 ( 4) 348(2) 47(6) 

C(7)A 562 (1) 483(3) 121(1) 26 (S) 

C(8)A 595(1) 302 ( 4) 131 (2) 45(6) 

C(9)A 663(1) 297 ( 4) 152 (2) 50 (7) 

C(10)A 696 (2) 4 76 ( 4) 166 (2) 56 (7) 

C(11)A 662 (1) 653(5) 153(2) 61(8) 

C(12)A 596 (1) 656 ( 4) 134 (2) 44(6) 

H(4)A 264(2) 628(4) 332 (2) b 

H(5)A 364(1) 606 (4) 448(2) b 

H(6)A 465 ( 1) 602 ( 4) 398(2) b 

H(8)A 568 ( 1) 164(4) 125 (2) b 

H(9)A 688(1) 157(4) 154(2) b 

H(10)A 749 (2) 4 74( 4) 186 (2) b 

H(11)A 689 ( 1) 791 (5) 161(2) b 

H(12)A 5 71 (1) 797 ( 4) 122(2) b 

TABLE 4 CDNr / •••• 

I 
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TABLE 4 ffiNTINUED 

Atom x/a y/b z/c Uiso 

Hg(1)B 330 (1) -26 (1) 437(1) a 

S(1)B 445 ( 1) -18(1) 120 (1) a 

N(1)B 379 (1) 374 (3) 236 (2) 52 (6) 

N(3)B 494(1) 604(4) 295(2) 55(6) 

C(2)B 442 (1) 33(3) 230 (2) 42(6) 

C(4)B 488(2) 103( 4) 376 (2) 58(8) 

C(5)B 427 (1) 112(4) 392(2) 58(7) 

C(6)B 373(2) 94(4) 324(2) 62(8) 

C(7)B 232 ( 1) -24(3) -32(2) 29(5) 

C(8)B 201 (1) 146(4) -71(2) 43(6) 

C(9)B 136(1) 142 ( 4) -126(2) 52 (7) 

C(10)B 99 (2) -31 ( 4) -142(2) 66(8) 

C(11)B 130(1). -206 (5) -104(2) 66(8) 

C(12)B 197(1) -208 ( 4) -43(2) 53(7) 

H(4)B 532 (2) 136 (4) 430 (2) b 

H(5)B 425 ( 1) 143(4) 459 (2) b 

H(6)B 325 (2) 105 ( 4) 334(2) b 

H(8)B 226 ( 1) 287(4) -59(2) b 

H(9)B 111(1) 274(4) -158(2) b 

H(10)B 49 (2) -42 ( 4) -186(2) b 

H(11)B 105(1) -347(5) -116(2) b 

H(12)B 217(1) -347(4) -13(2) b 

TABLE 4 CDNT/ •••• 
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TABLE 4 Q)NTINUED 

a.Anisotropic thennal paraJIEters in the fonn 

T = exp f-2n2 (U11h2a*2 + Uzzk2b*2 + U33Z2a* 2 + 2V12hka*b* + ZU13hZa*c* + 

zu23kZb*c*) x 103] 

with parameters 

Atom V11 V22 U33 Uz3 U13 U1z 

Hg(1)A 35 (1) 48(1) 44(1) 1 ( 1) 24(1) 1 ( 1) 

S(1)A 37(4) 41 (1) 42(4) -1 (3) 18(3) -4(3) 

Hg( 1)B 31 (1) 50 (1) 52 (1) -1 (1) 19 ( 1) 3(1) 

S(1)B 34(4) 43(4) 72(5) -1 (3) 27( 4) 6(3) 

bAll H atoms have Uiso = 93(25) 
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Uij represents t11e anisotropic temperature factors expressed in tenns 

of nean square amplitudes of rib ration in R2• Examination of the 

analysis of variance shown in Table 3 revealed that the weighting 

scherre was satisfactory with respect to all parrureters. 

The final atomic positional and thennal parrureters are listed in 

Table 4 and the observed and calculated structure factors are reported 

in Table 5. 

3.5 DESCRIPTION OF 1HE STRUCTURE 

A perspective view of the two molecules making up the asynnretric lillit, 

with atomic nonenclature, is shown in Figure 3. The intramolecular 

bond lengths and angles, together with their associated estimated 

standard deviations are listed in Tables 6 and 7 respectively. 

Molecular structure 

1he phenylmercury moiety is covalently bonded to sulphur with a 

secondary intermolecular interaction to nitrogen in the pyrimidine 

ring. The mercury atom has digonal characteristic coordination 15
'

16
, 

the two bonds involved being Hg - S and Hg - C (7) (2, 39 ( 1) and 

2, 12(2)R respectively for A; 2,38(1) and 2,06(2)R for B). These 

are in keeping with accepted values, as observed by Lawton2 8 and 

Wong, Carty and Chieh29 for Hg - S distances in digonally coordinated 

Hg compotm.ds. Grdeni~ 1 5 proposes the range 2, 39 to 2, 43R using 

observed values of Hg - L bond lengths. The S - Hg - C(7) angle is 

close to 180° (178,6(1) 0 for A and 175,2(1) 0 for B). This slight 

but significant deviation from linearity may be caused by additional 

inter- and intramolecular interactions with the nercury atorn29
• 
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secondary Hg - N and Hg-S bonds 

~~ phenyl ring B 

128 
CllB 

CIOB 

FIGURE 3 A PERSPECTIVE VIEW OF THE .ASYMMETRIC UNIT OF PMPM 
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TABLE 6 BOND LENGTI-IS (R) WITH ESTIMATED STANUl\.RD DEVIATIONS 

IN PARENTHESES 

Molecule A Molecule B 

Hg - S 2 ,39 (1) 2 J 38 (1) 

Hg - C(7) 2,12(2) 2 ,06(2) 

S - C(2) 1, 75 (2) 1,75(2) 

C(2) - N(1) 1,34(3) 1,36(3) 

C(2) - N(3) 1, 35 (3) 1,27 (3) 

N(3) - C(4) 1,35(3) 1, 32 (3) 

C(4) - C(S) 1,34(3) 1'39 ( 4) 

C(S) - C(6) 1, 38 ( 4) 1,30(4) 

C(6) - N(1) 1, 38 (3) 1,44(3) 

C(7) - C(8) 1,40(3) 1,37(3) 

C(B) - C(9) 1,39(3) 1,40(3) 

C(9) - C(10) 1,38(3) 1, 38 ( 4) 

C(10) - C(11) 1,37(4) 1, 39 ( 4) 

C(11) - C(12) 1,34(3) - 1,44(3) 

C(12) ~ C(7) 1, 36 (3) 1,43(3) 

All C - H bond lengthsa 1,08 1,08 

8Bond lengths fixed. 
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TABLE 7 BOND ANGLES (DEGREES) 'WIIB ESTIMATED STANDARD DEVIATIONS 

IN PARENIHESESa 

MoZeauZe A MoZeauZe B 

C(7) - Hg - S 179 ( 1) 175 (1) 

Hg - S - C(2) 97(1) 98 (1) 

S - C(2) - N(1) 117 (2) 113(2) 

S - C(2) ~ N(3) 116 (2) 120 (2) 

N(1) - C(2) - N(3) 128(2) 127(2) 

C(2) - N(3) - C(4) 110 (2) 117 (3) 

N(3) - C(4) - C(5) 130 (3) 122 (3) 

C(4) - C(S) - C(6) 114(3) 120 (3) 

C(S) - C(6) - N(1) 121(2) 118(3) 

C(6) - N(1) - C(2) 117 (2) 115 (2) 

Hg - C(7) - C(8) 119(2) 122(2) 

Hg - C(7) - C(12) 121 (2) 118(2) 

C(7) - C(8) - C(9) 120(2) 121 (2) 

C(8) - C(9) - C(10) 117 (2) 122 (2) 

C(9) - C(10) - C(11) 121(3) . 118 (3) 

C(10) - C(11) - C(12) 121 (3) 122(3) 

C(11) - C(12) - C(7) 120 (2) 117 (2) 

C(12) - C(7) - C(8) 120 (2) 120(2) 

a All bond angles involving H bonded to C are fixed according to the 

hybridisation of the carbon atoms. 
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The phenyl ring lies slightly to one side of the Hg - S - pyrimidine 

ring moiety with a dihedral angle C(7) - Hg - S - C(2) of 7;2° for A 

and 148,8° for B. The :rrercury atom lies 0,03R and O, 17j (for A and B 

respectively) from the plane of the pyrimidine rings, and 0,22 and 

o,osR respectively from the plane of the phenyl rings. 

The Hg---N distances of 2,87(2)R (A) and 2,85(2)R (B) are respectively 

0, 17 and 0, 19R within the stnn (3 ,04R) of the van der Waals radii 

according to Pauling (r(N) 1,50) 24 and Grdenic (r(Hg) 1,54~) 15 • These 

thus form weak bonds. Similar interactions have been found in a 

nurrber of other organomercury compounds 30 , 31 • 

The molecular conformation of the corresponding :rrethyl:rrercury adduct, 

namely irethyl ,2-mercaptopyrimidinatomercury(II) is very similar, with 

bond lengths of 2,39, 2,13 and 2,83R for Hg - S, Hg - C and Hg - N 

re?pecti vely. The S - Hg - C angle is 174 °, with the rrethyl group 

bending away from the pyrimidine ring 31 • It is the arrange:rrent which, 

in both the :rrethyl and phenyl derivatives gives rise to the chirality 

of the molecule. 

The remainder of the effectively octahedral coordination sphere is 

completed by intermolecular interactions. With the exception of the 

phenyl ring, the molecule is essentially planar. The phenyl ring 

lies virtually perpendicular to the plane of the Hg - S - pyrimidjne 

ring, at 101,6° for A and 90 ,6° for B. Equations of planes and atomic 

deviations therefrom are listed in Table 9. Upon inspection of the 

torsion angles it may be seen that S - Hg - C(7) - C(B) in molecule A, 

and S - Hg - C(7) - C(12) for molecule Bare 92,1° and 121,0° respectively. 

(It nrust be pointed out that C(8) and C(12) occupy equivalent positions 
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in the molecule and thus are co~arable. The nonenclature is merely 

arbitrary.) The phenyl ring inclination in rolecule A is thus about 

30 ° less. It is this which renders the two molecules asynunetrical. 

The pyrimidine ring 

The plane defined by the pyrimidine ring may be expressed by the 

equations given for Plane 1 (A) and Plane 4 (B) in Table g.. All 

atoms lie within 0,3~ to these planes. Delocalisation of electrons 

is best expressed in terms of bond order, which is based on bond 

lengths. These may be related by the nethod of Burke-Laing and Laing32
; 

who plotted curves 'representing the dependence of bond lengths pn 

bond order. With the use of these curves , bond order values for the 

pyrimidine ring atoms were found to be as follows: 

Molecule A Mo Ze C!U. "le B 

Bond Bond order Bond order 

N(1) - C(2) 1,50 1,52 

C(2) - N(3) 1,51 1,58 

N(3) - C(4) 1,50 1,59 

C(4) - C(5) 2,00 1,51 

C(5) - C(6) 1,56 2,02 

C(6) - N(1) 1,56 1,30 

The bond order corresponds to 1 + P, where Pis the double bond 

character as defined by Pauling24
• There is obvious delocalisation 

of electrons in the pyrimidine ring system evident in the above data, 

as almost all bonds have orders of about 1,5, inteTIIEdiate between 

single and double bond character. The pyrimidine ring lies at 

virtually 90° to the plane of the rest of the molecule, where the 
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Hg - S - C(Z) angle is 97(1) and 98(1) 0 for A and B respectively. 

