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Structural Studies of Phosphine Complexeé of Mercury(I1) Halides by

Lorraine March

ABSTRACT

Previous investigations of the solid-state structures of (R2P) HgX
(where X = Cl, Br,orIandn=1or2)complexes have been extendad by the
determination of the structures of the following:

(1) [(PrgP)HgC1,d, (vi) [(NCCH,CH,)3PHGC1 ,1,
(ii) [(Pr3P)HgBr2]2 (vii) [(Ph3P)H912]2
(111) [(a-PrgP)Hgl,] " (viii) [(NCCH,CHy)3PI,HgCT,
(iv) L(B-PrsP)Hgl,l, (1x) L(NCCH,CHy) 3P],HgBr,Me,CO
(v) IZCd(u-I)ZHg(PPr3)2 (x) [(2-th1eny1)3P]2H9012

As with previously solved 1:1 mercury(Il) halide tertiary phosphine
complexes (i) to (vii) show a wide variety of structures. These vary from
symmetrical halogen-bridged dimers (e.g. [(PrsP)HgCI,],) to a polymeric
chain structure for [(a-Pr3P)HgIZJn. Both [(B-Pr3P)ﬁg%2]2 and 1,Cd(u-

I) Hg(PPr3)2 show the unusual feature for halogen-bridgéd dimers, of having
bo%h phosphine ligands attached to the same metal atom. In the case of
I Cd(u-I)zHg(PPr3)2 both phosphine groups are attached to the mercury atom,
s%owing mercury to have a stronger affinity than cadmium for phosphorus.

The 2:1 complexes all are distorted monomeric tetrahedral structures,
[(NCCHZCH )3PI5HGCl, consisting of two independent monomeric units.
However, % CéﬁZCHg33P]2HgBr2Me2CO which contains a molecule of acetone has
a trigonal bipyramidal arrangement due to a weak interaction between the
mercury atom and the oxygen atom from the acetone molecule.

The solid-state structures of these complexes have been rationalised in
the terms of:

(a) the donor strengths of the R4aP ligands
(b) the donor strengths of the halides

For 2:1 complexes strong o-phosphine donors give a greater distortion of
the structure from the tetrahedral, having large P-Hg-P bond angles and
short Hg-P bond lengths. Similarly, for the limited data available, the
weaker o-bonding halides (e.g. C1) give the predicted trends of short Hg-P
bond lengths accompanied by larger P-Hg-P bond angles.

The situation for the 1:1 compounds is more complex with some
O-phosphine donors forming more extended structures. A few of these 1:1
complexes are known to exist in more than one form, for example, Bu3PHgC12

and PraPHgl,. In both of these cases one form is a halogen-bridged dimer,
the other form being a more extended structure; in the former it is
tetrameric and in the latter a halogen-bridged chain structure. The
expected trend of short Hg-P bond lengths and larger P-Hg-X angles for
strong o -phosphine donors is still apparent in these structures as is the

shortening of the Hg-P bonds and increase in the associated X¢-Hg-P angles
tor weak o-donor halides.



Objectives

Previous work has shown that a variety of structural types are possible
for the 1:1 series of complexes of tertiary phosphines with mercury(II)
halides. Additionally, certain molecular parameters found for a limited
range of 1:1 and 2:1 complexes appear to be dependent upon the nature of
the phosphine ligand. In order to more clearly establish the major factors
which influence the type of structure and geometric parameters adopted for
(R3P)pHgXo (n=1o0r 2, X=Cl, Bror I) the full X-ray structure has been
determined for a much wider range of complexes. The mercury(II) halide-
tertiary phosphine complexes have been chosen with varying halogen atoms
and phosphine ligands, in order to extend an understanding of both the
effect of the halogen atom and of the o-donor capacity of the phosphine

upon the nature of the complex and the geometry adopted.
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1. General Introduction

1.1 General Properties of Zinc, Cadmium and Mercury

Mercury is a member of group IIB along with zinc and cadmium and they
all have the yeneral outer electronic configuration ndl0(n+1)s2. Although
all have the common oxidation state of M(II), mercury also has an oxidation
state Hg(I), giving rise to several stable compounds. In contrast, zinc(I)
and cadmium(I) compounds are very unstable and are not easily isolated.

The melting points of zinc and cadmium are 420 °C and 320 °C respectively
but mercury is an unusual metal in that it is liquid at room temperature,
having a melting point of -39 °C. X-ray diffraction studies of liquid
‘mercury show that each mercury atom is surrounded by six close atoms at
3.00 R and six more distant atoms at 3.47 %1. Solid mercury shows similar
hexagonal packing,2 whereas the vapour 1is shown to be monatomic. Both zinc
and cadmium adopt hexagonal structures at room temperature.3

In their compounds all three metals show a range of co-ordination
numbers varying from two to eight. All three give linear two co-
ordination, mercury more commonly than zinc and cadmium. A1l three also
qdopt tetranedral four co-ordination, trigonal bipyramidal five co-
ordination and octahedral six co-ordination, often distorted from the
regular shapes (Figs. 1.1-1.3). Mercury also shows cubic eight co-
ordination. |

The covalent radii of zinc, cadmium and mercury atoms decrease with
increasing co-ordination number. For example, four co-ordinate compounds
of Zn, Cd and Hg are found to have covalent radii of 1.31, 1.48 and 1.48 R
respectively whereas in octahedral six-co-ordinate compounds the covalent
radii have decreased to 1.27, 1.45 and 1.45 R respectively.

1.2 Metal(l) Halides

Of the three metals only mercury forms stable M(I) halides, although



halides of cadmium(I) and zinc(I) have been detected they have not been
isolated. Mercury forms all four Hg(I)halides and all have similar dimeric
structures.l0 These would appear to be dominated by linear two co-
ordination about each mercury, with two mercury and two halogen atoms being
colinear (Fig. 1.4). The co-ordination in this dimeric unit is extended to
six by weak interaction of four distant halogen atoms (X').

1.3 Metal(Il) Halides

Zinc, cadmium and mercury all form the M(II) halides, those of Hg(II)
being the most stable. The fluorides are ionic, with that of zi&c having a
rutile type structurell and those of cadmium and mercury adopting a
fluorite type structure (Figs. 1.5, 1.6).1-12  Zinc chloride and bromide
have cubic close-packed arrangements while the iodide has a hexagonal
close-packed layer structure (Fig. 1.7). Cadmium chloride, bromide and
jodide all have layer lattices. The iodide structure is based on &
hexagonal close-packing arrangement of jodine atoms (Fig. 1.7) while the
other two halide structures involve cubic close-packing arrangements of the
halogen atoms.l Mercury(II) chloride has a stacked linear structure (Fig.
1.8). The a-form of mercury(ll) iodide has a distorted cubic close-packed
structure while the g-form adopts a distorted brucite structure also found
in mercury(II) bromide.l

1.4 Complexes Formed Between Metal(II) Halides and Monodentate Ligands

The halides of all three metals form a range of complexes with
monodentate and polydentate neutral ligands having nitrogen, arsenic,
sulphur, oxygen or phosphorus as the donor atom. The complexes have a
variety of cofordination numbers, commonly ranging from two to six, but
some eight-co-ordinate complexes are also known. Tﬁe discussion in this

section is limited to a discussion of compounds formed between the metal



halides and monodentate ligands; complexes formed with polydentate 1igands
are not included. A more detailed discussion of complexes formed with
tertiary phosphines is included in section 1.5.

1.4.1 Zinc Halide Complexes

Few structures of zinc halide complexes are known with any certainty.
A variety of 2:1 complexes LpZnXp have been prepared and studied mainly by
infrared vibrational techniques. Interpretation of infrared data indicates
the 2:1 complexes formed between zinc halides and p-toluidine,l3 pyridine
and substituted pyridinesl4’15 adopt monomeric tetrahedral structures. An
X-ray study of (thiourea)s ZnClp shows it to have a simple monomeric
structure with slightly distorted tetrahedral co-ordination about zinc
(C1-Zn-C1, 107.3(2)°; S-Zn-S, 111.5(2)916 The 1:1 phosphine complexes of
Zn(II) halides are discussed in section 1.5.1, but few other 1:1 complexes
are known. '

1.4.2 Cadmium Halide Complexes

Many examples of 1:1 cadmium halide complexes containing neutral
monodentate ligands are known and these are usually polymeric. The
structures generally consist of a double chain arrangement involving
halogen bridging, resulting in a distorted octahedral arrangement about
each cadmium atom (Fig. 1.9). A number of 2:1 cadmium complexes (LpCdXp)
have a halogen-bridged éingle chain polymeric structure in which cadmium
has an octahedral environment, the fifth and sixth positions being occubied
by a neutral monodentate ligand (Fig. 1.10). Otger 2:1 complexes give rise
to monomeric distorted tetrahedral structures (Fig. 1.11).

1.4.3 Mercury(II) Halide Complexes

Many 1:1 mercury(II) halide .complexes of monodentate donor 1igands form
halogen-bridged dimeré (Fig. 1.12) although a few complexes, which have

oxygen as a donor have been shown to form oxygen-bridged dimers (Fig.



'1.13). Some 1:1 complexes have extended five co-ordination resulting in a
trigonal bipyramidal structure (Fig. 1.2). For 2:1 complexes (LpHgXp) a
distorted monomeric tetrahedral structure is common, but some complexes
have an effective five co-ordinate trigonal-bipyramidal arrangement (Fig.
1.14). Some 2:1 complexes as for example (pyridine)pHgC1,27528 and
(methano])gHgClg29 adopt polymeric structures in which mercury occupies a

distorted octahedral arrangement (Fig. 1.15).
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Bis(o-ethylthiocarbamate)mercury chloride

~

o)
Bond lengths (A)

Hg-S1 2.62(1)
Hg-S2 2.58(1)
Hg-Cl1  2.45(1)

Hg-C12  2.43(1)

Bis(triphenylphosphine)cadmium chloride

Ci2

Bond angles (0)

S1-Hg-S2 96.2(2) S2-Hg-C11 103.2(2)
S1-Hg-Cll 103.2(2) S2-Hg-C12 112.4(2)

S1-Eg-Cl2 106.5(2) S2-Hg-C12 129.9(2)

o
Bond lengths (A)

Cd-C1i1 2.504(6)
Cd-C1l2 2.440(6)
Cd-P1 2.635(6)

Cd-P2 2.632(6)

e}
Bond angles ( )

Cl1-Cd-C12 113.9(2) Cl2-Cd-P1 105.7(2)
C11-Cd-P1 104.5(2) Cl2-Cd-P2 112.1(2)

Cl1-Cd-P2 112.2(2) P1-Cd-P2 107.6(2)

Fig. 1.1 Tetrahedral Four Co-ordination
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(2,4—Dimethy1pyridine)HgBr2

6

Bond lengths (3)

Heg-Bri 2.,621(3)
Hg-Br2 2.486(%4)
ge-Bri'  2.911(3)
Hg-Br2' .  3.548(4)
Heg-N 2.21(2)

Bond angles (%)

Bri-Hg-Bri’
. Br1-Hg-Br2
Bri-Hg-Br2’
Bri-Hg-N
Bri-Hg-Br2
Bri’-Hg-Br2’
Brlng-N
Br2-Hg-Br2’
Br2-Hg~N
Br2iHg-N

92.4(2)
122.2(2)
83.5(2)
106(1)
100.9(2)
164.9(3)
90(1)
93.6(2)
129(1)
77(1)

(Collidine)HgCl, 4
Hg-Cl1 = 2.455(18)
Hg-C12 2.542(18)
Heg-C11’ 2,956(18)
Hg-C12°  2.948(18)
Hg-N 2.131(18)
c11-Hg-€11" 85.8
c1i-Hg-C12 110.1
Cli-Hg-C12° 93.3
Cc1l1-Hg-N 122.5
cli-Hg-C12  94.7
Ccl1-Hg-N 89.7%
c12-Hg-C12° 84.3
cl2 Heg-N 128.4
cl12lHg-N 92.1

Fig 1.2 Trigonal Bipyramidal Five Co-ordination.
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8
(Bisformamide) CdCl, L

Bond lengths (&) “Bond angles (%)
cd-c11 2.383(8) | clti-cd Cl13 90.1(2)
cda-cl2 2.912(8) Cc12-Cd-0 83.0(1)
cd-C153 2.910(8) Cl2-Cd-Cly 89.8(3)
cd-Cly 2.379(8) Cl3-cd-Cly 180 (-)
ca-0 - 2.34 (3) C13-Ccd-C12 89.9(-)
9

(Tetrahydrofuran)HgBr2

~ Bond lengths (R) Bond ancles ()
He-Br  2.475(10) He-Brs  3.27(1) Bri-Hc-Br2  174.6(4)
Heg-Br2 2.480(10) Hg-0 2.67(8) Bri-Hg-0 180(-)
Hg-Br3 3.15(1) Heg-Brl  3.47(1) Bri Hg Bry 90(=~)

Fig 1.3 Octahedral Six Co-ordination

1



: 6 x'
X
: Hg {Hg
’
X vy v X/

o)
Bond Distances (A)

F Cl Br I
Hg-Hg 2.42 2.53 2.58 2.69
Hg-X 2.31 2.53 2.57 2.69
Hg-X' 2.69 3.17» 3f32 3.51

Fig. 1.4 Structures of the Mercury (I) Halides Hg,X (X=F,Cl,Br,I).1
2°2

0
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Fig 1.5 Rutile Structure of ZnF‘2

&l
ol
-
o]
&)

F

=cd,He)!

Fig 1.6 Fluorite Structure of MF, , (M

=cd,zn) !

Fig 1.7 Layer Structure of MIQ(M
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//NCH
I = «0 =2¢
AN
: NH,
/C-——-NH
II = N |
\
c=cH
H
/NH2
ITI = ¢—S =C
\bH
Bond lengths (&) 3
L cd-C11 cd-c12 cd-Ccl3 cd-c11’ cd-c12” cd-L
I 2.62(-) 2 67(-) 2.66(-; 2.58(-) 2.67(-) 2.18(-)
II 2.729(3) 2.604(4) 2.676(3) 2.728(3) 2.601(4) 2.243(5)

III 2.57(2) 2.89(2)  2.63(1) 2.76(2) 2.89(2) 2.55(1)

Bond angles (°)

L Ccli-ca-Cl2 cli-cd-c11€’  cli-cd-Cl3 Cl1-Cd-L

I 87(-) 172(-) 88(-) 99 (=)

11 87.5(1) 173.5(1) 90.8(1) 94.1(2; -
III 86.1(5) 171.4(4) 90.6(4) 98.2(7)
L Cc12-Cd-C13 c12-Cd-L cl2-cd-c11’° C€12-cd-Cli1
I ' 88(-) 106(-) 89(-) 91 (=)

11 83.1(1) 90.5( ) 89.4(2) 95.0(1)
ITI 79.5(4) 81.7(6) 88.4(5) 97.7(5)

Fig. 1.9. Structure of Selected LCdClz, Complexes (L=Monodentate

Ligand).
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X2
Cd X3
X4 X

Bond lengths (3)

L X - cd-x1 cd-L cd-X3 Ccd-x2

NH, cl 2.70(-)  2.1(-y 2.71(-) 2.71(-)

NH Br 2.36(-) 2.1(-) 2.86(-) 2.86(~-)
pyridine Cl 2.35(4) 2.46(-) 2.35(4) 2.35(4)

Bond angles (014

L X X1-Cd-X3 X1-Cd-L
pyridine ¢l 89.5(-) 90.4(-)

Fig. 1.10. Structures of Selected Octahedral.LZCdClz

200

Complexes (L=NH_3 or Pyridine 2{;X=Cl or Br).

16



Cl1

ci2
Bond.lengths (R) Bond Angles (9)
cd-cl1  2.51(-) Cli-cd-c12 103(-)
cd-c12 2.50(-) Cli-Ccd-S 106(-)
Cd-s 2.45(-) . cl2-cd-S 105(-)
s-cd-s’ 129(-)
Cd-S-C 113(-)

Fig 1.11 Structure of Bis(thiourea)Cadmium (II)Chloride 22
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Bond lengths (R)

Hg-Bri 2.25(-)
Hg-As 2.25(-)
Hg-Br2  2.60(-)

Bond angles (°)

(-
(-
(

As-Hg-Bril 135
As-Hg-Br2’ 9y
AstHgiBrQ ' 9y

Fig. 1.12,

’
Hg-Br2  2.90(-)
Bri-Hg-Br2 102(-)
Br2-Hz-Br2’ 87(-)
Hg-Br2-Hg ’ 93(-)
24

Structure of (Bu3As)HgBr2

18



Bond lengths (])

Hg-Cl1  2.32(1) Hg-0'  2.46(2)

Hg-Cl2  2.32(1) As-0 1.66(2)

Hg-0 2.48(2)

Bond angles (°) -
Cl1-Hg-C12  144.8(4) cl2-Hg-0~ 104.8(7)
C11-Hg-0 105.8(7) 0-Hg-0"  78.7(9)
Cl1-Hg-0' 105.4(7) As-0-Hg 129.3%(13)
C12-Hg-0 97.6(7) As-0-Hg’ 122.4(13)
25

Fig. 1.13. Structure of (PhBASO)HgCI2
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cu
Bond lengths (&) Bond angles (°)
Hg-S1 2.416(6) S1-Hz-C12  110.8(2)
Hg-Cl2  2.57(1) Si- Hg-S1  138.6(2)
Heg-Cl1  3.22(1) ' Hg-S1-C11  110.0(9)

Hg-C11  3.22(1)

Fig. 1.14. Structure of (NH,CSNH,),HgCl, 26-

20



Bond lengths (R)

L Hg-Clt Heg-L Hg-Cl1 Hg-Cl2 Hg-C12
CH40H 2.31(3)  2.82(3) 3.07(3) 2.31(3)  3.07(3)
pyridine 2.754(2) 2.266(6) 2.765(2) 2.754(2) 2.765(2)

Bond anglas ()

L Cll-Hg-L Cl1-Hg-C12 Cli-Hg-C1l1 Cll-Hg-C1l2
CHBOH : 80(1) 180(1) 86(1) 129(1)
pyridine 88.5(2) 180(-) 90.21(6) -

L-Hg-Cl1 He-Cli-He

pyridine 90.6(2) 90.21(7)

Fig., 1.15.

structures of the 2:1 Complexes L2Hg012

(L=CH0H 275¢ pyridine

28,29 )

21



1.5 Phosphine Complexes of Zinc, Cadmium and Mercury

Mercury(II) halides form tertiary phosphine complexes having a wide
variety of stoichiometries:
(R3P)MXo, (R3P)2(MX2), (R3P)(MX2)2, (R3P)3(MX2);.
Zinc and cadmium halides, in contrast, give rise to a limited range of
complexes and the moxt extensively studied are the 2:1 and the 1:1 adducts,
LpMX2 (n = 1,2). These complexes are generally prepared by the reaction of

the metal(II) halide with the tertiary phosphine in a suitable solvent.

1.5.1 Complexes Formed by Zinc Ha]iQes and Tertiary Phosphine Monodentate
Ligands

Few zinc halide tertiary phosphine complexes have been prepared. The
complexes (R3P)ZnXp (X = C1, Br or I:R = t-butyl, cyclohexyl) have been
studied using infrared and 31p NMR techniques. A1l these complexes are
reported to be halogen-bridged dimers.30,31  The 2:1 complexes formed with
triphenylphosphine, (Ph3P)pZnXp (X = Ci, Br or I), have been prepared and
infrared studies indicate that they have monomeric tetrahedral
structures.32

1.5.2 Complexes Formed by Cadmium Halides and Tertiary Phosphine

Monodentate Ligands

Many cadmium halide 1:1 complexes have dimeric halogen-bridged
structures with distorted tetrahedral co-ordination about cadmium.
However, (PhMepP)CdClp adopts a polymeric structure in which cadmium has
unusual five co-ordination (Fig. 1.16).33 The 2:1 complexes appear to be
monomeric, (Ph3P)2CdCiz having a distorted tetrahedral structure (Fig.
1.1).5

1.5.3 Complexes formed by Mercury Halides and Tertiary Phosphine

Monodentate Lijgands

Although the literature contains many reports of phosphine complexes

2



(R3P)pHaXo (n = 1, 1.5, 2), the earlier papers gave little unambiguous
evidence for the structure of such complexes. Assignment of far-infrared
frequencies of mercury-halogen bands appear to be consistent with a
halogen-bridged dimeric arrangement. Indeed, preliminary X-ray analysis
confirmed this arrangement -for (Pr3P)HgBr2.24 A programme of work has been
undertaken at Sheffield City Polytechnic to rationalize the range of
structures adopted by complexes formed between mercury(II) halides and
monodentate tertiary phosphines.6,34-37
(A) 3:2 Complexes (R3P)3(HgXo)2

The existence of 3:2 mercury(Il) halide complexes was reported by Evans
et 31,24 Crystallographic data are available for only one complex
(EtMepP)3(HgCl2)2 which is found to have an extended chain structure with
the mercury atoms having alternating co-ordination numbers of four and
fived® (Fig. 1.17).

(B) 1:1 Complexes (R3P)HgXo

In the series of complexes (R3P)HgClp (R = Me, Et, Bu, Ph, cyclohexyl)
and (R3P = 1,2,5-triphenylphosphole) halogen-bridging is observed as shown
in (Figs. 1.18-1.24L34’36’38’39 Full X-ray structural data are available
for these complexes, the structural types being indicated in Table 1.l.
Structures have been proposed for several of their bromide and iodide
ana}pgues using far-infrared vibrational spectroscopy and from preliminary
X-ray photographs. In some cases the availability of 3lp NMR data has been
used to reinforce these structural assignments.

ATthough many of the complexes are centrosymmetric dimers they show a
wide range of structural arrahgements. X-ray studies show that
(Cy3P)HgC1239 contains two independent dimers within the unit cell. Though

0
the Hg-P distances are almost identical 2.416(3) and 2.412(3) A for

2



dimers 1 and 2 respectively, other bond distances and angles vary
considerably (Table 1.2). (Me3P)HgClo and (Et3P)HgC123% are both
polymeric, with the mercury atoms in distorted trigonal bipyramidal
environments, but the details of the structures differ markedly.
(Et3P)HgClp is regarded as an extended chlorine-bridged chain (Fig. 1.19)
while (Me3P)HgClz (Fig. 1.20) which has a large P-Hg-Cl1 angle of 162.1(1)°,
is ibnic in nature (Table 1.2).

Both (TPP)HgClp and (Ph3P)HgCly are centrosymmetric dimers in which the
ligands are mutually trans (Figs. 1.21-1.22), but the relative Hg-Cl
bridging distances differ considerably. For (TPP)HgClo the bridging is
very asymmetric, Hg-Clp, distances being 2.54(1) and 2.75(1) Ai whilst for
(Ph3P)HgCl2 the Hg-Clpy values are almost equal, being 2.623(8) and
2.658(8) A.3¢

(BugP)HgClo exists in two different forms, the a-form34 contains a
tetrameric unit with mekcury in both tetra-co-ordinateand penta-co-ordinate
environmenfs. The tetramer comprises two unsymmetrical dimeric units (Fig.
1.23) which are linked by weak chlorine bridges (Hg-C1, 3.38(3) %). The
terminal mercury atoms have an extremely distorted tetrahedral environment,
the angles ranging from 92.6(7) to 147.8(7)°. The angles about the central
mercury vary even more, ranging from 78.7(6) to 150.6(7)°. The g-form of
(BU3P)HgC1238'is a centrosymmetric nalogen-bridged dimer similar to that
found in (Ph3P)HgC1234 and shows no evidence of any further interaction of
the dimers (Fig. 1.24).

Preliminary phofographic evidence indicates that (TPP)HgBr2,34
(Me3P)HgBro,36 and (Ph3P)HgXs (X = Br or I)3% may be isostructural with
their corresponding chlorides. In contrast (Me3P)HgIg34 is not

isostructural with its chloride analogue.
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(C) 2:1 Complexes (R3P)2oHgX»

The (R3P)oHgXp series of complexes (R = Et, Bu, Phy X = C1, Br or I)
have been characterised as four co-ordinate monomers, with varying degrees
of distortion from regular tetrahedral geometry. (Ph3P)2H91240 has an
almost regular tetrahedral geometry about the mercury with an I-Hg-I angle
of 110.43(8)° and a P-Hg-P angle of 108.15(4)° (Fig. ¥.25) In contrast,
the complexes (R3P)oHgClo (R = Bu,*l Et42 and Ph43) all show a greater
distortion from tetrahedral geometry (Table 1.3) (Figs. 1.26-1.28). This
distortion may be attributed in the ethyl and butyl complexes to the
phosphines having high pKa values of 8.69 and 8.64 respectively. Such hign
pka values indicate a higher donor strength than for triphenylphosphine
(pKa 2.73). For (Ph3P)oHgClp the greater distortion from its iodide
analogue must be caused by the effect of the halogen atoms. Iodide is a
stronger donor than chloride to mercury so that the P-Hg-P angle is less in
the iodide (108.15(4)°)40 than in the chloride (135.2(4)¢).43

Initial results for (Ph3P)oHgBry have been reported.43 These indicate
a distorted tetrahedral structure; the P-Hg-P angle being 113.0(5)° in
accord with the above results for the iodide and chloride.

NMR data is available for several 2:1 complexes and coupling constants
have been determined for (R3P)2HgX249 complexes (X = C1, Bror I and R =
Et, Bu or Ph). Table 1.3 compares bond distances, angles and coupling
constants for.these complexes. The factors which influence the degree of

distortion of 1:1 and 2:1 compiexes are discussed in detail in Section 2.

2



Bond lengths (A)

Cd-C11 2.481(1)
cd-c12 2.497(1)
Ccd-C11 2.745(1)

Bond angles (9)

Cli-cd-cl2 110.50(2)
cit-cd-c1t”  86.00(2)
cli-ca-cl2”  92.60(2)
Cli-cd-p 130.00(4)

c12-cd-c11” 93.40(2)

’
Cd-C12 2.734(1)

Cd-P 1.825(5)

ci2-cd-ci2”  87.10(2)

c12-Cd-P - 119.50(53)
cif-cd-c12’ 178.50(%)
ci1-cd-p  88.70(4)
c12<ca-p 92.20(2)

Fig 1.16 Structure of (PhMeQP)Cd012




P1
Cl3
Bond lengths (&) :
Hegl-Cl11  2.69(1) Hgl-P2 2.40(1) Hg2-P3  2.40(1)
Hegi-C12  3.07(1) Hg2-C12  2.62(1)
Hgi-Cly  3.25(2) Hg2-C13  2.52(1)
Hegl-P1 2.40(1) Hg2—Cly  2.45(1)
Bond angles (0)
C-11Hgl-P1 97.6(5) C12-Hg-C13 98.2(5)
Cl1-Hg-P2 90.1(5) C12-Hg2-C1l4 104.1(5)
C14-Hgl-C12  149.1(4) C13-Hg2-C14 98.5(5)
P1-Hgl-P2 172.3(5) Cl12-Hg2-P3  101.0(5)
C13-Hg2-P3 117.2(5) Hgl1-C12-Hg2 133.1(5)

C14-Hg2-P3 132.9(6) - Hgl-Cl4-Hg2 107.1(5)

. 5
Fig 1.17 Structure of (EtMe,P).(HeCl,), 3
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Fig. 1.18 Structure of (Cy,P)HgC1 39
3 2 _

cin’

Fig. 1.19 Structure of (Et3P)HgC12 36
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Fig. 1.20 Structure of (MeBP)HgC1

2

36

Fig. 1.21 Structure of (TPP)Hg012

34
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Fig.

1

.22,

Structure of (PhBP)HgCIO

34

Fig.