Intennolecular interactiOns 

In addition to the three intramolecular coordination interactions of 

S, C(7) and N(1) there are weak secondary interactions between the Hg 

atoms of the reference molecules and the S atoms of the molecules 

positioned at approximately half-cell intervals down the y-axis. 

Within the asymmetric unit the Hg(1)A - S(1)B and Hg(1)B - S(1)A 

distances are equal to 3,39 and 3,3SR respectively. The van der Waals 

radii for Hg and S being 1,5415 and 1,8SR24 respectively. These 

interactions may be considered to lie within the coordination sphere. 

The four atoms fonn a quadrilateral, with the two Hg atoms lying 

0 ,22R below the plane and the two S atoms 0 ,zzR above the plane of the 

four atoms. Together they fonn a four-centre bridge structure resembling 

that proposed by Bach and Weibel 1 2 for similar molecules in NMR monitored 

exchange processes. 

Additional Hg---s interactions with the molecules above and below along 

·the y-axis give rise to stacking (see Figure 4). The stacking is 

enhanced by the pyrimidine rings, which overlap as nruch as is stereo= 

chemically possible, enabling interaction between TI-electrons between 
\ 

the two molecules. In the horizontal plane, phenyl ring TI---Hg and 

phenyl-phenyl ring interactions are observed. (see Figure S). Aromatic 

ring interactions have been observed, firstly denonstrated by NMR 

spectroscopy for 3-arylpropylnercurials and confirned by structural 

analysis of one of the~e 3 3
• Phenyl rings of [Pha-IzHgSCPh3] 34 and 

[MeHgNHzGi(CDz-)(p-CHPh.)] 35 are oriented consistently with the presence 

of weak TI-interaction between Hg and a C = C bond of a phenyl ring. 

As may be seen from Figure 5, in the case of Hg(1)A for the molecule 
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c 

a 

FIGURE 4 STACKING INTERACTIONS BETI\!Th~ Pl"-'lPM J\DLECULES 



- - - - - phenyl - phenyl ring 

Hg-phenyl ring 
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FIGURE 5 INTERMJLECULAR PHENYL RING INTERACTIONS IN PMPM 
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at x,y,z, interaction occurs with the phenyl ring at 1-x,y,-z, with 

the Hg - C(7) distance of 3,32R. This agrees with distances reported 

by Canty, Ch.aichit and Gatehouse 36 and Bach et aZ. 3 '+, and is sorewhat 

larger than the intra.roolecular distance of 3,osR reported by Kiefer 

et aZ. 33
• 
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TABLE 8 1DRSION ANGLES (DEGREES)a 

Mo"lecuZ.e A Mo"lecuZ.e B 

C(7) - Hg - S - C(2) 7,2 148,8 

Hg - S - C(2) - N(1) -2,4 3,9 

Hg - S - C(2) - N(3) -178,4 -176 ,6 

S - C(2) - N(3) - C(4) 178,9 178,4 

S - C(2) - N(1) - C(6) -176,5 -175 ,4 

. N(1) - C(2) - N(3) - C(4) 3,4 -2,1 

C(2) - N(3) - C(4) - C(5) -4,5 1, 7 

N(3) - C(4) - C(5) - C(6) 2,8 -5, 1 

C(4) - C(5) - C(6) - N(1) 0,0 7,9 

C(5) - C(6) - N(1) - C(2) -1, 1 -7 ,8 

C(6) - N(1) - C(2) - N(3) -1,0 5' 1 

N(l) - C(2) - N(3) - C(4) 3,4 -2,1 

S - Hg - C(7) - C(8) 92, 1 -59,0 

S - Hg - C(7) - C(12) -79 ,8 121,0 

Hg - C(7) - C(8) - C(9) -1]3,4 176 ,9 

Hg - C(7) - C(12) - C(11) 174 ,6 -173,9 

C(7) - C(8) - C(9) - C(10) 1 '71 0,0 

C(8) - C(9) - C(10) - C(11) -3,4 0,0 

C(9) - C(10) - C(11) - C(12) 4,9 3,5 

C(10) - C(11) - C(12) - C(7) -4,4 . -6 ,4 

C(11) - C(12) - C(7) - C(8) 2,7 6,2 

C(12) - C(7) - C(8) - C(9) -1,4 -3' 1 

~e torsion angle w(I-J-K-L) is defined as the angle between the vector 

J-I and the vector K-L when viewed dOw:n J;...K. 'The sign· of w is ·positive 

if J-I is to be rotated clockwise into K-L and negative if anticlockwise 37 • 
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TABLE 9 LEAST-SQUARES PLANES 

(a) The equation of least-squares planes are expressed in orthogonalised 

space as pX + qY + rZ = s. 

Plane 1 

Plane 2 

Plane 3 

Plane 4 

Plane 5 

Plane 6 

Plane 7 

Calculated from the pyrimidine ring atoms of molecule A 

(N(1)A, C(2)A, N(3)A, C(4)A, C(5)A, C(7)A) 

0,7006X + 6,6418Y - 2,5626Z = 3,3028 

Calculated from phenyl ring A atoms (C(7)A, C(8)A, 

C(9)A, C(10)A, C(11)A, C(12)A) 

-4,9945X - 0,0865Y + 15,2710Z = 3,2506 

Calculated from pyrimidine ring A with S(1)A and Hg(1)A 

0,7163X + 6,6288Y - 2,7272Z = -1,0004 

Calculated from the pyrimidine ring atoms of molecule B 

(N(1)B, C(2)B, N(3)B, C(4)B, C(5)B, C(6)B) 

0,6978X + 6,5672Y - 3,3828Z = 6,3071 

Calculated from phenyl ring B atoms (C(7)B, C(8)B, 

C(9)B, C(10)B, C(11)B, C(12)B) 

-12,1920X + 1,1789Y + 14.,3116Z = -2,1150 

Calculated from pyrimidine ring B with S(1)B and Hg(1)B 

0,9660X + 6,6019Y - 3,0524Z = 6,5677 

Calculated from Hg(1)A, S(1)A, Hg(1)B and S(1)B 

0,0077X + 0,0269Y·+ 0,9969Z = -0,9658 

TABLE 9 CONT/ •••• 
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TABLE 9 mNTINUED 

(b) Deviations from planes cR x Jo3) 

MoZeauZe A PZane 1 PZane 2 PZane 3 

Hg(1)A -315 2212 48 
S(1)A -626 5364 -253 
N(1)A 6 28128 152 
N(3)A -211 28467 -77 
C(2)A 98 22402 277 
C(4)A 179 41563 161 
C(5)A -12 48903 -132 
C(6)A -114 41713 -175 
C(7)A -85 -36 263 
C(8)A -12140 5 -11780 
C(9)A -12565 -73 -12229 
C(10)A -775 175 -480 
C(11)A 11026 -208 ·11314 
C(12)A 11310 138 11619 

Moleaule B PZane 4 P'lane 5 PZane 6 

Hg(1)B 1719· -1360 480 
S(1)B 502 -4405 -174 
N(1)B -289 20988 -739 
N(3)B so 15559 -111 
C(2)B 82 12419 -222 
C(4)B 45 28436 371 
C(5)B -282 38233 -63 
C(6)B 394 34921 237 
C(7)B 3698 -225 1948 
C(8)B 15984 -7 14081 
C(9)B 17131 121 14870 
C(10)B 6079 13 3607 
C(11)B -6513 -245 -8837 
C(12)B -8205 343 10150 

TABLE 9 CDNT/ •••• 



- 49 -

TABLE 9 CONTINUED 

P'lan.e 7 

Hg(1)A -2244 

S(1)A 2270 

Hg(1)B -2282 

S(1)B 2256 

C(2)A 19405 

C(Z)B 19445 

C(7)A -5701 

C(7)B -7797 

(c) Selected angles (degrees) between nonnals to planes 

Planes 1 and 2 100 ,4 

Planes 2 and 3 101,6 

Planes 4 and 5 91,5 

Planes 5 and 6 90,6 

Planes 1 and 7 98, 1 

Planes 2 and 7 4,0 

Planes 4 and 7 101,2 

Planes 5 and 7 20,4 
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TABLE 10 INTRA- AND INTER-I-OLECULAR DISTANCES (R_) 

1) INTRAMJLECULAR DISTANCES 

Hg(1)A - N(1)A 

Hg ( 1) B - N ( 1) B 

2) INTERM)LECULAR DISTANCES 

Hg(1)A - S(1)B 

Hg(1)B - S(1)A 

Hg(1)A - C(7)a 

2,87(2) 

2 ,85 (2) 

3,39 (2) 

3, 36 (~) 

3' 32 (2) 

~ere C(7) has coordinates 1-x,y,-z. 



CHAPTER 4 

1HE CRYSTAL AND MJLECIB.AR STRUCTURE 

OF 

PHENYL ,MERCAPTOBENZENE MERCURY (II) 



- 51 -

rnAPTER 4 

THE CRYSTAL AND M:lLECULAR STRUCTIJRE OF PHENYL ,MERCAPTOBENZENE 

MEROJRY (I I) (PMBM) 

4. 1 aIBMI CAL .ANALYSIS 

Elemental analysis carried out on PMBM yielded the content of carbon 

and nitrogen, thus confirming the composition as C1zHioHgS. 

TABLE 11 

Calculated: 

Fomd: 

MICRO.ANALYSIS RESULTS 

%C 

37,26 

37,85 

4. 2 PRELIMINARY X-RAY ANALYSIS 

%H 

2,60 

2,57 

The unit cell parameters were obtained by oscillation photographs of 

three crystals mounted about their respective principal axes, followed 

by appropriate zero layer Weissenberg photographs. These paraneters 

were initially estimated at a= 9,7sR, b = 5,46R, c = 8,49R, a= 75°, 

a = 103°' y = 79°' with z = 2. The syrmnetry displayed by the oscillation 

and l\eissenberg photographs showed that the crystal was triclinic. 

4.3 INTENSITY DATA COLLECTION 

Small crystals were selected, momted and sent to the C.S.I.R. for 

diffractometer data collection. Intensity data was collected from a 
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crystal of dimensions 0 ,04 x 0 ,.36 x 0 ,44rmn. Accurate cell paraneters 

were obtained from a least squares analysis of 25 standard reflections. 

These are listed in Table 12. 

TABLE 12 CRYSTAL DATA 

Molecular fonnula: C12H10HgS 

Molecular weight: 386,9 

Space group: Pi 

a: 10 ,673(5)R 

b: 6, 104(3)R 

a: 9, 153(S)R 

a: 103,66(2) 0 

f3: 105 ,23(2) 0 

y: 83,54(2) 0 

Dm: 2,22Mgrn- 3 

De: 2,30Mgrn-3 

l.l~-Ka): 13,412rnm-1 

F(OOO): 352 

2379 reflections were collected. The scan width was 1,2°8, scanning 
. -1 

at 0,04°8s and reflections were collected over a range of 3° < e < 27°. 