1

.23

Structure of a—(BuBP)HgCI2

34
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Fig. 1.24. Structure of 8-(BugP)HgCl, 38
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Fig 1.25 Structure of (Ph3p)2HgI2

43
2

P)2HgCI

3

Fig 1.26 Structure of (Ph
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Fig 1.27 Structure of (EtsP),HeCl, 42

P2

Fig 1.28 Structure of (BusP),HeCl, il
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TABLE 1.1 Known Structures of (R3P)HgX»> Complexes

Complex Structure Evidence Ref.
(Ph3P)HgC1, Centrosymmetric dimer Full X-ray structure 34
(Ph3P)HgBro Centrosymmetric dimer Preliminary X-ray photographs 34
(Ph3P)Hgl, Centrosymmetric dimer Preliminary X-ray photographs 34
(TPP)*HgC15 Céntrosymmetric dimer Full X-ray structure 34
(TPP)*HgBrs Centrosymmetric dimer Preliminary X-ray photographs 34
a-(BuzP)HgClp  'Tetramer' Full X-ray structure 34
B-(BuzP)HgCly  Centrosymmetric dimer Full X-ray structure 38
(Cy3P)¢HgC12 Two independent Full X-ray structure 39
centrosymmetric dimers
(Et3P)HgClo Chain polymer Full X-ray structure 36
(Me3P)HgClo "Tonic' polymer Full X-ray stfucture 36
(Me3P)HgBro "Tonic' polymer Preliminary X-ray structure 36

+TPP = 1,2,5-triphenylphosphole

j;Cy = cyclohexy]l
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TABLE 1.2 Selected Bond Angles and Bond Lengths of 1:1 (R3P)HgClo

Complexes
. 0 0 0

Ligand Hg-P(A) Hg-Ci¢(A)  Hg-Clpr(A)  P-Hg-C1¢(°) Cly3-Hg-Cla(°)

PMe330 2.365(3) 2.355(4)  2.782(4) 162.1(1) 98.2(1)
2.941(4)
3.489(4)

PEt336 2.35(1)  2.42(1) 2.56(1) 145.4(3) 98.7(3)
3.04(1)
3.21(1)

PBu334 2.363(21) 2.289(21) 2.709(20)  147.8(7) 92.6(6)

(a-form)  2.337(19) 2.626(19)

PBu338 2.377(6) 2.348(8)  2.720(6) 150.9(3) 89.0(3)

(8-form) 2.736(6)

pPh334 2.406(7) 2.370(10) 2.658(8) 128.7(4) 84.4(3)
2.623(8)

PCy3 39 2.416(3) 2.391(5)  2.641(4) 139.6(2) 95.2(2)

mol (1) 2.665(4)

mol (2) 2.412(3) 2.413(3)  2.602(4) 132.0(1) 101.5(1)
2.779(4)

TPP34 2.438(10) 2.404(11) 2.542(13)  127.8(5) 86.5(4)
2.747(14)

br = bridging

t = terminal

3



TABLE 1.3

Bond Distances, Angles and Coupling Constants with Estimated Standard
Deviations for (R3P)nHgXp(n =1, 2 and X =C1, Br or I)
(R3P)p. X P-Hg (A)  P-Hg-P (°)  J(199Hg-31p) Hz  pKa  ref.
(Ph3P)2 C1 2.462(2) 134.1(1) 4740 2.73 50
2.478(2)
Br 2.54(3 113.0(5) 4178 " "
2.53 2;
I 2.574(3) 109.0(1) 3073 " !
(Ph3P)1 C1 2.406(7) 7431 " "
Br 6464 " "
I 4700 " "
(BuzP)2 C1 2.34(6) 139.0(2) 5078 8.64 49
2.64(6)
Br 4741 ! "
I 4110 " "
(BuzP)1 C1 2.34(3) 7446 "
2.35(2)
Br 6624 "
I 5127 "
(Et3P)2 C1 2.39(1) 158.5(1) 5095 8.69 42
2.39(1)
Br 4792 " "
I 4004 " "
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2. Factors which Influence the Solid State Structure of Mercury(II) Halide

Complexes

The following factors are believed to influence the solid state
structures of mercury(II) halide complexes with monodentate neutral donor
ligands:

(i) type of donor atom;

(ii) electronic effect of the substituents attached to the donor atom;

(iii) steric effect of the substituents attached to the donor atom;

(iv) nature of the halogen atom;

(v) entropy effects.

2.1 Influence of the Donor Atom

Hg* and Cd2* jons are classed as 'soft acids' or 'Class b' metal ions
but Zn2* is a ‘harder acid' than either Hg2* or Cd2+.51 Mercury(II) will
therefore form strong interactions with 'soft' bases such as sulphur,
phosphorus and arsenic but nitrogen, being a harder base, is less Tikely to
form strong interactions. The strong interactions cause distortion d% the
X-Hg-X unit from a linear arrangement and an increase in the length of the
Hg-X bond. Oxygen which is classed as a 'hard' base, only interacts weakly
with mercury resulting in polymeric structures with only a slight
distortion from linearity of the X-Hg-X units. For (C4H80)HgBr29 the
Br-Hg-Br angle is 174.6(4)° while the Hg-Br bond distance is 2.475(10)(%.
In contrast (Ph3P)2HgBr243 shows a larger degree of distortion from
linearity, having a Br-Hg-Br angle of 106.9(3)° and Hg-Br distances of
2.633(6) and 2.626(8) %.

The advent of the modern Fourier Transform NMR spectrometer has enabled
the 31p and 199Hg spectra of complexes to be studied, the main areas of
interest being the chemical shifts and coupling constants.

A clear correlation has been found between the coupling constants and
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the o-donor.strengths of the ligands (Table 1.3). The stronger donor
ligands tend to give larger coupling constants, for example, (Et3P)2HgC1242
has a larger coupling constant (J(199Hg-31P)) than (Ph3P)2HgC12.50 The 2:1
complexes have smaller coupling constants than the corresponding 1:1
complexes, probably as the donor ability of the ligand is affected by the
competition of a second ligand about the mercury atom. This would mean
that in the case of the 1:1 complexes the ligand is a stronger donor atom,
hence having a larger coupling constant.

2.2 The Electronic Effect of the Substituents Attached to the Donor Atom

The extent of the interaction between mercury and the donor is also
dependent on the ability of the donor atom to act as a "Lewis Base". Thus
the o-donor ability of the ligand is dependent on the substituents attached
to the donor atom. A considerable amount of work has been carried out on
tertiary phosphine complexes,®2 much of which reiates the basicity of the
phosphine to the Hg-P bond lengths and to the bond angles about Hg. In
general, complexes formed with 1igands of a high pKa are found to’have
shorter Hg-P bonds which may reflect a strong mercury-phosphorus
interaction.

The 1:1 and 2:1 complexes show an increase in the length of the Hg-Cl
bond and a corresponding decrease in the Hg-P distance from Ph3P to Etj3P.
These data appear to supporﬁ the idea that Ph3P, with a pKa of 2.73, has a
weaker interaction with the mercury atom than Et3P, which has a pKa of
8.69. For the 1:1 complexes the Cl¢-Hg-P angle increases, while for the
2:1 complexes the P-Hg-P angle increases from Ph3P to Et3P (Table 2.21).

2.3 The Steric Effect of the Substituents Attached to the Donor Atoms““

The steric requirements of a ligand have been defined by the use of the
term 'cone angle'. The cone angle for a symmetric ligand PR3 (R=R=R) is

0
the apex angle of a cylindrical cone centred 2.28 A from the centre of the
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phosphorus atom which touches the Van der Waals' radii of the outermost
atoms (Fig. 2.1). For an unsymmetrical ligand the angles are calculated4’

by the equation g = %E?-l 81i/2

T
2.28R
4
(a) (b)
FIGURE 2.1
(a) Cone Angle Measurement for (b) Cone Angle Measurement for
Symmetrical Ligand Unsymmetrical Ligands“/

FIGURE 2.2 Details of the Calculation of the Maximum Semicone Angle 8/253

i



The cone angle is defined as a steric parameter which is a measure of
the degree of congestion around the bonding face of phosphorus. Very bd]ky
phosphines such as Cy3P and But3P do not behave as solid cones but are
described as irregular 'conic cogs'.>3 The concept of 'ligand profile' has
been developed to obtain precise maximum cone angle data and information on
the gaps between moieties in a ligand (the depth of the tooth of the conic
cog). To obtain a 'ligand profile’, a plot is made of the maximum semicone
angle, 6/2, as a function of the angle ¢ through which the M - X vector is
rotated about the M-P bond (Fig. 2.2). Cone angles measured for some
phosphines are as follows:

Me3P = 118°, CyTsP = 170°, BulsP = 180°, Et3P = 132647
Cy3P is a "bulky" ligand (cone angle = 170°) but it is known to be a
stronger donor than Et3P and Me3P ligands. The pKa values are Cy3zP = 9.70,
Et3P = 8.69, and Me3P = 8.65.92 It would be.expected that Cy3P complexes
would have shorter Hg-P bonds and larger Xi-Hg-P angles than the Et3P and
MesP complexes.36 However, the X¢-Hg-P angles for Cy3P are 132.0(1) and
139.6(2)° while the Hg-P distances are 2.412(3) and 2.416(3) g.39 The
corresponding angles for the complexes of Et3P are 145.4(3) and for Me3P,
162.1(1)° while the Hg-P bonds are 2.35(1) and 2.365(3) 18.36 This would
indicate that the 'bulky' nature of Cy3P Tigand and the inflexibility of
the cyclohexyl rings sterically inhibit the opening up of the Cl{-Hg-P
angle beyond 139.6°.
2.4 The Nature of the Anjon in (R3P)pHgXo (n =1, 2 X = anion)

In the halide complexes the halogen atoms compete with the phosphorus
for bonding around the mercury atom. The relative donor strength of

halides (C1=, Br- and I-) towards mercury increases with decreasing

tCy = Cyclohexyl
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electronegativity of the halogen, chloride being the weakest. This is
indicated by comparison of the logK; values (where K; = first stepwise

formation constant) calculated from equation 2.41.

(3]
.

Y
—

Hg2t + X= === HgX*
[Hgx*]
Ky = ———
[Hg2*+][X-]
lTogky (25 °C)60 for [HgC1]*

6.74
[HgBrlt

9.05

[HgI]* = 12.87

-'In general for anions, when X is strongly o-bonding, the X-Hg-X grouping
tends towards linearity with longer Hg-P bonds than are found in complexes
involving weaker anions. This trend has been illustrated by both X-ray and
NMR techniques in the series (Ph3P)oHgXp (X = C1, Br, I, CF3, CN, SCN and
0N02)42 (Table 2.41). This table shows that for strong o-donors, for
example, where X = CF3, an X-Hg-X angle of 146.6(9)° and an Hg-P bond
Tength of 2.91 A)are found. In marked contrast for X = ONO2, which forms a
Qeaker o-bond, a much smaller X-Hg-X angle of 70.0° and significantly
shorter Hg-P bond length of 2.45 &)results. The NMR measurements show
weaker o-bonding groups have larger coupling constants and this has also
been illustrated by the series (EtMepP)2P)oHgXy (X = C1, Br, I, CN and
SCN),42 (Et3P)oHgXp and (BuM3P)pHgXp (X = C1, Br, I and ONO)42 (Table
2.42).

2.5 Entropy Effects

Entropy is a measure of the disorder of a system; for this reason
entropy measurements can give some indication of the number of molecules
present in a structure. The higher the entropy of a system the greater the

number of independent molecules it contains. Systems tend towards higher
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entropies and hence the most possible number of independent molecules

allowed after consideration of the other factors involved.

TABLE 2.41 Bond Lengths and Interbond Angles in Some Crystalline
(PhaP)oHgX> Complexes (X = CF3, CN, I, SCN, ONOs, Br and C1)42

x  (He-P)R) (He-X)(R)  P-Hg-P(°)  X-Hg-X(°)  J(19%Hg-31p)Hz

CF3 2.91(2) 2.12(2) 94.8(1) 146.6(9) -

CN 2.515(7) 2.234(26) 108.9(2) 108.5(15) 2617

I 2.565(3) 2.748(1) 108.95(9) 110.43(4) 3074

SCN 2.488(3) 2.571(3) 118.1(1) 96.7(1) 3725

Br 2.533(15) 2.629(7) 113.0(5) 106.9(3) 4156

Cl 2.47(2) 2.552(2) 134.1(1) 110.7(1) 4675

ONO2 2.451(1) 2.507(4) 131.8(1) 70.0(2) 5925

TABLE 2.42 Coupling Constants (J(199Hg-31P)Hz) for R3P)oHgX2 (X = Cl1, Br,

I, CN, SCN and ON0o)42

X (EtMegP ) oHgXo (Et3P)oHgXo (BuN3P)oHgXs
Cl - 5606 5095 5125
Br 5436 4792 4829
I 4702 4033 4089
CN 3225 - -
SCN 5084 - -
ONO2 - 5221 5212

44-



3.

Contents

General Introduction to Crystal Structure Analysis

3.1 Single Crystal X-ray Diffraction
3.2 The Phase Problem

3.2.1 Patterson Synthesis

3.2.2 Direct Methods
3.3 Refinement of a Trial Structure
3.4 Leﬁst-Squares Refinement
3.5 Thermal Parameters
3.6 Weighting Scheme

3.7 Anomalous Dispersion

45



3. General Introduction to Crystal Structure Analysis

3.1 Single Crystal X-ray Diffraction

A single crystal can be considered as a three-dimensional lattice, with
each lattice point occupied by an atom or group of atoms. It is,
therefore, possible for a crystal to act as a three-dimensional diffraction
grating for X-rays. The conditions required to produce a diffraction
maximum from a regular three-dimensional array of scattering atoms are
given by the three Laue equations.54 These may be derived from Figure 3.1.
For a row of scattering atoms of regular spacing b along the y axis,
where X-rays are incident at an angle @2, and are scattered at an angle ¥
the path difference (8p) between scattered rays is given by
§p = AQ - BP or 83 = b (Cos yp - Cos @7)
For reinforcement of the scattered rays, the path difference must be an

integral number of wavelengths.

8y = b (Cos Yp - Cos P2) = ki 3.1
Q ~
I b = =~ ¢2 N N i
4 A.__ S 0, B > Y axlis

FIGURE 3.1 Diffraction from a Row of Atoms
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Equation 3.1 is satisfied by the generators of a cone which is coaxial with

the line of scattering atoms and has a semi-vertical angle of Yo. For a

series of values 02, there are a number of cones each corresponding to an

order of diffraction k and a semi-vertical angle WUok. This theory when

extended to the x-axis (spacing a) gives the equation

a(Cos Yo - Cos P@2) = ha 3.2

For three-dimensional systems a third equation corresponding to the third

axis of spacing ¢ can be generated.

c(Cos Y2 - Cos P2) = 1A 3.3
Bragg55 considered diffraction to be analogous to 'ref]ectidn‘ from a

set of lattice planes. The waves are 'reflected' only under certain

conditions. The length of path between the waves scattered from successive

planes must have an integral number of wavelengths (i.e. ni).

FIGURE 3.2 Diffraction of X-Rays by a Set of Lattice Planes

The path difference § between successive waves is given by:

i



§ = AB + BC
As AB = BC
§ = 2AB
S.8=2d Sin®
where d is the interplanar spacing
For reinforcement of the scattered waves the difference § must be a whole

number of wavelengths.

w
L]
K

nx = 2d Sin ©
This expression is often referred to as ‘Braggs Law'.

3.2 The Phase Probiem

The phase problem arises from the difficulty in the direct
determination of the phase angle associated with each structure factor.
While the structure amplitude |F| may be derived directly from the
intensity of each ref]ectioﬁ (Equation 3.5) the phase angle may not.

Ink1 = k |Frkil 2(Abs)(LP)(Th) 3.5

Ihk1 is the intensity of the diffraction from the set of planes hkl and may
be determined experimentally.

k - scale factor associated with | Fpk)|, which may be approximated using
Wilson's method.56

Abs - the absorption factor and is dependent upon the number and type of
the atoms present in the unit cell.

L - correction for Lorentz effect which arises as the time required for a
reciprocal lattice to pass through the sphere of ref1ectioﬁ varies with its
position in reciprocal space. The exact nature of the effect depends upon
the type and nature of the data collection. For data collected on a Stde
Stadi-2 two circle diffractometer the collection is given by

L =Sin6/[Sin 2 8(Sin2 6- Sin2y)1/2] 3.

()]
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P - correction for the polarization of the X-rays. The incident X-ray beam
loses intensity due to polarization by both the graphite monochromator
crystal and by the crystal under investigation.