Every 56 reflections three reference reflections were collected to m;>nitor 

crystal and instrt.mental stability. 

Upon .initial attenpts at solution and refinement of this data, it 

became evident that absorption effects were present. In absorption 

processes 18 , the intensity I of a beam passing through a crystal of 

thickness T, may be represented by 
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I= I e-µT 
0 . 

intensity of the incident beam 

linear absorption coefficient 

As a result of absorption, there is an optinrum thickness for any 

crystal. This thickness is a function of the linear absorption 

coefficient. In the case of a crystal in the form of a flat plate, 

severe problems arise as the path of rays passing through the longest 

and shortest dinensions may differ by a factor of 10 or more, as is 

the case for PMBM, where the crystal dimensions are 0 ,004 x 0 ,036 x 

0 ,044on. The linear absorption coefficient µ is 134, 12cm-1, thus 

giving a mininrum µR of 0,54 and a maximLDT1 µR of 5,94. According to 

the absorption correction factors A* for the range scanned (3° - 27°8) 

these cover 2,08 to 2,03 for 11Rmin' and 274 to 55,4 for 11Rma.x· 'Ibis 

results in A* covering a total range of 2,03 to 274 for the crystal. 

This represents serious absorption effects, differing by hundred 

tines in the two dinen.sions discussed. This could be rectified by 

applying absorption corrections, involving complicated mathematics. 

Alternatively, more suitable crystals could be used. 

In order to rectify this disparity in crystal dinensions the crystals 

were ground to obtain small spheres. This was done according to the 

nethod of Bond 3 9 , in which the crystal is set spinning about its 

centroid. It would then also be spinning about its axis of greatest 

nnnent of inertia. When tossed against an abrasive surface, the parts 

furthest from the centroid would be worn away first, ultimately 

resulting in a spherical crystal. The apparatus used was an air 

driven sphere grinder designed by Bond, in which the crystal is spun by 

air propulsion against enery paper. 
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However, upon resubmission of gromd crystals to the c.s. I.R., ·it was 

found that upon grinding the crystals were damaged to such an extent 

due to their fragility, that an improved data collection was 

unobtainable. 

The original data was then reassessed, and inspection of the three 

standard reflections a,b and a, monitoring crystal and instrunental 

stability, revealed deviations covering a range of 10% of their mean. 

Values for these three reflections, adjusted to a comroon scale, are 

plotted against time in Figure 6. 

The graph may be divided into three distinct sections, referred to 

as Phases I , II and I II. Phase I remains cons is tent to within 1 , 5 % 

of the mean, and incorporates the first 1000 reflections. Phase II 

shows a rapid increase in a, b and a covering about 4% of the total 

range. This distinct trend is broken in Phase III, which, consisting 

of the last 826 reflections, reserrbles Phase I as the increase 

observed in Phase II ceases, and values stabilise to lie within 2% 

of their mean. 

This change in stability may be ascribed to crystal instability as 

opposed to that of the instrunEnt. It is known40 that high-energy 

radiation reacts with crystals in different ways, usually causing 

some damage. This damage may take the fonn of localised static 

lattice defects such as interstitials and vacancies. X-ray diffraction 

effects expected when lattice atoms are displaced slightly from their 

sites have been calculated by :Zachariasen41 , Ekstein42 and Matsubara4 3 , 

and have been shown to produce diffuse maxima surrounding Bragg 

reflections of reciprocal lattice points. Further theories and 
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calculations have been given by Huang1+ 4 
. and Koriazaki 4 5

• Experimental 

work on irradiation of crystals supporting these predictions has been 

carried out by Prout and Brown1+ 0 • 

Attempts rto explain the cause of the changing stability of the PMBM 

crystal when subjected t~ X-radiation will not be made, as the subject 

is extrerely complex and there is insufficient information as yet 

thereon. What may be said, however, is that the change is definitely 

caused by crystal instability as is indicated by the crystals turning 

black upon irradiation. 

4.4 ·so1urrON .AND.REFINEMENT.OF TIIB·sTRIJCTURE 

4.4.1 Total Data 

Solution was first attempted with the total intensity data in the 

space group Pl. A Patterson map was obtained to find the coordinates 

of the heavy atom - heavy atoms vectors. Without knowledge of the 

phases of the Fourier terms, the actual positions of atoms Ca:l!110t 

be directly deduced. However, interatomic vectors can be reasured, 

as Patterson showed by :rreans of a Fourier synthesis computed using 

the squares of the structure factor amplitudes, 1Fhki12. The 

Patterson ftmction is defined as 

for point u,v,w in a cell of vol~ V19
• Interatomic vectors are 

represented by peaks. ''Heavy" atoms, i.e. high atomic m.11Ii:>er, have 

greater powers of di £fraction causing vectors between heavy atoms to 

be more prominant than those between heavy and light, and light - light 

r 
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atom vectors. Tiie heavy atom can thus be located.! 8 
'

2 0
• Deviation of 

the vector coordinates for the · space group P1 are shown in Figure 7. 

A heavy atom is placed at position z,y,z. According to the space group 

it will also be at x,y,z. The vector UVW is then given by 2x,2y,2z. 

FIGURE 7 DERIVATION OF VECTOR COORDINATES RJR Pi 

- - -x, y, z x, y, z 

x, y, z . 0 0 0 -Zx -Zy ~zz 

- - -x, y, z 2x 2y 2z 0 0 0 

Ignoring origin peaks, the two vector types are evident at the 

peaks 

o,037 o,376 o;678 

0,963 0,624 0,322 

(2x,2y,2z) 

(-2x,-2y ,-2z) 

The Hg atom was thus established at coordinates 0,02, 0,19, 0,34. 

A subsequent electron density difference map revealed the position 

of all non-hydrogen atoms after four cycles of refinenent, resulting 

in R = 0,25. The molecular structure seened tmusual at this stage, 

having a linear C - S - Hg bond and a S - Hg - C bond at 90 °, as 

opposed to a characteristic linear S - Hg - C bond with the C - S - Hg 

bond at 90°. The following difference fouriers on all atoms, with 

Hg and S treated an.isotropically and H atoms constrained to ride at 
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:l ,osR from their parent atom, reduced~ to 0, 15. Upon inspection of 

reflections with deviations greater than 2o, several bad reflections 

were evident. These were: 

h k z Fa Fe D/o 

2 0 0 63,67 110, 74 6,49 

-2 1 1 67' 70 132,52 7,82 

-1 1 1 29' 16 61,95 7,92 

1 1 1 69,53 161 ,60 11, 11 

As for PMPM, these poor reflections may be ascribed to secondary 

extinction effects, as is evident from Fa << Fe. These were selectively 

omitted in a further four cycles of retinenent, with a final R of 0,14. 

/No further refinenent was possible, and the structure as such tfu.acceptable. 

This was based on the following; 

i) The R value of 0, 14 shows there is still a large discrepency between 

Fa and Fe values. Upon examination it was fotmd that there were 

still a large nunber of reflections with deviations > Zo (82 altogether), 

with 16 reflections having deviations > 4o. To omit these would rean 

·considerable reductions of data, as is discussed later. 

ii) Estimated standard deviations in bond lengths and angles are 

generally large, limiting accuracy of bond lengths . to within 

5 x 10-2.R and bond angles to within 3° only. 
~ 

iii) Isotropic and anisotropic thenna.l parameters have standard 

deviations that are extremely large. In most cases these are 

50% of the thenna.l parameters and on occasion exceed it, for 

exanple U12 for C(21) was fotmd to be 0,0019(0, 1880) - a standard 

deviation 100 tires greater than the parameter concerned. 
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All these factors represent a structure that is chemically and 

crystallographically unacceptable. The procedure was repeated in 

Pl which has the sare conditions limiting reflections as PF 7 • 

However, this space group is non-centros~tric. In P1, Hg(1)A is 

placed at coordinates 0 ,O ,O and Hg(1)B at the vector position of the 

Patterson. Subsequent difference fourier calculations and refinement 

cycles yielded all non-hydrogen atoms, with Hg and S atoms treated 

an.isotropically. R was reduced to 0, 14, when correlation between 

correspondirig atoms of the two molecules proved that the structure 

could not possibly be non-centrOSYIJ'lletric. At this stage the intensity 

data was reassessed, and it was decided to reject reflections represented 

by Phase II, solving Phases I (first 1000 reflections) and III (last 

826 reflections) separately, as these displayed greater self consistency 

in the data. 

4. 4. 2 Reduced data: Phase I 

The first 1000 reflections were used initially in an attempt to solve 

the structure in the space group P1. Upon finding high correlation 

between parameters relating corresponding atoms, solution and refinement 

were carried out in Pl. The Patterson map showed peaks at (0,034, 0,377, 

0,686) and (0,882, 0,080, 0,192) corresponding to vector types (2x,2y,2z) 

and (-2x,-2y,-2z) respectively. From these, the mercury atom was 

placed at 0,02, 0,19 and 0,35. These coordinates correspond clos·e1y 

to those for the total data. This was followed by an electron density 

difference map yielding all other non-hydrogen atoms. Only the mercury 

atom was treated anisotropically and al~ hydrogen atoms were constrained 

at 1,08R from their parent atoms in a subsequent difference fourier map 

with four cycles of least squares refinenent. R was reduced to 0, 15. 

No weighting scheme was employed. Final atomic coordinates are listed 
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TABLE 13 FRACTIONAL AIDMIC COORDINATES ( x 103) AND. ISOTROPIC 

THERMAL MTIION PARAMETERS (R2 x 103) WIIB ESTIMATED 

STANDARD DEVIATIONS IN PARENIBESES 

Atom x/a y/b z/c uiso 

Hg(1) 17(0) 188(0) 339 (0) a 

S(1) -104 (2) 265(4) 531 (3) 64(6) 

C(11) -257 (7) 319 (12) 422(11) 52 (21) 

. C(12) -364 (9) 191 (15) 414(13) 77(28) 

C(13) -495 (9) 253(17) 334(14) 86 (31) 

C(14) -528(12) 428(20) 256(16) 112(41) 

C(15) -415(9) 554(16) 267(13) 77 (28) 

C(16) -288 (8) 508(14) 349(12) 67(25) 

C(21) 118(8) 113(14) 165 (12) 63(23) 

C(22) 188(8) -83(14) 126(12) 65(24) 

C(23) 261 (9) -12 7 ( 17) 17 (15) 84(30) 

C(24) 252 (10) 45 (18) -68 (15) 91(33) 

C(25) 185(11) 246(18) -36(16) 96(35) 

C(26) 122 (8) 2 78 (14) 67(13) 66 (25) 

H(12) -348 (9) 57(15) 462 (13) b 

H(13) -567(9) 164(17) 337(14) b 

H(14) -618(12) 463(20) 196(16) b 

H(15) -430 (9) 684.(16) 214 ( 13) b 

H(16) -218(8) 609(14) 356 ( 12) - b 

H(22) 184(8) -207 (14) 179 ( 12) b 

H(23) 318 (9) -268(17) 0 (14) b 

H(24) 294(10) 14 (18) -156 (15) b 

H(25) 189 (11) 369 (18) -90(16) b 

H(26) 68(8) 422 (14) 83 ( 13) b 

a~isotropic thennal parameters of ti1i.e same fonn as in Table 4. 