Correction for polarization (P) by the data crystal is given by

p = %_(1 + Cos2 26) 3.7

The electron density (p) at a point x, y, z ina unit cell of volume V¢
is given by equation 3.8 where apk] is the phase angle and must be
evaluated before the map can be computed.
p(x,y,z) = \]}_ EnZkZ) |F| Cos[2n (hx + ky + 12) - apki] 3.8
A plot of p(i,y,z) for appropriate values of x, y and z gives a three-
dimensional electron density map from which electron density and hence the
atomic positions may be elucidated. Evaluation of the phase éhgles, i.e.
overcoming the phase prob]gm, is normally achieved by one of the following
approaches: |

Patterson synthesis

Direct methods

3.2.1 Patterson Synthesis

The Patterson function P(uvw) may be calculated without the knowledge
of phase angles (equation &9). The resulting three-dimensional map gives
rise to.positive peaks representing vectors between all possible pairs of
atoms in the unit cell. The heights of the vectors are proportional to the
product of the atomic numbers of the two atoms. Hence, if one or more
heavy atoms are present, then their associated vectors may be readily
located on the map.

Pluww) = L g mz L] IFhk]I2 Cos 2n(hu + kv + 1w) 3.9
Ve h 'k

The value for |Fpy1| is obtained from the measured intensities Ihk1 using

the equation 3.5.
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3.2.2 Direct Methods

While this technique has been widely used for organic molecules it has
also proved to be useful in locating heavy atoms in, for example,
organometallic compounds. These methods were developed assuming that if a
structure can be derived from a Fourier synthesis of the measured
intensities, such as in the Patterson function, it should be possible to
derive the structure directly from the intensities themselves. An initial
development of "direct methods" was the derivation of inequalities which
expressed the phases of the structure factors in terms of observed
structure amplitudes | Fg|, where I« |F0|2. Using the general structure
factor expression the trivial result

|Frk1] 2 < F2 | 3.1
- 000

may be extended by centrosymmetric requirements to give

w
)

P
i

2 ,
Fhk1 < Fooo (%fooo + %FZh,Zk,Zl)

-

2
If Upk] is defined as = Fpg1/Fooo then Upkj < % + %UZh,Zk,z] 3.1

N

As the magnitude and sién (+) of Uﬁk] are known, only the phase of
U2h,2k,21 1S unknown. In centrosymmetric systems the phase angle may only
take one of two values,0° or 180°, corresponding to the signs + and - in
the structure factor expression. For non-centrosymmetric crystals,
however, the phase angle may take any value between 0° and 360°.

. Inequalities proved to be of Timited use as often it was not possible
to determine sufficient phases from which the structure could be solved.
This Timitation led to the development of 'probability methods' for the
determination of phases which could be used for structural analysis. Karle
and Hauptmann found the normalized structure factor |[Enk1]| to be more

suitable for use in probability functions.64
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|Frk12
NEJ'fJ'z

w
.

=
w

|Enk112 =
€

e is an integer dependent upon the reflection and upon the space group
symmetry. |

The distribution of [E| values is independent of the size and content of
the unit cell but is dependent whether or not there is a centre of symmetry
in the space group.

The tabulated distribution of |E| values are:

Mean Values Centrosymmgtric crystal Non-centrosymmetric crystal
|E|2 1.00 1.00
HEIZ - 1] 0.97 0.74
[E| 0.80 0.89

»|E]>1 32.00 36.80

% [E| > 2 . 5.00 1.80

% |E] >3 0.30 0.01

The most commonly used expression to predict the phases of reflections in
centrosymmetric crystals is the Sayre relationship.5’
sign Fp = sign (FgFp-k) 3.1

or in a more general form

sign E_?_\_ = sign EEEEH'E -3.15
where = means 'is probably equal to'.
Equation 3.15 is known as the g2 formula but this formula cann;t be used
for non-centrosymmetric crystal analysis. The phase angle, @y, for such
systems may be derived from the 'tangent formula'.
k| EkEn-k| STn(Pk + Pn-k)
EIEkEn-k |Cos (P + Oh-k)

w
.

—
[e)}

tan @p
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A measure of the reliability of the predicted phases an iS given by
equation 3.17. The higher the ap value the better the reliability of the

phase prediction.
2

ap = [&Kﬁﬁg Cos(@y + ED,E)]Z + [% Knk Sin(@y + ¢ﬂ,5)]2 3.17
— -3. —

where kpg = 203U§lEhEkEh_k]

being calculated from equation 3.18

on = LM zn 3.18

=1

Zj is the atomic number of the j atom

Initially @y and @p_g are unknown, so an estimated value of ap must be used

and this is given by
17 ke pk) I (kpk*)
<af>e = Tkl + 25T Kk pkK hk'- — 3.19
h k nk  kk' = = Io(kpg) Io(kpk )

Where I7 and I, are modified Bessel functions.

The expression (3.19) is often modified to the approximate formula

a2 = 5 kpg fiifg§l 3.20

~- e h — IO(KDE)
Before these expressions may be used, the phases of some of the reflections
must be fixed (usually at 0°) in order to determine the position of the
origin in the unit cell. The number and type of reflections used depend on
the space group. Some reflections have their phases fixed by the .
'structure, and these structure semi-invariants may not be altered. For
non-centrosymmetric crystals a further reflection is given fixed values for
its phase to distinguish between the two possible enantiomorphous forms of
the crystal. -

3.3 Refinement of a Trial Structure

Having deduced the initial structure by Patterson or direct methods

techniques, further atoms may be located by the successive use of Fourier
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maps. This method makes use of the fact that the electron density at any
point in the unit cell is given by equation 3.8. The structure amplitude,
|Fc| may be calculated:

Frtl = (At + B L/2 = [l 3.21
where _

Ank1 = £jfjCos2n(hxj + kyj + 1z3)
| Bhk1 = £jfjSin2n(hxj + kyj + 1z3)
fj is the atomic scattering factor of the jth atom
Xjs Yjs Zjs is the position of j atoms in the unit cell, and the phase
angle is given by

Bhk1

Gnk1 = tan-l () 3.22
Ank1

The resulting observed Fourier map displays areés of electron density
corresponding to the initially located atoms plus other unknown atoms in
the structure. In the 1atér stages of analysis, a difference Fourier
synthesis is normally employed in which the |Fy| coefficients are replaced
by (|Fg| - |F¢]) this reveals atoms other than those used to determine |F|,
providing the calculated phases are close to the observed ones.

3.4 Least-Squares Refinement

When the positions of atoms have been located it is possible to
calculate the phase and | F| for all observed reflections. These phases
and the |Fy| values may be used to obtain further Fourier maps (equation
3.8) from which the positions of further atoms may be located. New values
for |Fc| and Ppgy may then be calculated which, since they are based on
more atoms, should give a closer approximation to the experimentally
determined structure amplitudes and phases. The measure of agreement
between |F¢|and |Fy| is given by the reliability or residual index (the R-

value) which is calculated from equation 3.23.
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[Fol-IFcl]
R = Ipk] —— — 3.23
Zpk1 | For |
The better the agreement between | Fg| and |F¢| the Tower the R-value. A
least-squares technique is used to refine the atomic positional parameters
(Xj, Yis zj), thermal parameters (U or Uij etc.), the overall scale factor,

K, and the non-unit population factors.

3.5 Thermal Parameters

The atomic scattering factor as used to calculate |F¢| (equation 3.21),
assumes the atoms to be point atoms. However, in practice atoms vibrate
and hence a correction for thermal motion needs to be made:

[-872USin2e]

f = fo exp 3.24
A2

where U is the isotropic temperature factor and is the mean square
amplitude of the atomic vibration. For anisotropic vibration the
correction to fy is given by:
f=1 exp[-2n2(U11h2a*2-+U22k2b*2+U3312c*2 + 2Uyphka*b* +

2Uy3hla*c* + 2Up3k1b*c*] 3.25
Where Ujj describes the direction and magnitude of a vibrational elipsoid
and are taken as anisotropic thermal factors.

3.6 Weighting Scheme

Unit weights are applied in the early stages of the least squares
analysis but a non-unit weighting scheme is introduced in the later stages.
If a non-unit weighting scheme is applied then a weighted R - value Ry or

R' may be calculated:

Znk1 (K| Fo | = [Fel | (Whk1)1/2
Ry = ‘ 3.26
Znk1K [Fol (Wpk1)1/2
Where W is the non-unit weight as calculated using equation 3.27.

W= a/lo|Fo|2 + b|Fq|2] _ 3.27
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a and b are refined to give the best consistency of Wa2
(Wa2 = |Fo| - |Fc|) over ranges of Fy and sin@/a

3.7 Anomalous Dispersion

When the scattering factor of an atom is calculated as a real number it
is assumed that the frequency of the incident radiation is different from
the natural absorption frequency of the atom. Although this may be true
for light atoms and the radiations used for X-ray diffraction, it is
generally not so for heavier atoms which may absorb the incident radiation.
[f such absorption occurs there will be an anomalous change in phase of the
radiation scattered by the electrons associated with the absorption. This
effect, anomalous scattering or anomalous dispersion, causes the scattering

factor to become a complex number represented by:

w
.

nN
oo

f?nom = fj + Af'j + iAf"J‘

wnere fj is the normal scattering factor

Af'j is a real correction term usually negative

af"; is an imaginary correction term
For a centrosymmetric structure the effect of the anomalous dispersion is
to alter the phases of certain reflections so they are no longer restricted
to 0° and 180°, but for such cases Friedel's law still holds. For non-
centrosymmetric crystal systems Friedel's law no longer holds as the phases

and magnitudes of the reflections are altered.
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4. Crystallographic Studies of Selected (R3P)nHgX2 Complexes

4.1 Crystallographic Methods

The methods used for structure solution and refinement are similar for
all the crystals studied and a general description of these is outlined
below.

4.1.1 Space Group Determination

The space groups were determined by the examination of oscillation,
Weissenberg and precession photographs for:

(i) Symmetry

(ii) Systematic absences

4.1.2 Density Determination and Relative Mass Evaluation

The density Dy of the crystals under examination may be measured by
suspending them in a liquid. The density of the liquid is altered until
the crystals neither float to the surface of the liquid nor fall to the
bottom. At this point the density of the crystals is assumed to be the
same as the density of the liquid.

If the crystal contains Z molecules in the unit cell then:

M

Dy = (g cm=3)
V x 0.6022 x 1024 .

S
.
—

Where M is the relative molecular mass

V is the unit-cell volume exp}essed as cm3

0.6022 x 1024 is the Avogadro constant
The value of Z is related to thg number of molecules in the asymmetric unit
and the space group. Knowing Dy and M, Z may be calculated, from which the
number of molecules in the asymmetric unit can be established.
Alternatively, knowing the space group, the value for Z may be assumed,

from which the relative molecular mass may be evaluated.
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4.1.3 Unit Cell Measurements

The umit cell dimensions, used for aliygnment ot the crystal on the
diffractometer, were obtained from measurements of precession photographs
and subsequently refined using the diffractometer.

4.1.4 Data Collection

A1l data were collected using a Stoe Stadi-2 two-circle diffractometer
with Mo-K, radiation (A = 0.71069 %), and the background-w-scan-background
technique. By this method the counter remains stationary and the crystal
is rotated by small steps in w (0.01° per second). The scan range, Aw
selected, is dependent upon the equi-inclination angle u, and upon 6 as

given in equation 4.2.

pw= A+ B sinu 4.2
tan 6 -

Values are found for A and B step scanning several reflections before data
collection proceeds. _
The intensity of a reflectian, Ipk), is given by equation 4.31
(By + Bo)c

I =T"—_ 403
hk1 5t

Where T is the scan count, By and By are background counts at beginning and
end of the scan, ¢ is the scan time and t is the time taken for the
background measurements. (For all data collected t = 30 seconds). The
standard deviation in the intensity measurement o (Ipk7) is given by
equation 4.4,
o(Ink1) = (T - M 11/2 4.4

4t2 T
Reflections included in the final stages of analysis were those having
Ink1/0{Ipg1) » 3.0 |

Corrections were applied to the data for Lorentz and polarisation effects
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for all complexes but an absorption correction also for (Pr3P)Hgls and
L (NCCHoCH2)3P1HgC15.

4.1.5 Structure Solution and Refinement

The mercury co-ordinates for all the structures were determined from a
three-dimensional Patterson map. The remaining atoms were located from
successive difference electron-density maps. All non-carbon atoms were
assigned anisotropic thermal parameters and wherever possible carbon atoms
were all given aniéotropic thermal parameters. However, for (Pr3P)2Hgl» and
L(NCCH2CH2)3PJoHgC12 only isotropic temperature factors were applied.

Where included, hydrogen atoms have been assigned ideal positions
(C-H 1.08 As. Noﬁ-unit weighting schemes have been applied to all

structures and all calculations were carried out on an IBM 4341 computer

using the SHELX (15) computing package.5®
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4.2 The Crystallographic Studies of Some 2:1 Complexes (R3P)oHgXo

4.2.1 Crystallographic Examination of the 2:1 Complex [(2-thienyl)2PJoHgCl,

TABLE 4.2.1 Crystal Data

Crystal Size 0.30 x 0.23 x 0.40 mm
Crystal System Monoclinic

a = 9.556(6), b = 18.280(10), c =16.609(9) R, g = 102.14(5)°
v 2836.4 A3
My 832.2
Dc 1.95 g cm-3 D 1.93 g cm-3 Z = 4
Systematic Absences h0Ol h+1 =2n+1 '

0k0 k =2n + 1

Space Group P21/n (a non-standard setting of P21/c)
u(Mo-Ka) | 59.2 cm-l
F(000) 1608 electrons

Data Collection and Structural Analysis

The crystal was mounted with its c-axis coincident with the w-axis of
the Stoe Stadi-2 two-circle diffractometer. 4774 unique reflections were
measured, 4067 had(I/o(I))>» 3.0 and were subsequently used for refinement.
The initial co-ordinates of the independent mercury atom in the asymmetric
unit were determined using the Patterson function:

For P21/n there are four equivalent positions of the mercury atoms in
the unit cell, viz.

X, Y, Z5 =Xy, =Y, =23 %‘*"X, %'.ya %“"Z; %"Xa %+.Ya %-Z.