I 
' 

where u11 = 75(2), V22 = 48(2), u33 = 32(5), u23 = 30(2), u13 = 26(2), 

U1z = 0(1) 

b 
All H atoms have Uiso = 1543(1097) 
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TABLE 16 FAACTIONAL ATOMIC CDORDINATES ( x 103) AND ISOTROPIC 

IBERMAL MJTION PAAAMETERS (_R2 x 103) WI1H ESTIMATED 

STANDARD DEVIATIONS IN PARENTIIESES 

Atom :.r/ a y/b 2/c 

Hg(1) 17(0) 188(0) 339 (O) 

S(1) -106 (1) 262 (2) 529 (1) 

C(11) -269 (5) 333(8) 427(3) 

C(12) -36(6) 211 (9) 428(4) 

C(13) -490 (11) 261 (19) 350 (8) 

C(14) -514(12) 452 (19) 269 (8) 

C(15) -406(8) 539 ( 14) 265(6) 
i 

C(16) -285 (6) 506(10) 348(4) 

C(21) 115(4) 116 (7) 166 (3) 

C(22) 199 (8) -66 (12) 144(6) 

C(23) 244(7) -107(12) 23(5) 

C(24) 251(5) 54(8) -65 ( 4) 

C(25) 172 fS) 272 (7) -28(3) 

C(26) 105 (6) 287(10) 82 (4) 

H(12) -341 (6) 84(9) 483(4) 

H(13) -563(11) 171 (19) 349 (8) 

H(14) -604(12) 509(19) 222 (8) 

H(15) -417(8) 642 (14) 191(6) 

H(16) -212 (6) 599 (10) 352 (4) 

H(22) 224(8) -165(12) 221(6) 

H(23) 279 (7) -265(12) -11(5) 

H(24) 303(5) 24(8) -146(4)' 

H(25) 170(5) 399(7) -81 (3) 

H(26) 46(6) 424(9) 105 ( 4) 

Uiso 

a 

58(2) 

59(6) 

71(8) 

96 (15) 

99 (17) 

83(11) 

70(8) 

56(6) 

78(10) 

74(10) 

63(7) 

59(6) 

68(8) 

.b 

b 

b 

b 

b 

b 

b 

b 

b 

b 

TABLE 16 CONT/ •••• 
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TABLE 16 CONTINUED 

a.Anisotropic thermal para.IIeters defined as in Table 4. 

V11 = 68(1), V22 = 59(1), U33 = 50(1), V23 = 17(0), U13 = 24(0), U12 = 0(0) 

bAll H atoms have Uiso = 502(228) 
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together with thennal paraireters in Table 13, while observed and 

calculated structure factors are presented in Table 14. Inspection 

of the estimated standard deviations in Table 13 reveals that these are 

very large, as is the discrepancy between F 0 and F c values in Table 14, 

indicating that there are already traces of crystal instability. 

4. 4. 3 Reduced data: Phase III 

The intensity data collected for the last 826 reflections gave rise to 

the sane coordinates for the mercury atom in the space group P1, as 

in Phase I. This was followed by difference fourier imp, yielding 

positions of all non-hydrogen atoms, with the residual index reduced 

to 0 ,086 after four cycles of least squares refinenent. A further 

four cycles of refinenent which included all phenyl hydrogen atoms 

constrained at 1,ooR from their parent carbon atoms, and with the 

nercury treated an.isotropically, left R tmchanged. Al though no 

weighting schene had been introduced, the analysis of variance (Table 15) 

conputed after the final cycle of refinement, was satisfactory. In 

view of the conditions of data collection and limited data, the structure 

elucidated for Phase III was taken as being the rost representative of 

the crystal structure of PMBM. Table 16 lists the final atomic 

coordinates and thennal parameters, while Table 17 presents the observed 

and calculated structure factors. 

4.5 DESCRIPTION OF TIIE STRUCTURE 

Description of the structure will be based on results obtained for 

Phase III, the last 826 reflections. These results are virtually the 

saire as those for Phase I, the first 1000 reflections, except they 

display a greater degree of accuracy. The molecule, with its symmetry 
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related counterpart is shown in a perspective view with atomic 

nomenclature in Figure 8. Intramolecular bond lengths and angles, 

together with their estimated standard deviations are listed in 

Tables 18 and 19 respectively. 

Molecular structure 

The phenylnercury moiety is bonded to the sulphur atom of the 

thiophenol group. The molecule is planar with the exception of the 

phenyl ring attached to the sulphur atom. The characteristic 

coordination of the mercury atom is digonal with a virtually linear 

C(21) - Hg - S bond. The C(21) - Hg and Hg - S bonds are 2,06(3) and 

2 ,37 cnR respectively, with an angle of 177(1) 0 between them. These 

bond lengths compare favourably ~~th those calculated from theoretical 

covalent radii, where r(Hg) = 1,30 (Grdenic) 15 and r(S) = 1,04, 

r(C) = 0, 77.R (Pauling) 2 1+. 
\, 

Calculated covalent bond distances for 

Hg - C and Hg - S are respectively 2 ,07 and 2 ,34R. These co-incide 

with bond lengths in similar structures 28 
,

29
• The slight (3°) deviation 

from linearity may be caused by georretric constraints 2 9 on the molecule 

within the crystal latti~e. The Hg - S - phenyl moiety is remarkably 

planar, with maxinrum deviation displayed by C(22), at 0., 10.R above -the 

plane which is defined by 

7,3093X + 2,2195Y + 3,57552 = 1,7221. 

Phenyl ring I, attached to the sulphur atom, is defined by the plane 

-3, 1350X + 2,8249Y + 6,78752 = 4,6602. 

This plane is oriented at 60, 77° to that of the remainder of the 

molecule. The torsion angle of C(21) - Hg - S - C(11) is -35,92°, 

which shows that the phenyl ring I lies to one side of the 
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S - Hg - phenyl ring II group. The Hg - S - C(11) angle is 105 (1) 0
, 

in keeping with the hybridisation of sulphur, and supported by mnrerous 

similar structures 30 , 31 , 37 , 4 s including PMPM reported in Chapter 3. 

Intennolecular interactions 

As before, Hg---s secondary interactions take place, this tine across 

the centre of synnnetry. The approach is closer than in the case of 

PMPM, with a Hg---S distance of 3,20.R. This is well within the limits 

set by van der Waals radii ( 3, 39R based on rvdM for Hg and S given by 

Grdenic 15 and Pauling24 respectively). By virtue of the centre of 

syrnrretry a four nenbered bridging interaction in the shape of rhorrboid 

is fonred. The nercury atoms are separated by 4 ,24R, and the sulphur 

atoms by 4 ,09R along the diagonals. Hg - phenyl ring interactions, if 

they do occur, are extrenely weak~ The Hg atom of the molecule placed 

at x,y,z lies 3,87R from the nearest carbon atom, C(24), of the phenyl 

ring attached to the Hg atom of the molecule at x,y ,z. This distance 

is greater than those currently observed, which range from 3,05 to 

3,52Rg 3 , 34 , 3G, 47 • Although the orientation of the phenyl ring is 

favourable, the interaction, if any, is alITKJst negligable. Similarly, 

phenyl - phenyl ring interactions between the thiophenol moieties of 

the ITKJlecules placed at x,y,z and 1-x,1-y, 1-z are not possible as 

there is a distance of about sR separating them. 

The nercury atom has digonal characteristic coordination, with one 

additional secondary intennolecular interaction to sulphur. Mercury 

thus displays irregular three-coordination .with T-shaped geometry at 

the Hg atom. This is tm.usual, as the largest category of organonercuzy 

compounds display digonal coordination ·whl<:h is conm:mly supplenented by 

two additional secondary interactions yielding distorted tetrahedra. 
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Nevertheless, a few examples of three-coordinate mercury (II) 

complexes have been reported40 , 49 ,so. 
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TABLE J 8 BCND LENGfHS (~) wrrn ESTIMATED STANDARD DEVIATIOOS 

IN PARENIBESES 

Hg - S 2,37(1) 

Hg - C(Zl) 2 ,06 (3) 

S - C(11) 1,80(5) 

C(Z1) - C(22) 1,36(8) 

C(22) - C(23) 1,29(8) 

C(23) - C(24) 1,43(6) 

C(24) - C(Z5) 1,51(6) 

C(25) - C(26) 1,37(5) 

C(26) - C(Z 1) 1,41(5) 

C(11) - C(12) 1, 30 (7) 

C(12) - C(13) 1,41(12) 

C(13) - C(14) 1,49 (13) 

C(14) - C(15) 1,34(14) 

C(15) - C(16) 1, 33(9) 

C(16) - C(11) 1, 39 (6) 

All C - H 1,00 
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TABLE 19 . BOND ANGLES (DEGREES) WI'IH ESTIMATED STANDARD DEVIATIONS 

IN PA.RENTHESESa 

C(21) - Hg - S 177(1) 

Hg - S - C(11) 105 (1) 

S - C(11) - C(12) 117(4) 

S - C(11) - C(16) 118(4) 

C(11) - C(12) - C(13) 120 (6) 

C(12) - C(13) - C(14) 118(9) 

C(13) - C(14) - C(15) 114 (9) 

C(14) - C(15) - C(16) 127(7) 

C(15) - C(16) - C(11) 115(6) 

C(16) - C(11) - C(12) 125 (5) 

Hg - C(21) - C(22) 124(3) 

Hg - C(21) - C(26) 115 (3) 

C(21) - C(22) - C(23) 118(6) 

C(22) - C(23) - C(24) 126 (6) 

C(23) - C(24) - C(25) 114(4) 

C(24) - C(25) - C(26) 116 ( 4) 

C(25) - C(26) - C(21) 122 (5) 

C(26) - C(21) - C(22) 120(4) 

aAll H - C bond angles are fixed according to the hybridisation of 

the C atom 



- 82 -

TABLE 20 TORSION .ANGLES (DEGREES)a 

C(21) - Hg - S - C(11) -35,9 

Hg - S - C(11) - C(12) 122,5 

Hg - S - C ( 11) - C ( 16) -54,5 

s - c ( 11) - c ( 12) - c ( , 3) 180,0 

S - C(11) - C(16) - C(15) 174,9 

C(11) - C(12) - C(13) - C(14) 0,0 

C(12) - C(13) - C(14) - C(15) 7,3 

C(13) - C(14) - C(15) - C(16) -13,8 

C(14) - C(15) - C(16) - C(11) 11,4 

C(15) - C(16) - C(11) - C(12) _, ,9 

C(16) - C(11) - C(12) - C(13) -3,2 

S - Hg - C(21) - C(22) -99,7 

S - Hg - C(21) - C(26) 89,9 

Hg - C(21) - C(22) - C(23) 173,0 

Hg - C(21) - C(26) - C(25) 174,8 

C(21) - C(22) - C(23) - C(24) 22,1 

C(22) - C(23) - C(24) - C(2S) -13, 1 

C(23) - C(24) - C(25) - C(26) 0,0 

C(24) - C(25) - C(26) - C(21) 4,4 

C(25) - C(26) - C(21) - C(22) 3,9 

C(26) - C(21) - C(22) - C(23) -16,9 

~e tors ion angle is de fined as in Tab le 8. 
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TABLE 21 LEAST-SQUARES PLANES 

(a) 1he equations of least-squares planes are expressed in orthogonalised 

space as pX + qY + rZ = s. 