These four mercury atoms in the unit cell give rise to sixteen vectors
of which four occur at the origin and represent the vector between the atom

and itself.
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Hgl Hg2 Hg3 Hg4

X,Ys2Z =X5-¥,-2 34x.1-y,.342 3-X,3ty,3-2
Hgl  x,y,z 0,0,0 -2X,=2y,-22 3,1-2y,3 3-2x,%,3-22
Hg2  -x,-y,-z 2x,2y,22 0,0,0 3+42x,%,142z 1 ,+2y,}
Hg3  3+x,%i-y,3+tz -3},-3+2y,-3 -3-2x,-%,-3-2z 0,0,0 -2X,2Y 4=22

ng’ %'X,%"'ysé‘z '%+2X9'%,'%+22 -%,-%'2}’,'32‘ 2X ,-2)’,22 03030

Many of the remaining 12 vectors are related by the symmetry allowed in a
monoclinic crystal system. Thus, the vectors 2x, 2y, 2z and -2x, -2y, -2z
are related by a centre of symmetry while in turn to the vectors at -2x,
2y, -2z and 2x, -2y, 2z by a mirror plane perpendicular to b. These are
three unique vectors: ’

3, §-2y,%; 2x, 2y, 2z; 3-2x, %, }-2z

Examination of the three-dimensional Patterson map generated using the 4067
reflections having 146 (I) » 3.0 enabled the co-ordinates of the independent

mercury to be established:

Vector Fractional Co-ordinate of Peak Height of Vector
located on Patterson Map
1,1-2y,1 0.5, 0.1906, 0.5 368
y = 0.1547
3-2x,3, 322 -0.3830, 0.5, 0.0008 ' 363
x = 0.4415 z = 0.2496
2x,2y,2z x = 0.8830 y = 0.3094 z = 0.4992 166

This gives a consistent .set of co-ordinates (x, y, z) for the mercury atom

of (0.4415, 0.1547, 0.2496). Least-squares refinement of these co-

b1



ordinates (together with the refinement of the overall scale factor and the
isotropic temperature factor of the mercury) gave an R-value of 0.33 after
four cycles of refinement. The difference Fourier map, using phases
derived from the refined position of the mercury atom, enabled the chlorine
and phosphorus atoms to be located, together with a number of sulphur and
carbon atoms. The remaining atoms were then located from successive
difference electron-density maps. Full matrix refinement gave a final R
value of 0.049 and R' value of 0.058.

Two of the six thienyl units were found to exhibit rotational disofder.
The disordered groups are related to each other by a pseudo two-fold axis
about the P2-Cnl (n = 4 or 6) bonds. Each disordered 2-thienyl group was
given an ideal geometry and inc]udeq in the least-squares refinement with
common isotropic temperature factors applied to each atom related by pseudo
symmetry. The population parameters applied to each pair of thienyl units
were refined, giving final occupancy Ya]ues of 45% for [C(41), S(42A)
-C(45A)], 55% [C(41), S(42B) -C(45B)] and 50% for each of the disordered
units associated with C(61). The hydrogen atoms were located for the
ordered 2-thienyl groups, and a common isotropic temperature factor applied
which refined to a final value of 0.059(13) %2. The weighting scheme
W = 1.000/[02(F0) + 0.0078(F0)2] was adopted. Final positional parameters
are given in the appendix tables 1 and 2, bond distances and angles in
Table 4.2.2.

Results and Discussion

The X-ray study of [(2-thienyl)3P]oHgClp shows it to be a distorted
tetrahedral monomer (Fig. 4.2.1) with two of the six thienyl groups showing
disorder as discussed in the structural analysis section. The angles about
the mercury vary from 99.6(1) to 128.6(1)°. The angles about the

phosphorus atoms are less distorted with angles ranging from 110.4(3) to
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0
115.8(3)°. The Hg-Cl1 bond distances are 2.539(2) and 2.519(2) A, while the
Hg-P bonds are 2.472(2) and 2.513(2) R in length respectively. A full

comparison of the data for this complex with available parameters for other

2:1 structures is made in section 4.2.3.
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Fig. 4.2.1 The Molecular Structure of [(2-thienyl)3PJoHgClo

it}



0 -
Table 4.2.2 Bond Lengths (A) and Angles (°) for [(2-thieny1)3P]yHgClp with

Estimated Standard Deviations in Parentheses.

o
Distances (A)

Hg -CI(1) 2.539(2) Hg -Ct (2) 2.519(2)
Hg -P(1) 2.472(2) Hg -P(2) 2.513(2)
P(1) -C(11) 1.803(9) pP(2) -C(41) 1.804
P(1) -G(21) 1.785(9) P(2) -C(51) 1.779(9)
P(1) -C(31) 1.787(9) P(2) -C(61) 1.795
C(11)-s(12) 1.686(11) C(41) -S(42A) 1.611
C(11) -c(15) 1.385(14) C(41) -C(45A) 1.407
s(12) -c(@13) 1.726(12) S(42A) -C(43A) 1.701
C(13) -Cc(14) 1.285(20) C(434A) -C(444) 1.318
Cc(14) -c(15) ' 1.395(17) C(444A) -C(45A) 1.414
C(21) -s(22) 1.717(9) C(41) -s(42B) 1.631
C(21) -c(25) 1.442(12) C(41) -C(45B) - 1,406
S(22) -C(23) 1.676(12) S(42B) -C(43B) 1.700
C(23) -C(24) 1.385(16) C(43B) -C(44B) 1.299
C(24) -C(25) 1.457(13) C(44B) -C(45B) 1.485 "
C(31) -s(32) 1.682(10) C;Sl) -S(52) 1.720(10)
C(31) -C(35) 1.434(12) C(51) -C(55) 1.355(12)
S(32) -C(33) 1.708(12) S(52) -C(53) 1.692(10)
C(33) -C(34)_. 1.350(17) C(53) -C(54) | 1.346(16)
C(34) -C(35) 1.406(16) C(54) -C(55) 1.439(15)
C(61) -S(62A) 1.664 C(61) -S(62B) 1.624
C(61) -C(65A) 1.415 C(61) -C(65B) 1.404
S(62A)-C(63A) 1.700 S(62B)-C(63B) 1.701
C(63A)-C(64A) 1.321 C(63B)-C(64B) 1.336
C(64B)-C(65A) 1.444 C(64B)-C(65B) 1.555
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Table 4.2.2 (cont.)

Angles (°)
P(1) -Hg -CI(1)
P(1) -Hg -Cl(2)
P(1) -Hg -P (2)
Hg -P(1)-C (11)
Hg  -P(1)-C (21)
Hg -P(1)-C (31)
P(1) -Cc(11) -s(12)
P(1) -C(11) -C(15)
s(12) -c(11) -C(15)
C(11) -s(12) -c(13)
S(12) -C(13) -c(14)
C(13) -C(14) -c(15)
C(11) -c(15) -Cc(14)
P(1) -C(21) -S(22)
P(1) -C(21) -c(25)
S(22) -C(21) -Cc(25)
C(21) -s(22) -c(23)
S(22) -C(23) -C(24)
C(23) -C(24) -c(25)
Cc(21) -c(25) -Cc(24)
P(1)  -C(31) -s(32)
P(1)  -C(31) -C(35)
S(32) -C(31) -c(35)
C(31) -s(32) -c(33)
S(32) -C(33) -C(34)

109.3(1)
108.6(1)
128.6(1)
111.1(3)
113.0(3)
115.8(3)
122.7(6)
128.0(9)
109.3(8)
91.5(6)
112.9(9)
112.6.(11)
113.6(12)
121.3(5)
125.8(7)
112.9(7)
91.8(5)
114.6(8)
112.2(9)
108.4(8)
124.0(5)
123.9(7)
111.7(7)
92.6(5)

111.6(9)
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P(2) -Hg -CI(1)

P(2) -Hg -Cl (2)

C (1)-Hg -Cl(2)

Hg -P(2)-C(41)

Hg -P(2)-C(51)

Hg -P(2)-C(61)
P(2) -C(41) -S(42A)
P(2) -C(41) -C( 45A)
S(42A)-C(41)-C(45A)
C(41) -S(42A)-C(43A)
S(42A)-C(43A)-C(44A)
C(43A)-C44A) -C(45A)
C(41) -C(45A)-C(444A)
P(2) ~-C(41) -s(42B)
P(2) -C(41) -C(45B)
S(42B)-C(41) -C(45B)
C(41)F-S(42B)-C(43B)
S(42B)-C(43B)-C(44B)
c(43B)-cf44B)-c(4SB)
C(41) -C(45B)-C(44B)
P(2) -C(51) -S(52)
P(2) -C(51) -C(55)
S(52) -C(51) -C(55)
C(51) -s(52) -C(53)

S(52) -C(53) -C(54)

101.6(1)
99.6(1)
107.3(1)
113.1
110.4(3)
112.4
122.6
126.2
110.6
92.2
114.1
107.8

112.3

122.4
110.7
92.3
117.0
106.7
112.5
124.,9(5)
125.7(8)
109.4(7)
92.8(5)

112.8(8)



Table 4.2.20 (Conto)

C(33)-C(34) -C(35)
C(31)-c(35) -C(34)
P{2) -C(61) -S(62A)
P(2) -C(61) -C(65A)
S(62A)-C(61)-C(65A)
C(61)-S(62A)-C(63A)
S(62A)-C(63A)-C(64A)
C(63A)-C(64A)-C(65A)

C(61) -C(65A)-C(64A)

114.6(10)

109.5(9)

123.0

122.0

115.0

92.2

110.4

117.6

104.7
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C(53) -C(54) -C(55)

C(51) -C(55) -C(54)

P(2) -C(61) -S(62B)
P(2) -C(61) -C(65B)
S(62B)-C(61) -C(65B)
C(61) -S(62B)-C(63B)
S(62B)-C(63B)-C(64B)
C(63B)~C(64B)-C(65B)

C(61) -C(65B)-C(64B)

110.7(9)
114.3(9)
120.7
123.2
116.1
92.3
113.1°
109.1

104.1



4.2.2 Crystallographic Examination of the 2:1 Complexes [ (NCCHpCH2)3PJloHgXo

(X = C1 or Br)

TABLE 4.2.3 Crystal Data

(I)  [(NCCHpCH2)3P1oHgCT2 (11) [(NCCHpCHo)3PIHgBro. (CH3)2C0

Crystal Size (mm) .08 x .48 x .04 44 x .20 x .13

Crystal System Monoclinic Monoclinic

a (R) 25.728(8) 9.174(6)

b (R) 8.627(7) 15.795(9)

) 24.482(8) 20.741(11)

g (°) 115.14(1) 93.01(5)

lgﬁ_g’_l 4919.49 3001.4

My 657.9 821.1

Dc(gem-3) 1.78 1.82

Dp(gem-3) 1.80 1.84

Systematic Absences  hOl 1=2n+1 ho1 h+1=2n+1
0k0 k =2n+1 0k0 k =2n+1

z 8 4

Space_group P2y/ct iP21/n

u(Mo-Ka) (m-1) 63.6 . 76.6

F(000) 2544 1544

*Two independent molecules in the asymmetric unit.
INon-standard setting of P2j/c.

Data Collection and Structural Analysis

Details of data collection are given in Table 4.2.4 and both structures
were solved using the Patterson method and refined by full-matrix least

squares techniques.
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TABLE 4.2.4 Details of the Data Collection

(1) (I1)

Axis crystal mounted about b a
No. layers collected 9 11
No. unique reflections 4241 4700
*No. observed reflections 2522 2511
Final R value 0.062 0.043
Final R' value 0.064 0.045
W= a/[b2(Fy) + b(Fy)2]

a . 1.0000 1.0000

b 0.001296 0.0040

*No. of reflections with I/o(I) > 3.0

The data were corrected for Lorentz and polarisation effects, but
absorption corrections were not applied. Hydrogen atoms were included for
(IT) in ideal positions (C-H, 1.08 &3 and were given a common isotropic
temperature factor. A1l other atoms in (II) were assigned anisotropic
thermal parameters. In the chloride complex, (I), there is some degree of
disorder in the cyanoethyl groups and it proved difficult to resolve this
satisfactorily resulting in high errofs and widely varying C-N and C-C bond
lengths (Table 4.2.5). Hence, anisotropic temperature factors were only
applied to mercury, phosphorus and chlorine atoms, and all the remaining
atoms were treated isotropically. The degree'of disorder made it
1mpossib1e to include any hydrogen atoms for structure (I).

Results and Discussion

[(NCCHpCH2)3P]oHgC1o consists of two independent monomeric units (Fig.
4,2.2). Both units are highly distorted from a regular tetrahedral

arrangement, the angles about mercury varying from 92.3(3) to 153.9(3)°.
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A1l the cyanoethyl chains are disordered to some degree, the widest
variations being found in the bond lengths for C(A2)-C(A3) and C(A3)-N(A3)
(where A = 1-6). The carbon-carbon bonds vary from 1.04(7) to 1.63(7) R
while the carbon-nitrogen bonds have wider variations, 1.08(3) to 1.95(8) %.
There is a weak interaction between the nitrogen atom of three of the
cyanoethyl groups, one in one of the units, two in the other. In monomer I
the Hg-N distances are 3.51(3) and 3.52(3) X and for monomer II the Hg-N
distance is 3.74(3) Al these distances being longer than the sum of the van
der Waals' radii (3.30 X). The Hg-N bond distances found for monomer I are
very similar to those found for [(NCCH2CHp)3]PHgClp 3.51(3) and 3.47(3) %.
Selected bond angles and bond lengths for [(NCCH2CH2)3PJoHgClo are given in
Table 4.2.5. The torsion angles (appendix table 16) show that three of the
cyanoethyl chains are twisted from their expected geometry of 180° (to 49,
57 and 87° respectively). 'This allows the nitrogen atoms in these groups
to take up positions near the mercury atom.

L(NCCH2CH2)3P12HgBro(CH3)2C0 also adopts a monomeric arrangement but
with a trigonal bipyramidal polyhedral arrangement about mercury, the
oxygen atom of the acetone molecule occupying an equatorial position. The
bond angles about the mercury atom vary from 151.3(1)° for P(1)-Hg-P(2) to
75(1)° for P(1)-Hg-0. Further bond Tengths and angles are givem in Table
4.2.6. The length of the Hg...0 bond (3.91(2) 3) is greater than the sum
of the van der Waals radii (3.25 R) and. indicates that the mercury-acetone
intéraction is extremely weak. However, the infrared and thermal studies59
indicate that the interaction between the mercury and acetone is
significant and the presence of the acetone may, ét least innpart, be
responsible for the enlargement of the P-Hg-P angle (151.3(1)°).