Plane 1 

Plane 2 

Plane 3 

Calculated from phenyl ring 1 atoms 

-3,1350X + 2,8249Y + 6,7875Z : 4,6602 

Calculated from phenyl ring 2 atorns 

7,3599X + 2,2190Y + 3,5254Z = 1,7273 

Calculated from phenyl ring 2, Hg and S 

7,3093X + 2,2195Y + 3,5755Z = 1,7221 

Cb) Deviation from planes cR x 103) 

Plane 1 Plane 2 

H -1878 12 
s 1 -63 
C(11) 22 -1459 
C(12) -26 -2408 
C(13) -10 -3524 
C(14) 54 -3562 
C(15) -65 -2585 
C(16) 25 -1479 
C(21) -,3567 -41 
C(22) -4489 102 
C(23) -5573 -84 
C(24) -5740 9 
C(25) -4621 44 
C(26) -3616 -29 

Plane 3 

34 
-26 

-1419 

-2363 

-3477 
-3517 
:..2545 

-1442 
·-34 

104 

-89 

-21 

39 
-25 

TABLE 21 OONf I .... 
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TABLE 21 ffiNTINUED 

(c) Selected angles (degrees) between nonnals to planes 

Planes 1 and 2 

Planes 1 and 3 

Planes 2 and 3 

61,1 

60,8 

0,4 



CHAPTER 5 

DISCUSSION 
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CHAPTER 5 

DISCUSSION 

Interest in the structural chemistry of nercury, co!IDined with detailed 

studies of the toxicology of nercury on a biochemical level, emphasises 

the relationship of nercury and sulphur in both primary and secondary 

coordination. 

Upon examination of stability constants of 1 : 1 nercuric complexes 

in Table 22, the cysteine ligand has a logk 1 value three times greater 

than any other, by virtue of the Hg - S affinity. 

TABLE 22 STABILI1Y CONSTANTS OF 1 1 MEROJRIC COMPLEXES 

Ligand Logk1 ref 

-Cl 6,74 51 

-Br 9,05 51 

-I 12,87 51 

Clr 10,30 52 

NH3 8,80 53 

Irnidazole 3,57 53 

Ethylenediarnine (N - N) 14,30 53 

C}'steine (N - S) 45,40 53 

Glycine (N - 0) 10,30 53 

Histidine 7,90 53 
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Al though the thenoodynamic stability of organonercury COIJ¥Jlexes 

(predominantly MeHg+) with sulphydryl groups of sUlphur containing 

peptides and proteiils is high, the Hg ~ S bond is labile as it 

exchanges among a vast mmber of available sulphydryl groups to 

ultimately conbine with target molecules in the brain. This lability 

is made use of with sulphydryl containing chemotherapeutic agents such 

as N-acetyl-D,L-penicillamine which extract organonercurials from red 

blood cells and tissues 

This !ability has also been observed by a totally different technique, 

an in vitro system which may be likened to the in vivo system discussed 

above, namely nuclear magnetic resonance, by Bach and Weibel 12
• 

The Hg - S bridging in both PMPM and. PMBM indicates that the molecules 

may be "frozen" shortly before exchange would occur were they in solution. 

The secondary Hg - S distance is sonewhat shorter in PMBM than in PMPM 

(3,20 and 3,37R respectively). The primary Hg - S bonds, however, are 

the same (2,37(1) and 2,38(1)R respectively). This is also the case 

with [Hg((}f3)(C58fiN3S)J, where Hg - sis 2,39R and Hg---s is 3,67R. 

It is interesting to note that the nethyl derivative corresponding to 

PMPM displays no such Hg---S interactions, and has an entirely different 

packing arrangerent. The molecular structure, however, is virtually 

identical to that of PMPM, with an intraJOOlecular Hg---N interaction 

of 2,8'.lR (that of PMPM is 2,86R). This arrangerent is also shared by 

the two substituted thiopyrimidine derivatives of nethylnercury, 

[Hg(OI3) (C58fiN3S)] and [Hg(OI3) (C4H4N30S)], which have Hg---N distances 

of 2,80 and 2,9SR30
• In all examples of thiopyrimidine:'organomercufia.ls; 

the pyrimidine ring and the S and H atoms are co-planar, with the 

characteristic Hg---N interaction. 
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When the pyrimidine ring is replaced by a benzene ring, as was the 

case for PMBM, this pattern changes. The phenyl - Hg - s· moiety is 

planar, with the phenyl ring at 61° to this plane, away from the 

centre of symrretry about which the Hg---s interaction occurs. · The 

Hg---N interaction must therefore be the restraint upon the pyrimidine 

deviations keeping them in a planar conformation for closest approach 

to the mercury atom. The structures of PMPM and PMBM clearly 

illustrate Grdenic' s classification of coordination types. Both 

molecules, by virtue of their Hg - S and Hg - C bonds, are classified 

as having digonal characteristic coordination. In PMPM this is 

supplemented by four additional weak interactions (2 x Hg---s, Hg---N, 

Hg---phenyl) resulting ultimately in octahedral effective coordin~tion. 

In the case of PMBM, the digonal characteristic coordination is 

supplemented only by one Hg---s secondary interaction (discounting the 

very weak Hg---phenyl interaction), creating an effectively 

3-coordinated species. This has also been fqund for phenyl- and 

methylmercury(II) dithizonate 5 i+. Grdenic has remarked on the larger 

Hg - C bonds in aryl- compared with alkylmercury(II) derivatives. 

This is found for the two dithizonate derivatives (2,12 and 2,06R 

for phenyl- and methyl- substituted molecules respectively) 5
i+, and is 

again evident for PMPM and its corresponding methylmercury derivative 31
, 

these being 2,12 and 2,09R respectively. 



PART 2 

CHAPTER 6 

INTRODUCTION 
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CHAP'IER 6 

INTRODUCTION 

6.1 TiiE PRINCIPLE OF STRUCfURAL CORRELATION 

Until recently, it seered as if the field of chemical crystallography 

and that of reacting systems could share little common ground. 

In 1974 Dun.itz and Bilrgi. entered into this grey area, and generated a 

relationship between the two with a whole new concept, namely that of 
I 

structural correlation. They describe this as follows 55
: 

"The basic idea behind the structural approach is to search for 

correlations between certain selected paraneters describing the 

georetry of sore sub-system (say, a tetrahedral centre), frozen 

in a variety of crystal or molecular envirorunents. Each kind of 

enviroruient can be regarded as a perturbation that acts on the 

sub-system, which will slightly modify its structure so as to 

minimize the potential energy of the crystal as a whole .••• 

These structural nndifications should occur along local energy 

valleys in the paraneter space defining the sub-system. 

Accordingly, if sore correlation can be found among the experi= 

mentally observed parameters, then the correlation function can 

be taken as describing a mini.mtun energy path in the Bom­

Oppenheiner surface of the sub-system in question. If the 

pattern of parameter changes can be identified in a general 

sense, with that expected to occur in the course of a chemical 

reaction, then the path found from such experinental data 

should be a fair approximation to the corresponding reaction 

path." 
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A forenmner in this field, Bent5 6 proposed that "certain kinds of 

attractive intenJl)lecular interactions may be viewed as incipient 

valence shell expansions and often as the first stage of bimolecular 

nucleophilic replacement reactions." He stressed the correlation 

between the two I---I distances in the linear triatomic I3- anion, 

represented by a hyperboloid curve. Similar curves for the systems 

S-S---S and O-H---0 showing correlation have also been published 

(See Fig. 9) 5 7
• The relationship between these curves and the ~inn.nn 

energy path on the calculated potential energy surface was exposed 

by Liu5 8
, in studies of the linear tt3 system, as equilibrium H---H 

distances may be superimposed directly on the minimum energy path 

(See Fig. 10). This brings us to the question, also posed at a meeting 

of the Olemical Society's Crystallography Group, "How much of a bond 

is a bond?" 59
• Grdenic 16

, in his review on the structural chemistry 

of mercury is confronted by this same issue: 

". . . nearest neighbours of mercury in a crystal structure are 

those in 'contact' with it. In a free molecule these contacts 

are chemical bonds.... With a crystal structure the position is 

less clear, and it is necessary tp restrict the consideration of 

nearest neighbours of mercury to those within a defined .distance. 

This is difficult for mercury, as frequently the distances between 

the surrmmding atoms and mercury do not follow the additivity 

rule of the atorn;i.c radii currently accepted, yet are less than 

the St.ml of the van der Waals radii". 

He aclmowledges the necessity of adopting a suitable set of atomic 

radii, and proposes values based on those of Aurivillius 6 0
, Pauling 

and Huggins 6 1 
, Grdenie1 6 

, and those observed experinentally, for 

mercury in its different coordination states. 
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FIGURE 9 

FIGURE 10 
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1-1· .. ·I S-S····S 0-H····O 

21 1.0 

CORRELATIQ"J PLOTS OF INfERATOMIC DISTAt"JCES IN LINEAP. TRIATOMIC 

SYSTEMS. (a) TRIIODIDE ANIONS, (b) 1HIATIUOPHTHENES, AND 

(c) 0 - H---0 HYDROGEN BONDS. FROM Bilrgi, Angew. Chem., 

Intern. Ed. 14 (1975) 460. 

E! l 

d 
-2 

POTENTIAL ENERGY SURFACE FDR LINEAR H3 SYSTEM DRAWN FROM 

DATA CALCULATED BY Liu, J. Chem. Phys. 58 (1973) 1925. 

Distances are in bohr units (1 bohr = 0,529R), and contour 

lines are drawn at energy intenrals of o ,01 hartrees. 

(1 hartree = 27 ,21 eV) 
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It is this flexibility of bond length and other para.rreters such as 

distortion of nnlecUlar geonetry which forms the basis of the concept 

of structural correlation. 

·Th.is technique has in recent years fomd successful application in 

the investigation of reaction pathways. Examples include the ligand-

exchange reaction 

...... X---CdL ---Y 
3 

...... 

involving a SN2 mechanism62
, pathways for SN2 and SN3 substitution at 

Sn (IV) 6 3 , nucleophilic ad.di tion to a carbonyl group6 4
, and interactions 

I 

of nucleophiles with quaternary phosphoniurn centres 65
• Comprehensive 

reviews have already been compiled by Biirgi 5 7 and Murray-Rust 5 9
• 

6. 2 IBE STRUCTURAL CllEMISTRY OF MERaJRY 

The structural chemistry of nercury has been reviewed by both Wells 66 

and Grdenic1 5 , 16 • In his discussion of irercuric (Hg(II)) compotmds, 

Wells aclmowledges the ten~ncy of mercury to fonn either two collinear 

or four tetrahedral bonds. In cases of fonnation of two collinear 

bonds, further coordination occurs to complete a distorted octahedron. 