Final positional and thermal parameters for both complexes are given in

10



the appendix (tables 3-6). Torsion angles are given in the appendix table

2.1.

n



The Molecular Structure of [(NCCHpCH»)3PJoHgCl,, Molecule I

Fig. 4.2.2(a)

1



The Molecular Structure of [(NCCHoCHo)3PJoHgClo, Molecule II

Fig. 4.2.2(b)
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4.2.3 The Molecular Structure of [(NCCHpCH2)3PJoHgBrp.0C(CH3)2

Fig
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Table 4.2.5 Bond Lengths (A) and Angles (°) for [(NCCHoCHo)3P12HgC12 with

o
Distances (A)

Estimated Standard Deviations in Parentheses

Molecule 1 Molecule 2
Hg-C1 (1) 2.608(10)  2.669(11)
Hg-P (1) 2.450(12)  2.411°(7)
P(1)=C(11) 1.86 1.84
P(1)-C (21) 1.87 1.87
P(1)=c(31) 1.76 1.80
C(11)=C(12) 1.50 1.51
C(12-C(13) 1.30 1.20
C(13)-N(13) 1.36 1.42
C (21) =C (22) 1.44 1.46
C(22)-C (23) 1.33 1.42
C (23N (23) 1.28 1.26
C(31)-C (32) 1.63 1.34
€ (32)~C (33) 1.51 1.28
C(33)-N(33) 1.15 1.29

19

Hg-Cl1 (2)
Hg-P (2)
P(2)-C(41)
P(2)-C (51)
P(2)-C(61)
C(41)~C(42)
C (42-c (43)

C(43)-N(43)

C(51)-C(52)

C(52)-C(53)
C(53)-N(53)
c(61)-C(62)

C(62)-C(63)

C(63)-N(63)

Molecule 1

Molecule 2

2.622(1)
2.452(11)
1.80
1.99

1.78

1.57

1.59
1.25
1.34
1.95
1.46
1.04

1.62

2.603(10)
2.450(6)
1.80
1.85
1.85.
1.49
1.45
1.08
1.37
1.40
1.30
1.57
1.50

1.18



Angles (9)

Cl (1) -Hg-Cl (2)

Cl(1)-HEg-P (1)
Cl(1)-Eg-P (2)
Hg-P (1)-C(11)
Hg-P (1)-C(21)
Hg-P(1)-C(31)
C(11)-p(1)-c(21)
C(11)-P(1)-C(31)
C(21)-P (1)-C(31)
P(1)-C(11)-C(12)
C(11)-C(12)-C(13)
C(12)-C(13)-N(13)
P(1)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-N(23)
P(1)-C(31)-C(32)
C(31)-C(32)-C(33)

C(32)-C(33)-N(33)

168

Molecule 1 Molecule 2

95.0(3) 98.1(3)
101.2(4) 95.4 (3)
100.0(4) 94.1(3)
113(2) 113 (2)
116(2) 114 (1)
118(2) 120(1)
103 99
103 104
103 105
109 115
93 107
164 161
119 111
114 110
178 155
108 114
107 123

158

16

P(1)-Hg-P(2)

Cl1(2)-Hg-P(2)
C1(2)-Hg-P(1)

Hg (1) -P (2)-C (41)
Hg (1) =P (2) =C (51)
Hg (1) -P (2) -C (61)
C(41)~P (2) -c (51}
C(41)-P(2)-c(61)
C(51)-P(2)-C(61)
P(2)-C(41)-C(42)
C(41)-C(42)- (43)
C(42)-C(43)-N(43)
P (2)-C(51)-C(52)
C(51) = (52) = (53)
C(52)-C (53) =N (53)
P(2)-C(61)-C(62)
C(61)-C (62) = (63)

C(62)~C (63)-N(63)

Molecule 1 Molecule 2
146.6(3) 153.9(3)
92.3(3) 96.1(3)
111.2(3) 106.6(3)
120(1) 118(1)
105(1) 116(1)
114 (2) 102(1)

- 96 99

103 108

119 114

122 114
98 115

158 176

119 111
78 124

159 140

100 113
92 103

150 173



0
Table 4.2.6 Bond Lengths (A) and Angles for [(NCCHpCH2)3PJoHgBro.0C(CH3)2

with Estimated Standard Deviations in Parentheses

Bond lengths (A)

Hg - Br(1) 2.750(2) Hg - Br(2) 2,703 (2)
Hg - P (1) 2.441(3) Hg - P(2) 2.440 (3)
P(1)-C(11) 1.824(14) P(2)-C(41) 1.806 (15)
P(1)-C(21) 1.795(16) P(2)-C(51) 1.808 (16)
P(1)-C(31) 1.812(17) P(2)-C(62) . 1.828 (13)
c(11)-C(12) 1.511(26) C(41)-C(42) 1.551 (20)
C(12)-C(13) 1.465(21) C(42)-C(43) 1.455 (28)
c(13)-N(13) 1.122(21) C(43)-N(43) 1.146 (29)
Cc(21)-C(22) . 1.544(20) C(51)-C(52) 1.518 (22)
C(22)-C(23) 1.426(24) C(52)-C(53) 1.482 (25)
C(23)-N(23) 1.118(24) C(53)-N(53) 1,126 (26)
C(31)-C(32) 1.535(25) C(61)-C(62) 1.518 (24)
C(32)-C(33) 1.448(28) C(62)-C(63) 1.459 (25)
C(33)-N(33) 1.146(31) C(63)-N(63) 1.134 (25)
Hg---0 3.91 (2)

[



TABLE 4.2.6 (cont.)

Bond angles (°)

Br(1)-Hg-Br(2)
Br(1)-Hg-P (1)
Br(1)-Hg-P (2)
Hg-P{1)-C(11)
Hg-P(1)-C(21)
Hg-P(1)-C(31)
C(11)-p(1)-C(21)
€(11)-P(1)-C(31)
C(21)-P{1)-C(31)
P(1)-C(11)-C(12)
C(11)-C(12)-C(13)
C(12)-C(13)-N(13)
P(1)-C(21)-C(22)
C(21)-C(22)-C(23)
C(22)-C(23)-N(23)
P{1)-C(31)-C(32)
C(31)-C(32)-C(33)
C(32)-C(33)-N(33)
P(1)-Hg-0

Br(1)-Hg-0.

107.3(1)
97.2(1)
95,2(1)

110.9(5)

112.3(5)

118.5(5)

104.5(7)

103.9(7)

105.4(7)

111.0(11)

113.2(15)

176.2(19)

112.1(11)

112.2(15)

178.6(19)

114.7(11)

106.7(16)

174,5(22)

78(1)

137(1)

18

P(1)-Hg-P(2)
Br(2)-Hg-P(1)
Br(2)-Hg-P{2)
Hg-P(2)-C(41)
Hg-P(2)-C(51)
Hg-P{2)-C(61)
C41-P(2)-C(51)
C41-P(2)-C(61)
C51-P(2)-C(61)
P(2)-C(41)-C(42)
C(41)-C(42)-C(43)
C(42)-C(43)-N(43)
P(2)-C(51)-C(52)
C(51)-C(52)-C(53)
C(52)-C(53)-N(53)
P(2)-C(61)-C(62)
C(61)-C(62)-C(63)
C(62)-C(63)-N(63)
P(2)-Hg-0

Br(2)-Hg-0

-

75(1)

116(1)

151.3(1)

99,3(1)
101.5(1)
109.1(4)
117.1(5)
111.3(4)
196.0(7)
107.5(7)
105.2(7)
115.2(11)
111.9(14)
179.3(24)
111.9(10)
102.4(13)
177.7(19)
112.3(10)
112.2(15)

177.1(22)



4.2.3 A Comparison of 2:1 Mercury(II) Halide Complexes

In this section selected parameters for the 2:1 structures presented in
this thesis, together with data from previously established structures are
rationalised in terms of the factors believed to influence solid state
structures of mercury(II) halide complexes (Section 2). Some of the
relevant bond lengths and bond angles are given in Table 4.2.7. All
complexes have distorted monomeric tetrahedral structures with the
exception of [(NCCHpCH2)3PJoHgBr2.0C(CH3)2 which adopts a trigonal
bipyramidal polyhedral structure. In this case the oxygen atom of the
acetone molecule of crystallisation occupies an equatorial position in the
trigonal bipyramidal polyhedron. The complexes (EtMepP)pHgBro and
[(NCCH2CH2)3P12HgC12 ;in contrast to the other 2:1 complexes studied, each
contains two independent monomeric units. Studies of the (R3P)2HgXp
complexes indicate that thé structures adopted in the solid state are
influenced by ti) the electronic strength and steric requirement of the
phosphine 1igand,.(1i) the nature of the halogen, and (iii) the tendency of
mercury(II) to adopt linear two co-ordination. The present comparison of
the 2:1 complexes seeks to investigate these influences and tries to
establish the key factors and their relative importance. A study of the
bond lengths and bond angles about the mercury atoms, given in Table 4.2.7,
indicates [(NCCHZCH2)3P]2H9C12 and (Et3P)pHgClo have similar interactions
with mercury(II) halides. Triethylphosphine has a high pKa value (8.69),
and its 2:1 complex with mercury(II) chloride has a large P-Hg-P angle
(158.5(5)°) and short Hg-P bonds (2.39(1) %) in comparison to some other
2:1 tertiary phosphine mercury(II) chlorides (see below). This indicates a
strong 1nteraétion of the tertiary phosphine with the mercury(II) halide

and as such this phosphine is considered to be a strong o-donor.

19



Tris(2-cyanoetnyl)phosphine, whose 2:1 mercury(II) chloride complex has
comparable bond lengths and bond angles to the triethylphosphine analogue
is also considered to be a strong o-donor to mercury(II) halides, even
though the phosphine has a much lower pKy value (1.37) than Et3P. This
indicates that the electron-withdrawing properties of the cyano groups,
while lowering the pKy value does not appear to reduce the co-ordinating
ability of the substituted phosphine to mercury(II) halides. However, a
comparison of the parameters of [(2-thienyl)3PJpHgClo with those of
(Et3P)oHgCl2 indicates thg o-donor ability of tris(2-thienyl)phosphine to
be considerably weaker than that of triethylphosphine. The Hg-P and Hg-Cl
bond distances for the heterocyclic phosphine complex are similar to those
found in the triphenylphosphine and tributylphosphine 2:1 compiexes. The
P-Hg-P bond angle found for di(tris(2-thienyl)phosphine) mercury(II)
chloride (128.6(1)°) is the.smallest of the 2:1 chloride complexes for
which data are available which indicates that tris(2-thienyl)phosphine is
the weakest o-donor.

A comparison of the mercury(II) bromide complexes shows a similar
trend; in this case the di(tris2-cyanoethyl)phosphine mercury(Il) bromide |
has Tonger Hg-Br bonds (2.725 X) and a larger P-Hg-P angle (151.3(1)°) than
the complex of the weak o -donor triphenylphosphine (2.628 R and 113.0(5)°).
The bond lengths and bond angles for (EtMepP)oHgBro are comparable to those
of [(NCCHyCHp)3PJoHgBr20C(CH3) 2.

From Table 4.2.7 it is clear that the phosphines with the higher pKj
values have the larger P-Hg-P angles and shorter Hg-P bonds in their
complexes, i.e. they are the stronger og-donors to mercury(II), the
exception being tris(2-cyanoethyl)phosphine (pKy 1.36). The pK; of tris(2-
thienyl)phosphine is not available for comparison.

Using the criteria of relative Hg-P distances and P-Hg-P ang]egjo—donor
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strengths to mercury(Il) halides vary in the order:
Et3P > (NCCHpCH2)3P > EtMepP > BuzP > Ph3P > (2-thienyl)sP.
A comparison of the P-Hg-P angles for the (Ph3P)2HgXp (X = C1, Br, I) shows
that these decrease from X = C1 to Br to I. This may be related to the
relative electronegativity of the halogens (C1 > Br > I) which affords
greatest Hg-P interaction in the chlorocomplex, thereby leading to the
larger P-Hg-P angle. The presence of a molecule of acetone in
[(NCCHpCHp)3PJoHgBr2 prevents a simple comparison with the chloride
complex. i

From the NMR shifts and coupling constants given in Table 4.2.8 the
stronger ¢ -donors, Et3P and (NCCHpCHp)3P, have the greater chemical shifts
and coupling constants. The complex [(2-th1‘en_y1)3P]2HgI2 has the smaller
chemical shifts and coupling constant than the triphenylphosphine analogue
giving further evidence that the heterocyclic phosphine is an extremely
weak o-donor as suggested by the small P-Hg-P angle and long Hg-P bonds.
The chemical shifts and coupling constants show a marked decrease from Cl
to Br to I following the trend of decreasing P-Hg-P angle size observed in
the (Ph3P)2HgXy (X = C1, Br or I) complexes. These trends are apparent
from the data given in Table 4.2.8 in spite of the effects of varying

solvents and temperatures.
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31

TABLE 4.2.8. P NMR Data for some (R3P)2HgX2 Complexes
Complex - 6 (ppm) J(lggﬁg-31P) Solvent Temp °c)

(Et4) jHgcl, ? 38.0 5095 - C-SH 27
(Et4P) HgBr, a 32.2 4792 - cDCl, 27
(Et_P) ,HgI, 3 16.9 4033 cpel, 27
((NCC2H4)3P)2HgC12d 44.4 . ‘(cn3)2co} 26 ,
((NCC2H4)3P)2HgBr2d 17.6 (cn3)2c'o | 26 .
((NCC,H,) P) JHgI, d 2.6 ‘ - (€Dy) 0 26
(EtMe,P) ,BgCl, a 16.0 5606 cpel, -30
(EtMe,P) ZHgBrza 13.1 5560 coel, -30
(EtMe,P) 2ngza 2.5 4778 coel, -40
(Bu,P) JHgCl, b . 28.9 - 5125 cpcl, 27
(Bu3p) JHgEr, b 23.9 4829 cocl, 27
(BuyP) ,HgI, b 9.3 4089 cocl, 27
(Ph_p) ,HgCl ; 28.1 4740 cuCl, -43
(Ph,P) LHgBr,* 21.7 4178 CH,CL, -43
(Ph3p) JH9I, ¢ 7.3 | 3073 CH.C1, -43
((2—C4H3S)3P)2Hg12d -26.0 2722 c112c12 -90
( (2‘C4H3O) 3P) 2ch12d -37.5 4322 CH.C1, -90
( (2-c4n3'0)3p) zHgBrzd -44.2 3540 CH.Cl, -90

a Ref 42 d This  Work

b Ref. 49

¢ Ref 50
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4.3 Crystallographic Studies of Selected 1:1 Complexes (R3P)HgXo
4.3.1 Crystallographic Examination of the 1:1 Complex [(NCCH>CH»)3PHgCIo]p

TABLE 4.3.1 Crystal Data

Crystal Size 0.04 x 0.08 x 0.52 mm
Crystal System Orthorhombic
0
a = 20.871(6) b = 7.853(9) c = 8.518(8) A

0
vV  1396.4 A3

M 472.8
Dc  2.25 g cmd Dp  2.23 g cm3 I = 4
Systematic Absences h00 h = 2n + 1
OkO k=2n+1
001 1=2n+1
Space Group P212121
u_(Mo-Ka) . 110.6 cm-!
F(000) 864 electrons

Data Collection and Structural Analysis

The crystal was mounted with its c-axis coincident with the w-axis of a
Stoe Stadi 2 two-circle diffractometer. 1725 unique reflections were
measured; 1121 had I/o(I) » 3.0 and were subsequently used for refinement.
The structure was solved via the Patterson function and refined by full-
matrix least squares techniques. Hydrogen atoms were included in ideal
positions (C-H 1.08 X) and given a common isotropic temperature factor, all
other atoms except one nitrogen and three carbons were assigned anisotropic
thermal parameters. Complex neutral-atom scattering factors were used
throughout the refinement. The weighting scheme W = a/BJZ(FO) + b(F0)2]
was adopted in the final stages of refinement (where a = 0.1965 and b =
0.03781), the final R value being 0.063 and R', 0.068. The final atomic

positional and thermal parameters are given in the appendix)tab]es 7 and 8,
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and bond distances and angles are listed in Table 4.3.2. A correction for
absorption effects was applied for the complex (appendix A2).

Results and Discussion

The complex [(NCCH2CH2)3PHgC12] is found to be polymeric with almost
Tinear C1-Hg-PR3 units bridged by further chlorine atoms (Fig. 4.3.1),
resulting in single chains running parallel to the b-axis. The angles
about the mercury atom are highly distorted from tetrahedral, varying from
89.7(2)° to 162.3(4)°. However, there is a weak w-interaction between one
of the cyanoethyl groups and the mercury atom. From Fig. 4.3.1 it can be
seen that C23, N23 and the symmetry related C(23'") and N(23''") 1ie in
positions close to the mercury atom (Table 4.3.2). These distances (3.51,
3.47 g respectively) are longer than the sum of the van der Waals' radii
which is 3.05 R, indicating a weak interaction. A similar weak bonding
between three cyanoethyl gfoups is found in the 2:1 cyanoethylphosphine
complex (Section 4.2.2). A comparison of the Hg-C and'Hg-N bond lengths is
given in iab]e 4,3.3. The P-C-C-CN torsion angles for two of the
cyanoethyl groups lie close to the expected 180° (173°and 177°), but that
for the P-C(21)-C(22)-C(23) is only 81°, allowing N to take up a position
rear the mercury atom. The resulting co-ordination po]yhedroh about
mercury is distorted octahedral with the two cyano-groups (C(23)-N(23),

C(23'"")-N(23'")) occupying positions trans to each other, the other four
positions being occupied by three ch]orine atoms and one phosphorus atom.
The angles about the'phosphorUS‘aré slightly distorted from the

tetrahedral, vérying from 116.2(10)° to-103.8(10)°.

8o



Fig. 4.3.1

Molecular Structure of [(NCCH,%)3PH9C12

86

1,

N33



0
Table 4.3.2 Bond Lengths (A) and Angles (°) for [(NCCHoCHp)3PHgCl2],

with Estimated Standard Deviations in Parentheses

0
Bond Lengths (A)

Hg-C1(1)
Hg-C1(1')
Hg-C1(2)
Hg-P
P-C(11)
P-C(21)
P-C(31)
c(11)-c(12)
€(12)-C(13)
C(13)-N(13)
C(21)-C(22)
c(22)-C(23)
C(23)-N(23)
C(31)-C(32)
C(32)-C(33)
3)

C(33)-N(3

Bond Angles (°)

C1(1)-Hg-C1(1")
CI(
C1(1)-Hg-P
Cl{
(
(

)-
1)-Hg- C]( )
)-
1') -Hg-C1(2)
Ci(1')-Hg-P
2)-Hg-P
Hg-C1(1)-Hg""
Hg-P-C(11)

Hg-P-C(21)

2.762(9)
2.754(9)
2.336(7)
2.387(6)
1.71(3)
1.92(2)
1.84(2)
1.63(3)
1.48(3)
1.07(4)
1.52(3) -
1.48(4)
1.09(4)
1.56(3)
1.40(3)
1.16(4)
99.2(4)
99.9(4)
89.7(2)
97.3(4)
95.7(2)
162.3(4)
141.4(2)
116.2(10)
114.2(8)

87

Hg...C(23) 3.44(3
Hg...N(23) 3.51(2
Hg...C(23''")  3.61(

Hg...N(23''')  3.47(3

© P-C(11)-C(12)

P-C(21)-C(22)
P-C(31)-C(32)
C(11)-C(12)-C(13)

(
C(12)-C(13)-N(13)
C(21)-C(22)-C(23)
C(22)-C(23)-N(23)
C(31)-C(32)-C(33)

C(32)-C(33)-N(33)

114(2
111(2
115(2

P . ™ e

111(2
177(3)
107(2)
164 (4
110(2

~— St S

174(3



Table 4.3.2 cont.

Hg-P-C(31) 107.7(7)
C(11)-P-C(21) 103.8(10)
C(11)-P-C(31) 108.8(11)
C(21)-P-C(31) 105.6(11)

symmetry operations

'-x, -0.5 +y, 0.5 -z
"'-x, 0.5 +y, 0.5 -2z
'"'ex, 0.5 +y, 0.5 -z
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TABLE 4.3.3 A Comparison of Hg-C and Hg-N Bond Lengths (A) for

[(NCCHoCHo) 5P ;HgC1,, where (n =1 or 2)

[(NCCH,CH, ) sP1HCT, [(NCCH,CH,) 5P1 HgCl »(2)
Monomer 1 Monomer I1I
Hg...C(23) 3.44(3) Hg...(C23) 3.600 -
Hg...N(23) 3.51(3) Hg...N(23) 3.510 : -
Hg...C(23''')  3.61(3) Hg...C(33) - 3.894
Hg...N(23''')  3.47(3) Hg...N(33) - 3.740

Hg...C(43) 3.703 -
Hg...N(43) 3.518 -

(a) Section 4.2.2
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4.3.2 Crystallographic Examination of the 1:1 Complex [(Ph3P)HgloJo

TABLE 4.3.4 Crystal Data

Crystal Size 0.125 x 0.45 x 0.037 mm
Crystal System Monoclinic
0
a = 19.299(4) b = 11.130(3) c = 19.102(2) A 8 = 90.50(1)°

Vo 41031 A3

My 1432.8
Dc 2.32 g cm-3 Dp 2.41 g cm-3 7 = 4
.Systematic Absences h01 1 =2n + 1
0kO k = 2n + 1
Space Group P21/c
u(Mo-Ka) : 101.06 cm-l
F(000) 2592 electrons

Data Collection and Structﬂral Analysis

The crystal was mounted with its b-axis coincident with a Stoe Stadi 2
two-circle diffractometer. Fourteen layers h0l - h131 were collected; 4444
unique reflections were measured of which 2984 had I/o(I) » 3.0 and were
subsequently used for refinement. A1l non-hydrogen and carbon atoms were
assigned anisotropic thermal parameters. All carbon atoms: except C(24),
C(25), c(26), c(61), C(62), C(63) and C(64) were also assigned anisotropic
thermal parameters, these seven carbon atoms could only be assigned
isotropic thermal parameters. Hydrogen atoms .associated with the
anisotropic carbon atoms,'were included in ideal positions (C-H 1.08 X) and
were given a common isotropic temperature factor. Complex neutral atom
scattering factors were employed throughout the refinement; the weighting

scheme W = l.OOO/EqZ(FO) + 0.0175(F5)2] was adopted in the final cycles.

Full matrix refinement gave a final R value of 0.094 and R' value of
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0.091. The final atomic and thermal parameters are given in the appendix
tables 9 and 10. Bond angles and distances are listed in Table 4.3.5a.

Results and Discussion

The complex is found to be an asymmetrical halogen bridged dimer (Fig.
4,3.2). The terminal iodine atoms are trans to each other. The mercury
atoms are four co-ordinate with the distortion from the tetrahedral being
similar for each atom, the angles vary from 94.8(1)° to 128.4(2)°. The
geometry about the phosphorus atom is only slightly distorted from the
tetrahedral with the angles varying from 104.9(11)° to 112.7(10)°.' The Hg-I
bridging  distances are unequal, being 2.990(2), 2.960(2), 2.860(2) and
2.846(2) X while the Hg-I terminal bond lengths are similar, 2.671(2) and
2.684(2) X and are shorter. The Hg-P bond Tengths have similar values of

0
2.461(8) and 2.483(8) A. The phenyl rings are planar. The angles between

the associated mean planes.are given in Table 4.3.5.
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Fig. 4.3.2 Molecular Structure of [PhBPHglzl_2
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Table 4.3.5a Bond Lengths (A) and Bond Angles (°)

o

%r[%3mg%

Estimated Standard Deviations in Parentheses

o
Bond Lengths (3)

Hg(1)-I(1)
Hg(1)-I(2)
Hg(1)-I(3)
Hg(1)-P(1)
P(1)-C(11)
P(1)-C(21)
P(1)-C{(31)

Bond Angles (°)

Il-Hgl-I2
I1-Hgl-1I3
I1-Hgl-P!
I2-Hgl-I3
I2-Hgl-pl
C(11)-P1-C(21)
C(11)-P(1)-C(31)
C(11)-P(1)-Hg(1l)
C(21)-P(1)-C(31)
c(21)-pP(1)-Hg (1)
C(31)-P(1)-Hg(l)
Hgl-I3-Hg2

2.671(2)
2.860(2)
2.990(2)
2.461(8)
1.85(3)
1.80(4)
1.76(2)

106.
107.

128
94
112

112,

104
111

109.
109.
110.

84

9(1)
9(1)
.4(2)
.8(1)
.8(2)
0(15)
.9(11)
.2(12)
3(14)
3(10)
1(10)
.6(1)
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Hg (2) -I(4)
Hg(2) -1(2)
Hg (2) -1 (3)
Hg (2) -P(2)
P(2)-C(41)
P(2) <C(51)
P(2)-C(61)

I3-~Hg2-I4
I2-Hg2-I4
I4-Hg2-pP2
I2-Hg2-13
I3-Hg2-P2
C(41)-P(1)=C(51)
C(41)-pP(2)—C(b1)
C(41)-F(2)-Hg(2)
C(51)-pP(2)<C(61)
C(51)-P(2)-Hg(2)
C(61)-P(2)-Hg(2)
Hg2-I2-Hgl

.68
.96
.84
.48
.85
.80
.75

— = DN NN

116.
106
126

95
110
108
108
112
108
108
110.

84

12 with

4(2)
0(2)
6(2)
3(8).
(3)
(2)
(3)

2(1)

L4(1)
.6(2)
.8(1)
.0(2)
.8(11)
.0(14)
.7(10)
.0(14)
.8(10)

3(10)

.9(1)



Table 4.3.5» Angles between mean planes for (Ph3P)HgIo

Mean Planes Complexed Ligand
1 2
A-B 83.7  89.9
B-C 76.8 78.5

C-A 81.4 82.2

Plane A - ring A (1) C(11), C(12), C(13), C(14), C(15), C(16)
-0.5384X + 0.1962Y - 0.8196Z+ 18.3945 = 0

] (2) C(41), C(42), C(43), C(44), C(45), C(46)
-0.1830X - 0.9817Y - 0.0534Z + 3.2129 = 0

Plane B - ring B (1) C(21), C(22), C(23), C(24), C(25), C(26)

0.8217X - 0.3080Y - 0.4795Z - 1.0119 = 0

(2) ¢(51), C(52), C(53), C(54), C(55), C(56)
-0.5969X + 0.1523Y - 0.7877Z + 20.8931 = 0

Plane C - ring C (1) C(31), C(32), C(33), C(34), C(35), C(36)

0.0932X +0.9956Y - 0.0048Z - 4.5725 = O

(2) C(61), C(62), C(63), C(64), C(65), C(66)

0.8526X - 0.2730Y - 0.4455Z - 8.8718 = 0
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4,3.3 Crystallographic Examination

of the 1:1 Complexes [Pr3PHgX>1o(where

X =Cl, Br

or I)

TABLE 4.3.6 Crystal Data

Crystal System

Dimension (mm)

Dc_(g em-3)
Dm (g cm-3)

(1)
[Pr3PHgCl2]2
Monoclinic
0.32x0.44x0.6
18.474(5)
11.328(1)
13.891(6)

101.17(5)
2852.3
863.4
2.02
2.00

Systematic Absences

Z .
Space Group
u(Mo-Ka) (cm=1)

F(000) electrons

iA non-standard setting of P2j/c.

hk1 h+1=2n+1
0k0 k=2n+1
Ohl h=2n+l

4

BZl/ai

108.2

1632

(11)
[Pr3PHgBra]o
Monoclinic
0.12x0.84
11.777(5)

8.753(5)
16.761(1)
116.18(8)
1551.5
1041.0
2.23
2.25

hO1 1=2n+1
0kO k=2n+1

P21/c
146.8
1920

Data Collection and Structural Analysis

(ILII)
[8-Pr3PHglz ]y
Monoclinic
0.4x0.25x0.16
10.707(3)
13.766(5)
22.399(8)
96.5(1)

3280.3
1229.6

2.49

- 2.50

h01 1=2n+1
0k0 k=2n+1

P2y/c
126.3
2208

Details of data collection are given in Table 4.3.7 and all three

structures were solved using the Patterson method and refined by full-



matrix least squares techniques.

TABLE 4.3.7 Details of the Data Collection

(1) (11) (111)

Axis mounted about 4 b a
No. layers collected 15 11 11
No. unique reflections 1876 2285 2620
No. observed reflections 1446 1431 1638
Final R value 0.069 0.052 0.103
Final R' value 0.070 0.039 0.103
W= a/[Uz(Fo) + b(Fo)z:l

a 1.0000 1.00000 1.00000

b 0.09116 0.000162 0.016547

I/0(1) » 3 2 4

The data were corrected for Lorentz and polarisation effects, but an
absorption correction was only applied for (III). For (I) and (II)
hydrogen atoms were included in ideal positions (C-H, 1.08 R) and were
given a common isotropic temperature factor. All other atoms in (I) and
(II) were assigned anisotropic thermal parameters. In complex (III) only
the mercury, iodine and phosphorus atoms were assigned anisotropic thermal
parameters; it was also impossible to include hydrogen atoms in this
structure. This is probably due to the presence of so many heavy atoms.
The application of the absorption correction for this complex did not
significantly improve the R value or reduce the errors.

Results and Discussion

A1l three compounds are halogen bridged dimers with varying degrees of
distortion about the mercury atoms. Tripropylphosphine mercury iodide

differs from the other two complexes in that both phosphine groups are
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attached to ‘the same mercury atom (Fig. 4.3.3). In this complex the
geometry about the Hg(l) atom to which both phosphine groups are attached
is highly distorted from a tetrahedral arrangement with the angles varying
from 89.5(1)° to 149.1(5)°. The distortion is less about Hg(2), these
angles varying from 93.9(1)° to 123.6(2)°. A full 1ist of bond angles and
bond lengths are given in Table 4.3.8, the final positional and thermal
parameters are given in the appendix, table (11). Around the phosphorus
atom there is significant deviation from the expected tetrahedral
arrangement with the pbond angles ranging from 104(3)° to 121(2)°, but there
is ' little deviation apparent in the carbon chains.

In tripropylphosphine mercury(Il) chloride (Fig. 4.3.4) the distortion
from the regular tetrahedral arrangement about the mercury atom is
considerable, with angles ranging from 96.5(2)° to 148.7(2)°. Around the
phosphorus atom there is on1y slight deviation from tetrahedral with the
angles ranging from 106.4(8)° to 113.6(7)°. A full list of bond angles and
bond lengths are given in Table 4.3.9, the final positional and thermal
parémeters are given in the appendix table (12).