He compares this (2 + 4)-coordination to the (4 + 2)- or less likely 

(2 + 4)-coordination often fomd for Cu(II) complexes. The fonnation 

of tetrahedral species is described as the addition of two nnre ligands 

causing deviation from linearity in the two existing bonds. The 

discussion of bond lengths in this review is neglected. 

Grdenic completes this picture, adding nruch detail. The initial 

problem faced was that of classification of coordination, as difficulty 

arises from inconsistencies between observed bond lengths and the 
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additivity rule of atomic radii currently accepted. This is overcone 

by using the connection principle for classification. 

The connection principle is based on the fact that certain l:inks of a 

given atom with other atoms may be selected in order to identify a 

repeating tmit and thus to elucidate the building pattern of the 

structure, these mi ts possibly being isolated groups, chains, cohnms, 

layers or lattices. More specifically, he proposes two types of 

coordination contributing to this connection principle, nanely 

characteristic and effective coordination. 

The rrercury coordination sphere comprises all atoms surrotmding rercury 

at a distance less than the sum of the van der Waals radii, i.e. 

{d(Hg - L) < r(Hg) + r(L)]. The characteristic coordination nurrber, m, 

applies to the system HgLm when all m Hg - L bond distances are 

equivalent. Oiaracteristic coordination m.mbers of two, three and 

four, yielding two col linear, three co-planar and four tetrahedral · 

bonds forrred by rreans of sp, sp2 or .sp 3 hybridisation of the rrercury 

atom, are corrnnonly observed. Octahedral and trigonal bipyramidal 

(sp3!12 and sp
3d) are less common. 

In each case a different covalent radius of irercury is applicable. 

These are listed in Table 23. 

The relationship between m and rm(Hg) may be expressed by 

rm(Hg) = 0,095m + 1,110. 
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TABLE 23 CDVALENT RADII OF MERCURY _(~) 

a rm(Hg) m 

2 1,30 (or 1,34)b 

3 1,39 

4 1,49 

5 1,60 

6' 1,68 

am characteristic coordination nurrber 

bin his second review Grdenic states that the IIDst reliable values for 

rz (Hg) are 1,34jl proposed by Aurivillius (1965) 6 0
, and 1,30R proposed 

by himself (1965) 15 based on observed bond lengths in compounds having 

Hg - L, where L has low electronegativity. 

The characteristic coordination is supplerrented by a secondary bond 

formation, the effective coordination. This is the actual coordination 

of rrercury observed, often irregular and causing distortion. Thus we 

arrive at Hg1mln-m' where n is the effective coordination mmber, and 

the 1n-m ligands have bond distances within the sum of the relevant 

van der Waals radii. A van der Waals radius of 1,54.R is currently 

proposed ·for rre.rcury. 

The most frequently observed effective coordination occurs for m = 2, 

yielding HgL2L', HgL2L2', HgL2L4'. The linearity of the HgL2 moiety is 

usually disturbed, and the Hg - L bond distance often lengthened. The 

IJ()St COIIIIIDil arrangerrent is distorted tetrahedral effective coordination, 

with paraneters between n = 4, m = 2 and m = 4, i.e. HgL2L2 ' and HgL4• 
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In their revision of covalent radii and the additivity.rule for the 

lengths of partially ionic single covalent bonds, Schomaker and 

Stevenson propose corrections to covalent bonds talcing the electro= 

negativities of participating atoms into accotmt. 

This has been applied in the calculation of covalent bonds in irercury 

compounds, with an electronegativity .x(Hg) = 1,9 assigned to irercury. 

Classification of crystal structures of nercury compotmds may be made 

on the basis of the electronegtivity difference of rercury and the 

ligand, i.e. [.x(Hg) - .x(L)] . .x(L) = 2,5 has been_ shown to be a 

critical value, as when .x(L)> 2,5, digonal characteristic coordination 

is generally observed, whereas for .x(L) < 2,5 a tetrahedral effective 

coordination is ·more corrmon. In the case of sulphur and iodine 

(x(L) = 2 ,5 in both cases), the fonoor is usually digonal whereas the 

latter is tetrahedral. The majority of rercury compounds have 

.x(L) > 2,5, accounting for the predominance of m = 2 and n = 6 in this 

category. 

6. 3 TIIE CALCULATION OF OOVALENf AND VAN DER WAALS RADII 

Covalent radii have been calculated in cas~s of two collinear or 

four tetrahedral bonds, using radii for Hg as recornrrended by Grdenic 16
, 

and those of other atoms from Pauling24
• Electronegativity effects 

influencing bond length have been accounted for by using the 

Schornaker-Stevenson67 equation: 
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where single covalent radius of the atomN 

.xN electronegati vi ty of atom N 

S constant = 0,09 

Covalent radii, electronegativities and proposed covalent bond lengths 

are listed in Table 24, while the corresponding van der Waals radii are 

reported in Table 25. The latter are calculated by the si~le convention 

of additivity. 

TABLE 24 

Atom 

Hg(tet) 

Hg(dig) 

s 

c 

0 

N 

Cl 

Br 

I 

mvALENT ATOMIC RADII CR) a' ELECTRONEGATIVITIESb AND 

BOND LENGIBS (R)a 

x Bond rAB(dig) rAB(tet) 

1,49 1,9 Hg - S 2,39(2,34) 2,58 

1,30(1,34) 1,9 Hg - C 2,12(2,16) 2,31 

1,04 2,5 Hg - 0 2, 10(2, 14) 2,29 

o, 77 2,5 Hg - N 2, 10(2, 14) 2,29 

0,66 3,5 Hg - Cl 2,39(2,43) 2,58 

0,70 3,0 Hg - Br 2,52(2,56) 2,71 

0,99 3,0 Hg - I 2 ,68(2, 72) 2,87 

1,14 2,8 Hg - Hg 2 ,64(2 ,68) 2,97 

1,33 2,5 

aAccording to Grdenic 16 for Hg, otherwise according to Pauling24
• 

bAccording to Pauling24 .' 
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TABLE 25 VAN DER WAALS Hg - L DISTANCES . (,R) a 

Atom rvciJ Bond rAB 

Hg 1,54 Hg - S 3,39 

s 1,85 Hg - C 3,24 

c 1, 70 Hg - 0 2,94 

0 1,40 Hg - N 3,04 

N 1,50 Hg - Cl 3,34 

Cl 1 ,80 Hg - Br 3,49 

Br 1,95 Hg .... I 3,69 

I 2' 15 Hg - Hg 3,08 

a According to Pauling2 4 • 



CHAPTER 7 

STRUCTURAL OORRELATIONS 

OF 

MERCURY - SULPHUR OOMPOUNDS 
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OfAPTER 7 

7. 1 . MERCURY . AND . SULPHUR 

The interaction of nercury and sulphur is of great biochemical 

interest and of toxicological importance, as has been discussed in 

detail in Part I of this work. 

Attention is now given to their relationship in crystalline form. 

Structures containing at least one Hg - S covalent bond are considered 

with respect to their IIDlecular geometry. Parrureters defining this 

molecular geonetry are investigated by methods involving structural 

correlation. 

As mentioned previously, sulphur has an electronegativity of 2 :52 4
, 

which means that both tetrahedral and digonal characteristic 

coordination is observed according to the criteria set by Grdenic15
• 

Upon inspection of structural data, virtua.lly all of the cornp01.m.ds 

display geonetries based on digonal characteristic coordination. The 

4 - coordinated structures generally form very distorted tetrahedra, 

favouring a linear bond despite the fact that nercury has equal 

capability of sp, sp2 or sp3 hybridisation. We observe nercury 

displaying the ability to expand its coordination number of two, to 

form stereochemically non-rigid four- and six-coordinated complexes. 

In the application of structural correlations, structures having one 

nercury - sulphur primary interaction were selected. It was fmmd that 

the vast majority were distorted tetrahedra, and almost all had an 

additional nercury - sulphur primary interaction. Pathways from two-
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to four- and four- to six~coordinate Hg(II) are investigated. These 

pathways are assured to follow the theoretical potential energy 

valleys for such reactions. Changes from two- :to four.,. and four- to six­

coordination would involve a three-body collision in a chemical 

reaction, which although highly improbable, has been observed in the 

gaseous phase. 

Nevertheless, nominally tetrahedral moldecules, RzMXz in crystal 

environments are often fotmd coordinated to two additional ligands Y, 

and this is comm:mly referred to as an 5N3 type displace:rrent. 

i.e. RzHg + Xz 

This has been investigated in the examination of reaction pathways for 

substitution at Sn(IV) 63
• 

Geonetrically there are three possible ways in which the Y atoms can 

approach a tetrahedral centre. These are shown in Figure· 11. 

These can be seen to yield octahedral structures with (a) trans R, 

cis X, cis Y groups, (b) trans X, cis R, cis Y groups and (c) cis R, 

cis X, cis Y groups. The structures examined all relate to 11(a), 

where R represents sulphur atoms, X represents atoms coordinating to 

form a tetrahedron and Y represents atoms coordinating weakly to 

form octahedra. 

7. 2 CLASSIFICATIOO OF THE DATA 

AA investigation covering all compotmds containing mercury was carried . . 

out using the Cani>ridge Crystallographic Data File. The search yielded 

360 conpotmds, of which only 125 contained both :rrercury and sulphur. 
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FIGURE 11 POSSIBLE DIRECTIONS OF APPROACH OF 11\0 NUQEOPHILIC 

OOUPS y ANDY' m HgSzXX'. 

(a) s trans, x cis, y c1s: 

, 

\ I 

. v',,\ ~x 
I ---'1g"x 

v-- I. . 
s 

(b) X trans, S cis, Y cis: 

x 

v,,\ _.,-s' 
. , -;-_ ..... Hg~.s· y-- . . 

,1f 
,,' f 

' 

( c) S cis , X cis , Y .cis : . 

, 
s 

r,~ ---s 
" --;· 'H,g.......__·x v - . '""' ,_ 

'J.' . x 
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Of those eliminated, the inaj ori ty had extremely weak or no interaction 

between Sulphur . and nercury at all, and a few were rejected on grotmds 

of disorder, or had no positional coordinates given. The 47 compotmds 

selected are classified and correlations are examined. 

In the classification of the data, each type of mercury environment 

HgSpXqYr is considered. There are three main groups based on the 

effective coordination i.e. octahedral, tetrahedral and digonal. 

The characteristic coordination, which is predominantly digonal, is 

not used as a criterion in the classification. All ligands within 

their respective van der Waals distance (see Table 25) were considered 

as interacting with mercury and contributing to the coordination sphere. 

(a) Octahedral coordination: This group has seven examples only, 

displaying distorted octahedra. 

There is one example only of HgS6 , as there is for HgS4Xz where 

X = Br. In the group Hgs3x3 we see two examples, where X = Br 

and X = Cl. For HgS2x4 there are three examples, namely X = Cl, 

Br and N. 

(b) Tetrahedral coordination: There are thirty-six examples of 

nercury in a tetrahedral environment; once again these are very 

distorted. 

Twelve examples have HgS4 , one has HgS3x where X = C. For 

HgS2x2 there are twenty-one examples, i.e. four HgS2Br2 , nine 

HgS2c12 , four HgS2I2 , three HgS2N2 and one HgS2P2. In the case of 

HgSX3, both examples have X = Cl. 

(c) In the other coordination types·there are few examples. Digonal 

coordination, which is proposed by Grdenic as very feasible for 
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Hg - S, in usually st.ippleirented by further interactions forming 

. geometries classified :in (a) and (b) above. There is one example 

of digonal coord:ination, HgSC. In addition, three examples of 

five-coordinated species were fomd: HgS4N, HgS2o2N, HgS2o3 • 

The picture that emerges is one of predominantly tetrahedral geometry, 

although very distorted and based on digonal coordination. The majority 

of structures have an HgS2 roiety, in which the sulphur rolecules 

generally lie trans to each other. 

Upon initial consideration the concept of structural correlation seems 

an easy, straightfotward analysis of data - a nere examination of a 

series of confonnations frozen into various stages of a reaction p~tbway, 

in a crystalline state. However, the correlations involve relatively 

complex systems from which only the rrercury atom and surrotmding atoms 

are isolated. The properties of these surrmmd:ing atoms ( i. e • those 

within the sphere of coordination) such as their electronegativity, 

atomic radius, the atoms with which they in turn interact and the. 

stereochemistry imposed by crystal pack:ing, are extrenely influential 

in the georretry. It is very difficult to include all of these factors 

in a single schene or correlation. 'Ilris sonetines leads to large 

scatter along a correlation curve, as will be seen :in the following 

correlation involving bond angles, electronegativities, van der Waals 

radii and bond lengths . 

7. 3 · TRENnS IN COORDINATION GEOMETRY 

Upon critical examination of the data in Table 26, it may be seen 

that not only do the vast majority of compomds display tetrahedral 

coordination to the nercury atom, but in the case of the octahedral 
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coordination spheres the characteristic coordination is generally 

tetrahedral, with the two add.i tional ligands held by weak interactions 

at a distance considerably larger than the covalent radii. 

For these tetrahedra with Czv synmetry, there are three types of 

angle, S - Hg - S, S - Hg - X and X - Hg· - X, of which the first and 

third are independent. According to a hybridisation model 6 8 , the two 

angles a 1 and a2 , defined as a 1 = X - Hg - X and a2 = S - Hg - S are 

related by the following function: 

The correlation between these two angles are shown in Figure 12. All 

4 7 structures having tetrahedral or higher coordination are represented. 

Generally the structures display a geometry intermediate between 

octahedral and tetrahedral, irrespective of the number of coordinating 

atom.5. In the case of six-coordinated irercury, the two Y ligands are 

clearly discemable by virtue of their longer bonds to mercury, relative 

to the X ligands. The structures display a tendency towards retaining 

their tetrahedral configuration with the Y ligands imposing soine 

octahedral character. Both octahedral and tetrahedral coordination 

spheres are represented on the graph, as it is the character of the X 

and S substituents that is of interest. The Y substituents are not 

represented as the conversion of tetrahedral to octahedral ts adequately 

dem:mstrated by the S - Hg - S and X - Hg - X angles. In addition it 

may be seen that a nunber of 4-coordinated species already display 

bond angles that may be associated with octahedral geometries, despite 

the absence of Y substituents. 

There is only one example of a regular octahedron, namely HgS6 , where 

the ligands all exercise the sane influence in the coordination sphere. 
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The other exanwles all have hal_ogens as adcli tiona1 ligands. These 

are seen to lie near the top of the curve in Figure 12, approaching an 

S - Hg - S angle of 180° with the X and Y ligands between 90° and 100°. 

However, these are flanked by structures having tetrahedral mercury 

coordination by definition, yet having no further ligands to justify 

an octahedral coordination geonetry. The four-coordinated species may 

be divided into two groups, those having the S - Hg - S angle distinctly 

greater than the regular tetrahedral 109°, and those that have the 

X - Hg - X angle greater. In the fonier case the angle lies on average 

at 138° for s2HgX2 and at 144° for HgS4 species. This indicates that 

the S - Hg - S bond angle stabilises at about midway (145°) between a 

linear 180° angle and a tetrahedral 109° angle. In examples where 

S - Hg - S < 109° the angle is folnld on average at about 92°. 'Ib.e 

corresponding X - Hg - X angle is co:rrnronly fm.md at about 95 ° for 

HgS2x2 where X are ligands other than sulphur, and at 101° when the X 

ligands are sulphur groups. 'Ib.e HgS 4 noieties are, as would be expected, 

most representative of true tetrahedra. With the exception of these, 

the area of the graph surrolnlding the characteristic a 1 and a2 tetra= 

hedral angles of 109° is remarkably lnlpopulated. Although the majority 

of examples investigated have the S - Hg - S angle > X - Hg - X angle, 

there are several structures displaying the opposite. This may be 

explained in tenns of a nurrber of different factprs. Of these, one of 

the nost relevant is electranegativity. When X - Hg - X > S - Hg - S, 

the X subs ti t~nt is most frequently iodine. In the case of sulphur and 

iodine, Grde!licl s has pointed out that these occupy a transitional position 

in classification of crystal structures based on electronegativity, as 

they are both equivalent to the ~(L) value of 2 ,5. He points out that 

diganal coordinati6n is nore stable for sulphur whereas t.etrahedral is 

for iodine. But in this case factors other than electronegativity are 
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influential. There is a reasonable difference in their atomic radius, 

with the van der Waals radius of sulphu; at -1,ssR, and that of iodine 

at 2,1SR24
• Sterically, the iodine atoms would be forced further 

apart than the sulphur atoms, yielding angles of I - Hg - I > S - Hg - S 

as observed. -This is depicted in Figure 13, where ideal tetrahedral 

angles and van der Waals interaction distances are shown. In theory, 

the two iodine ligands are se11arated by 4,67R, of which 4,soR is 

within their van der Waals radii leaving 0, 37R between them. In the 

case of the two sU.lphur ligands, this gap is O, soR, and in the case of 

one sulphur and one iodine atom, it lies at the internediate distance of 

0, 44R. The average I - Hg - I and S - Hg - S angles fm.m.d in the 

structures examined were 128,2° and 99,7° respectively, and the Hg - I 

and Hg - S distances both 2 ,67R. The separation in space of the iodine 

atoms is thus 4 'soR, widening the distance between their van der Waals 

radii from o, 37.R in regular tetrahedra to o ,sR. The sulphur atoms 

are separated by 4 ,osR, with 0, 38R separating the van der Waals radii. 

(See Figure 13) • The S - Hg - I angles have an average value of 1 OS , 3° , 

and the S and I substituents are separated by 4,24R, their van der Waals 

radii being separated by 0,24R. Thus the iodine atoms are exerting a 

strong influence separating them, and minimising the S - Hg - S and 

more specifically the S - Hg - I angles. 

7.4 DISIDRTIONS INDUCED BY ELECTRONEGATIVIIT 

Electronegativity is often referred to as an elusive para:rreter69
, 

ill-defined and described by Pauling as "the power of an atom to draw 

electrons to itself'' 24
• 

Of primary importance is the ligand sulphur which, by virtue of its 

electronegativity dictates the geometry of the coordination sphere, 
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as has been discussed the previous chapter. This limits all structures 

to digonal or tetrahedral characteristic coordination, as they all have 

been selected on the basis of having at least one Hg - S bond. The 

effect of electronegativity is L1vestigated in the largest class of 

sti:uctures f01.m.d, narely HgSzX2, a grouping to which c2v symrretry 

would be allocated. The electronegativity of the X substituents 
\ 

would be expected to affect the bond angles of the tetrahedron by 

removing electron density towards the substituents, polarising the 

bonds to some extent. Figure 14 represents the angular dependence of 

both S - Hg - S and X - Hg - X on the electronegativity of the X 

substituents. The S - Hg - S angle tendS to increase with increasing 

electronegativity of the X substituent. This is in keeping with the 

valence-shell electron-pair repulsion model 70 and from Bent's 56 rule. 

It has also been observed by Ho and Zuckennan 7 1 for organotin 

compOl.mds. It will be seen that the spread of the angles is large, . 

. as they obviously depend on other factors besides electronegativity. 

This is illustrated in Figure 15, a plot revealing the dependence of 

the S - Hg - S and X - Hg - X angles on the van der Waals · radius 

(considered as most representative of atomic size with respect to 

steric factors) of the substituent atoms i.e. X. The graph shows 

iricreasing X - Hg - X with increasing RvdJ», ·which is sterically logicql, 

and simultaneously a tendency for S - Hg - S to decrease. The result 

corresponds to that folllld for electronegativity, but of interest here 

is the difference between N and Cl as the X substi tuen ts, as they 

share the sane electronegativity and differ in their Rvdi» by 0 ,3.R~ 

A trend consistent with this is shown in Figure 15, where N - Hg - N 

is sterically favoured to be less than Cl - Hg - Cl. Once again, the 

scatter of points is large, the deviation incorporating a nl1TIIDer of 

other influential pararreters. 
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7. 5 EXAMINATION OF PROPOSED RADII 

Grdenic 1 5 proposes different covalent bond radii for rercury in 

digonal and tetrahedral coordination, these resulting in 2, 39 and 

2, 5~ for Hg - S respectively. A shortening of bond length would 

thus be expected to accompany a transition from a two- to four­

coordinated species. This is exactly what is observed in Figure 16. 

The majority of structures have bond lengths lying widely distributed 

within the limits of the two coordination types. The examples 

exceeding the Hg - S bond distance for tetrahedral coordination 

generally have the X ligands tending towards linearity. In most 

cases these are iodine ligands. Here Hg - S bond distances may be 

regarded as displaying weak or secondary interactions with mercury, 

supplementing a characteristic coordination of 2 and resulting in 

tetrahedral effective coordination. 

From the histogram (See Figure 17) for the Hg - S distances observed 

in all the structures, there are two distinct maxima. These occur at 

- 2,42 - 2,43 and at 2,52 - 2,535\. 

TABLE 27 PROPOSED Hg - S OOND LENGTHS (~) FOR THE CHARACTERISTIC 

CDORDINATION OF Hg 

Coordination nwriber Hg - S 

2 • 2,34 (or 2,38) 

3 2,43 

4 2,53 

5 2,64 

6 2,72 
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Considering the bond_ lengths given in Table 27, based on proposed 

covalent radii of mercury for the different coordination nwnbers, it 

can be seen that the second observed maximt.ml of 2,52 ~ 2,53~ 

corresponds to the theoretical tetrahedral bond length of 2,53~. 

It is of interest to note that the HgS4 group were chief contributors 

in this category. The first very prominent maximum in Figure 17 

at 2,42 - 2,4~ corresponds to a bond length equivalent to that of 

three-coordinate mercury. This may be more accurately interpreted as 

an average between two- and four-coordinate, again giving evidence 

of the very strong tendency of the Hg - S bonds in tetrahedrally 

coordinated mercury to adopt digonal characteristics, as has also 

been shown by the S - Hg - S angle. 

7. 6 . DI SUBSTITUTION AT TETRAHEDRAL MERCURY 

The examples of six-coordinated nercury may be described as having 

a local composition of HgS2X2Y2, with transoid S atoms in all cases 

but one, and distorted octahedral symmetry. There are two mechanisms 

by which the transition of tetrahedral to octahedral coordination may 

1 ~.3 (~·2) 2·. occur, name y ~N or ~N These two pathways are best represented 

as in Figures 18 and 19. Initially, correlations between Mx and 6.dy 

were examined where 

M = d(observed bond length) - d(theoretical covalent bond length) 

As the Hg - Y distance dy becomes shorter, t..11.e Hg - X distance dx 

lengthens. Figure 20 shows the interdependence of these two bond 
/ 

lengths. The solid curve represents the bond-order conservation 

:function 

with c = 2 , 2 3~ 
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This is associated with the relationship between bond length and 

bond order as proposed by Pauling2 4 • 

where 

d(n) = d(n) - d(1) = -clogri 

d(n) 

d(1) 

observed bond length 

single bond length 

c constant dependent on type of bond. 

As such this has no great theoretical significance, but has proved 

useful in the reproduction of experinental 57 and theoretical 74 reaction 

paths. Upon addition of two Y ligands to an essentially tetrahedral 

molecule, the X - Hg - X would be expected to decrease from 109 ° to 

90 °, and S - Hg - S to increase from 109 ° to 180 °. In the forner case, 

My = oo would thus corresp.ond to X - Hg - X = 109 °, and My = 0 to 

. 0 
X - Hg - X = 90 . Figure 21 shows the curve representing this conversion, 

passing through tidy = 0 at 90°, and approaching 109° asymptotically as 

t::,.<iy - oo. The few data points show reasonable agreement with this curve. 

How~ver, in the case of the S - Hg - S, which would be expected to have 

My = O at S - Hg - S = 180°, and My - 00 at S - Hg - S = 90°, the data 

points deviate considerably from this curve. Generally the S - Hg - S 

angles are observed to be greater than the expected values, lying 

above the curve. This may once again be ascribed ·to the very strong 

tendency of this angle to retain its digonal character. 

Finally of interest is the nechanism by which this conversion occurs 

i.e. by 5N3 or (SN2) 2 substitution. Using the few data points 

available, an ambiguous picture eirerges (See Figure 22). The points 

follow the path of the C5N2) 2 nechanism, but only as far as an 

'S - Hg - X angle of 106 °. Thus they never exceed 109 °, as is required 

for an 5N3 mechanism. However, . the S - Hg - X' is generally too small 
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and in better agreerent with the C5N2) 2 mechanism. The evidence a.S 

such is inconclusive. In the case of similar transfonnations in 

Sn(IV) 63
, the system clearly follows an SN3 rechanism, with some 

slight deviations. The majority of correlations observed thus far 

for ne.rcury(II) have generally been analogous to the Sn(IV) case. 

The similar distances between the two Hg - Y and Hg - Y' bonds 

suggest an SN3 mechanism. In the case of Figure 22, distortions as 

obsenred previously, are induced by parameters such as the electro= 

negativity of sulphur. These, as well as the shortage of data points, 

result in an linclear picture from which no unambiguous conclusion 

may be drawn. 

7. 7 MERCURY - SULPHUR SECDNDARY INTERACTIONS 

One of the primary points of investigation in Part I of· this work has 

been the four-merrbered rrercury-sulphur bridging intennediate as 

observed in NMR exchange processes 1 2
• Part I I would not be complete 

without paying attention to this particular Hg - S interaction. 

A very large part of the groundwork for this has already been carried 

out by Rosenfield, Parthasarathy and Th.mitz 72
, in their investigations 

of the directional preferences of nonbonded atomic contacts with 

divalent sulphur. Figure 23(a), (b) and (c) are a visual representation 

of their investigations, which pertain to electrophilic and nucleophilic 

contacts. Contacts with metals such as Cu(I), Cu(II), Ni(II), Pd(II) 

and, of greatest relevance, Hg(II), were regarded as "nonbondedn. 

These were also grouped with electrophilic atoms, which were generally 

found to form S---X contacts with directions < 40° from the perpendicular 

to the Y - S - Z plane, (0 ~ e ~ 40°) as opposed to nucleophilic species 

having directions < 30° from that plane (60 ~ e ~ 90°) (See Figure 23). 
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DIRECTIONAL PREFERENCES OF DIVALENT SULPHUR (REFEP£1'.JCE 72) 
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It was noted that the second category, na.Ilely the nucleophilic species, 

forned contacts which tended to lie along the extension of one of the 

sulphur bonds. These results proved in keeping with the "frontier 

orbital" model 73
, with electrophiles interacting preferentially with 

the highest occupied (HOM:l) and nucleophiles with the lowest unoccupied 

(LUMJ) molecular orbitals. The HOM) orbital is proposed to be a sulphur 

lone-pair orbital extending almost at 90° to the Y - S - X plane, 

whereas the LUM) orbital is characterised at a cr*(S - Y) or cr*(S - Z) 

orbital. Al though there is an additional Ione-pair electron orbital 

at I¢ j rv 180 ° , this seem5 unfavourable for interaction with nucleophi les. 

Thus in conclusion, the preferred directions of electrophilic and 

nucleophilic attack on divalent sulphur occur respectively perpendicular 

to the Y - S - Z plane and along the extension of the S - Y or S - Z 

bonds. 

Five examples of four-rrenbered Hg - S bridging interactions were found 

amongst the structure listed in the Cambridge Crystallographic Data File. 

An additional two structures displaying the same were elucidated in 

Part I of this work. In all cases the directional preference of the 

sulphur atom dictated the orientation of the interaction with the Hg 

atom, in keeping with the orientation of the HClf\.{) lone-pair orbital. 

This may clearly be seen in Figure 4 of PMPM, where these interactions 

give rise to stacking rather than fonning sheets in the plane of the 

generally flat molecule. Of vital interest in the bridging structure 

is whether lengthening of the Hg - S intramolecular bond is accompanied 

by a concomitant shortening of the Hg---s interaction, as would occur 

in an exchange process (See Figure 24). The relevant bond lengths are 

listed in Table 28, and Figure 25 represents a plot examining the 

relationship between the Hg - S primary and secondary interactions. 

Unfortunately no distinct pattern of lengthening primary and shortening 
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secondary bonds can be seen. 

TABLE 28 Hg - S INTERACTIONS (~) 

ref Hg(A) - S(A) Hg(B) - S(B) Hg(A)--S(B) Hg(B)--~(A) 

PEHGME 2,38 2,36 3,46 3,36 

MERSET 2,45 2,45 3,54 3,54 

PHHGDT 2,37 2,37 3,69 3,69 

PHHGDT 2,39 2 ,39 3,58 3,58 

MEUI'HG 2,96 2,96 3' 15 3' 15 

PMPM 2 ,39 2,37 3,39 3,35 

PMBM 2,37 2,37 3,20 3,20 

The bond lengths fall within a very narrow range, with Hg - S primary 

interactions lying between 2, 37 and 2, 45R, and Hg---s secbnd.ary 

interactions between 3,20 and 3,69R. As no crystal structures 

corresponding to Figure 24(III) have yet been found, it is suspected 

that the· molecular georretry is very unfavourable, generating stereo= 

chemical strain on the molecule. In Figure 24(III) the R - Hg - S 

bond is required to fonn a 90° angle, which in the light of all 

correlations carried out is totally out of keeping with the strong 

trend of retention of linearity of this bond angle. 
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Q-IAPTER 8 

DISCUSSION 

Structural correlations have been defined as representing minimum 

energy pathways for chemical reactions, compiled from a large nurrber 

of comparable TIDlecular "segnents" which have crystallised out at 

some stage along the path. 'Ihe correlations examined have revealed 

and confirmed interesting information about the mercury - sulphur 

interaction, and prov~ded a basis for critical examination of some 

'of the material presented by Grdenic 1965 1 5 in his rev~ew of the 

structural chemistry of mercury. However, as is experienced here, 

there is not necessarily a gradual change of parameters as a moiety 

changes from one conformation to the. next. 

We have seen that in the case of sulphur, its electronegativity largely 

dictates the coordi.."lation geometry of mercury. This is in support 

of Grdenic's statement that the electronegativity di·fference betvJeen 

mercury and its ligands presents the most suitable criterion for a 

rational classification of the crystal structures of mercury compounds, 

with x(L) = 2,5 as the border between digonal characteristic coordination 

(x(L) > 2,S) and tetraJ1edral characteristic arid effective coordination 

(x(L) < 2,5). Sulphur lies at the transition, and Grdenic observes 

that digonal coordination is favoured. 

'Ihe picture that emerges in this respect from the various structural 

correlations, yields an overall compromise between digonal and 

tetrahedral coordination, for although the molecule is four coordinated, 

there is an extremely strong tendency for retention of linearity of the 

S - Hg - R bond. This gives rise to very distorted tetrahedra. 
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TI1e electronegativity effect is supplemented by other factors, such 

as the size of the substituent ligands. This is illustrated in 

Figure 13, where the electronegativi ty of both sulphur and iodine is 

2,5. 

The covalent radii proposed by Grdenic correspond very' closely to 

those fotmd, with the average radius for structures intenrediate 

between digonal and tetrahedral within o,02R of the average proposed 

radius (fotmd: 2,42 - 2,43R, proposed :(2,34 + 2,53\12 = 2,44R). This 

corresponds with the average S - Hg - S angle in the HgS4 groups, which 

lies at 144°, exactly intennediate between tetrahedral 109° and 

digonal 180 °. 

The examination of ,the tetrahedral to octai1.edral conversion by 

disubstitution yields inconclusive results. Upon consideration of all 

the limited data, an 5N3 process seeITLs possible, as has been observed 
I 

for Sn(IV) 6 3
• This pathway is entropically disfavoured in solution, 

and has been 'found only rarely in gaseous phase, as the three-body 

collision required is statistically improbable. However, an 8r-~3 

process should correspond to a reasonably well defined valley in the 

potential energy hypersurface. 

Initially it was suggested that the method of structural correlation 

could fonn the missing link between kinetics in solution and static 

crystallography. The 5N3 case shows that the method has an additional 

advantage, namely, highlighting mechanisms not necessarily feasible in 

solution. 

In the case of the Hg - S four-centred bridge internediate as seen in 

NMR exchange processes, it was hoped that there might be evidence of 
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this exposed by structural correlations'. Unfortunately, this seems 

unlikely based on the retention of linearity at mercury. In Figure 

24 (III) the R' - Hg(1) - S(2) bond is at 90°, which is stereochernically 

totally disfavoured. It is thus highly unlikely that this may be found. 

Transitions such as 24 (I) to 24 (II) are, however, feasible. 

Investigations were also limited by lack of sufficient data. In 

conclusion it may be said that all investigations carried out based 

on the structural parrureters of the mercury coordination sphere are 

in total agreement with those proposed by Grdenic. Mechanistic 

investigations of disubstitution processes have been disappointing, 

largely due to the lack of availability of data. However, structural 

correlations have in the past proved representative of chemical 

reactions, and in add.i tion to this may reveal totally new pathways 

of minimum energy, unfeasiblp in solution but manifested structurally. 
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