The degree of distortion about the mercury atom in tripropylphosphine
mercury(II) bromide (Fig. 4.3.5) is considerable, the angles ranging from
102.5(1) to 135.9(1)°. There is, however, only a slight degree of
distortion from tetrahedral about the phosphorus atom, with the angles
varying from 112.8(4) to 107.3(7)°. The terminal and bridging mercury-
halogen bond lengths for this complex are similar (2.507(2) and 2.667(2) R
respectively). The structure is very unsymmetrical as the bridging bond
lengths differ markedly (Hg-Brp.* = 2.667(2) and Hg-Brp,.* = 3.051(2) R). A
full list of bond lengths and bond angles are given in Table 4.3.10 and the

final positional and thermal parameters are given in the appendix table (13).
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Fig. 4.3.4 Molecular Structure of [Pr.PHgCl,
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Fig. 4.3.5 Molecular Structure of [Pr-3EHg;B|r‘9__]_\2
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Table 4.3.8 Bond Lengths (A) and Bond Angles (°) for [B-PrsPHal,], with

Estimated Standard Deviations in Parentheses

Bond Distances (A)

Hgl - I1 3.027(4) P2 - Chl 2.09(9)
Hgl - I2 3.050(5) Cll - Cl12 1.63(9)
Hgl - P1 2.457(14) Cl2 - C13 1.36(11)
Hgl - P2 2.421(15) Cc21 - C22 1.53(8)
Hge - 11 2.937(5) c22 - C23 1.54(9)
Hg2 - I2 2.921(4) C31 - C32 1.64(8)
Hg2 - I3 2.694(4) C32 - €33 1.58(8)
Hge - I4 2.685(5) Ch1 - ch2 1.50(9)
P1 - Cl1 1.91(6) cl2 - cu3 1.50(12)
P1 - C21 1.84(5) C51 - C52 1.45(7)
P1 - C31 1.81(6) 52 - €53 1.35(9)
P2 - cll 1.84(9) Cc61 - C62 1.47(11)
P2 - C51 1.65(6) c62 - €63 1.65(11)
Bond Angles ( °)

I1 - Hgl - 12 89.5(1) C21 - P1 - C31 105(3)
I1 - Hgl - P1 100.8(4) Hgl - P2 - Cl1 113(3)
I1 - Hgl - P2 98.0(4) Hgl - P2 - C51 121(2)
I2 -Hgl - P1 102.2(4) Hgl - P2 - C61 104(3)
I2 - Hgl - P2 102.4(4) C4l - P2 - C51 105(3)
Pl - Hgl - P2 149.1(5) Chl - P2 - C61 106(4)
I1 - Hg2 - I2 93.9(1) C51 - P2 - C61 107(3)
I1 - Hg? - I3 106.3(2) Pl - Cl1 - Cl2 106(4)
I1 - Hg2 - I4 109.6(2) Cll - Cl2 - C13 105(7)
I2 - Hg2 - I3 109.5(1) Pl - C21 - C22 110(4)
I2 - Hg2 - 14 109.8(2) c21 - c22 - C23 105(5)
I3 - Hg2 - I4 123.6(2) P1 - C31 - C32 106(4)
Hgl - I1 - Hg? 88.1(1) €31 - C32 - C33 104(4)
Hgl - I2 - Hg? 88.0(1) P2 - C41 - Cch2 113(6)
Hgl - P1 - Cl1 109(2) Chl - Ch2 - c43 108(7)
Hgl - P1 - C21 109(2) P2 - C51 - C52 113(4)
Hgl - P1 - C31 112(2) C51 - C52 - C53 108(6)
Cll1 - P1 - Cc21 105(2) P2 - C61 - C62 111(6)
Cll - P1 - C31 116(3) c61 - C62 - C63 103(7)
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Table 4.3.9 Bond Lengths (A) and Bond Angles (°) for [Pr3ngC1212 with

Estimated Standard Deviations in Parentheses

0
Bond Lengths (A)

Hg-Cl11
Hyg-C12
Hg-P
Hg-C12'
P-Cl1
p-C21
P-C31
Bond Angles (°)

C12-Hg-C11
P-Hg-C11
P-Hg-Ci2
Hg-P-C11
Hg-P-C21
Hg-P-C31
Cl1-pP-C21
C11-P-C31
C21-P-C31

s =X, l'y’ -z

2.348(5)
2.638(4)
2.358(4)
2.780(4)
1.815(16)
1.795(17)
1.827(17)

96.5(2)
148.7(2)
111.2(2)
112.4(6)
110.1(6)
113.6(7)
106.4(8)
107.2(9)
106.6(10)
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C11-C12
C12-C13
c21-C22
C22-C23
€31-C32
€32-C33

Hg---Hg'

P-C11-Cl12
P-C21-C22
P-C31-C32
C11-C12-C13
C21-C22-C23
C31-C32-C33
Cil-Hg-C12'
C12-Hg-C12'
P-Hg-C12'
Hg-C12-Hg'

1.45(3)
1.51(3)
1.45(3)
1.58(3)
1.46(3)
1.47(3)
3.813

111.1(15)
115.1(14)
115.3(16)
113(2)
113(2)
115(2)
103.6(2)
90.6(2)
90.8(2)
89.4(1)



0
Table 4.3.10 Bond Lengths (A) and Bond Angles (°) for [Pr3PHgBr212 with

Estimated Standard Deviations in Parentheses

0
Bond Lengths (A)

Hg-Brl 2.507(2) C11-C12 1.507(18)
Hg-Br2 2.667(2) C12-C13 1.499(20)
Hg-P 2.408(4) C21-C22 1.514(17)
Hg-Br2' 3.051(2) C22-C23 1.507(18)
P-C11 1.794(14) £31-C32 1.553(17)
p-C21 1.806(14) €32-C33 1.521(19)
P-C31 1.796(14) Hg---Hg' 4.022
Bond Angles (°)
Br2-Hg-Brl 102.5(1) P-C11-C12 114.6(11)
P-Hg-Brl 135.9(1) C11-C12-C13 114.4(15)
P-Hg-Br2 119.7(1) P-C21-C22 113.110)
Hg-P-C11 108.4(5) (21-C22-C23 111.2(13)
Hg-P-C21 112.8(4) P-C31-C32 113.8(11)
Hg-P-C31 112.7(5) £31-C32-C33 110.8(14)
C11-P-C21 107.7(7) Brl-Hg-Br2' 105.6(1)
C11-P-C31 107.7(7) Br2'-Hg-Br2 90.9(1)
C21-P-C31 107.3(7) Br2'-Hy-P 87.2(1)
Hg-Br2-Hg' 89.1(1)
', o-x, 1-y,
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4.3.4 Crystallographic Examination of the Mixed Metal Complex
(Pr3P)oHg(u-1)oCdI,
TABLE 4.3.11 Crystal Data

Crystal Size 0.21 x 0.19 x 0.25 mm
Crystal System Monoclinic

0
a = 10.694(6) b = 13.794(7) c =22.415(9) A B = 96.25(5)°

v 3286.7 A3
My 1141.1
Dc  2.31 g cm3 Dp  2.29 g om-3 I = 4
Systematic Absences hOl 1 =2n + 1
0k0 k = 2n + 1
Space Group P21/c
u(Mo-Ka) 86.2 cm1
F(000) . 2080 electrons

Dataggollection and Sthuctural Analysis

The crystal was mounted with its a-axis coincident with a Stoe Stadii 2
two-circle diffractometer. Twelve layers Okl - 11kl were collected; 4159
unique reflections were measured of which 5053 had 1/oc(I) » 3.0 and were
subsequently used for refinement. Hydrogen atoms were included in ideal
positions (C-H, 1.08 R) and were given a common isotropic temperature
factor. All other atoms were assigned anisotropic thermal parameters.
Complex neutral-atom scaftering factors were employed throughout the
refinement; the weighting scheme W = 1.7507/f 2(F,) + 0.0009(Fy)2] was
adopted in the final cycles. Full matrix refinement gave a final R value
of 0.048 and R' value of 0.052. The final atomic parameters and thermal
parameters are given in the appendix, tables 14 and 15 and bond distances

and angles are listed in Table 4.3.12.
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Results and Discussion

The complex is found to be an unsymmetrical halogen bridged dimer (Fig.
4.3.6) in the solid state with, surprisingly, both phosphine ligands being
bonded to the mercury atom. The four-membered ring is approximately
planar, the angles within the ring ranging from 87.2(1)° to 96.3(1)°. Each
metal atom is four co-ordinate and the distortion from a tetrahedral
arrangement for the cadmium is not large, the angles varying from 108.3(1)°
to 118.6(1)°. However, the tetrahedral arrangement of the mercury is
highly distorted, the angles ranging from 88.6(1)° t0 152.8(1)°. The
arrangement of the propyl groups about the phosphines is little distorted
from the tetrahedral, with the angles varying from 106.3(7)° to 108.2(7)°.

The unsymmetrical structure of this complex was further confirmed by
1994g NMR studies.bZ The spectra showed a 1:2:1 triplet with a chemical
shift of -621 £ 2 ppm which confirmed the bonding of two equivalent
phosphine ligands to mercury. The 3lp spectrum gave a single sharp peak
with a chemical shift of 17.5 + 0.1 ppm with a coupling constant J(199Hg-
31p) of 4340 + 2.5 Hz.
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Fig. 4.3.6 Molecular Structure of (Pr3P)2Hg(u-I)2Cd12
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Table 4.3.12 Bond Lengths (A) and Bond Angles (°)

for (Pr3gleggu-I}2§glz

with Estimated Standard Deviations in Parentheses

0
(a) Bond lengths (A)

Hg-1(1) 3.077(1) Cd-1(4) 2.705¢2)
Hg-1(2) 3.056(1) P(1)-C(11) 1.829(16)
Hg-P(1) 2.424(4) P(1)-C(21) 1.790(14)
Hg-P(2) 2.410(4) P(1)-C(31) 1.850(17)
Cd-1(1) 2.866(1) P(2)-C(41) 1.819(18)
Cd-1(2) 2.882(1) P(2)-C(51) 1.805(20)
Cd-1(3) 2.705(2) P(2)-C(61) 1.826(25)
(b) Bond angles (°)

1(1)-Hg-1(2) 88.6(1) Hg-1(2)-Cd 87.3(1)

1(1)-Hg-P(1) 100.6(1) Hg-P(1)-C(11) 111.4(5)
1(1)-Hg-P(2) 101.4(1) Hg-P(1)-C(21) 111.6(5)

1(2)-Hg-P(1) 99.9(1) Hg-P(1)-C(31) 111.5(5)
1(2)-Hg-P(2) 96.4(1) C(11)-P(1)-C(21) 107.6(7)
P(1)-Hg-P(2) 152.8(1) C(11)-P(1)-C(31) 108.2(7)
1(1)-Cd-1(2) 96.3(1) c(21)-P(1)-C(31) 106.3(7)
1(1)=Cd-1(3) 110.3(1) Hg-P(2)-C(41) 113.2(6)
1(1)-Cd-1(4) 110.9(1) Hg-P(2)-C(51) 113.6(7)
I(1)-Cd-1(4) 110.9(1) Hg-P(2)-C(51) 113.6(7)
1(2)-Cd-1(3) 108.3(1) Hg-P(2)-C(61) 108.3(8)
1(2)-Cd-1(4) 110.0(1) C(41)-P(2)-C(51) 107.0(10)
1(3)-Cd-1(4) 118.6(1) C(41)-P(2)-C(61) 107.8(12)
Hg-1(1)-Cd 87.2(1) C(51)-P(2)-C(61) 106.6(12)
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4.3.5 Crystallographic Examination of the 1:1 Complex [a-PraPHgls]j

TABLE 4.3.13 Crystal Data

Crystal Size 0.30 x 0.05 x 0.10 mm
Crystal System Monoclinic

0
a = 8.670(8) b = 13.174(9) c = 14.893(8) A g = 106.57(5)°

V. 1630.7 A3
My 614.5
Dc 2.50 g cm-3 D 2.47 g cm-3 Z = 8
Systematic Absences hkl h+1=2n+1
0kO k = 2n + 1
h01l h = 2n + 1
Space Group le/ai
u(Mo-Ka) 127.1 cm-l
F(000) 2208 electrons

IA non-standard setting of P2p/c

Data Collection and Structural Analysis

The crystal was mounted with its a-axis coincident with the w-axis of
the Stde Stadi 2 two-circle diffractometer. Ten layers Okl — 9kl were
collected; 1032 unique reflections were measured of which 582 had I/o(I) » 2
and were subsequént]y used in the refinement. It was impossible to assign
positions for the carbon atoms and this was probably due to the small
number of reflections available and the presence of a large proportion of
heavy atoms. The mercury, iodine and phosphorus atoms were assigned
anisotropic thermal parameters. Complex neutral-atom scattering factors
were employed throughout the refinement; the final weighting scheme adopted
was W = 2.6953/(02|F0| + 0.002123[F0|2) and interlayer scaling was applied.

Full matrix refinement gave a final R value of 0.092 and R' value of 0.097.
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The final atomic parameters and thermal parameters are given in the
appendix, table 16 and bond distances and angles are listed in table
4'3.14.

Results and Discussion

The complex is found to consist of a single (Hgly), polymeric chain
with each mercury atom co-ordinated to four iodine and one phosphorus atoms
(fig. 4.3.7). The mercury atom lies in a distorted trigonal bipyramidal
environment with the bond angles varying from 85.8(2)° to 169.7(2)°. The
complex has two Hg-I bonds of 2.726(5) R and 2.715(5) g and an Hg-P bond of
2.406(17) ?\ in an approximately planar arrangement (sum of angles is
359.7°). The five co-ordination is completed by bonding of the mercury
atom to iodine atoms from two adjacent molecules approximately
perpendicular to this HgIoP plane. These Hg-I bond lengths (3.617 K and
3.579 ?\) are longer than the sum of the van der Waals' radii (3.45 R) and

are considered to be weak interactions.
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Fig. 4.3.7 Molecular Structure of [a-Pr;LPHglzln
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Table 4.3.14 Bond Lengths (A) and Bond Angles (°) for [oc-Pr3PHgI?_ln

with Estimated Standard Deviations in Parentheses

0
Bond Lengths (A)

Hg-11
Hg-11'
Hg-12
" Hg-12"'
Hy-P

Bond Angles (°)

[2-Hg-11
P-Hg-12
P-Hg-1I1
11-Hg-11"
12'"'-Hg-11
[2-Hg-12"'
11'-Hg-12

2.726(5)
3.627(5)
2.715(5)
3.579(5)
2.406(17)

112.2(2)
126.1(5)
121.4(5)
90.7(2)
99.1(2)
85.8(2)
87.4(2)

m

Hg---Hg'
Hg---Hg"'

symmetry code

l-X, 1“y9

=X, l‘ya

[2''-Hg-11"'
Hg-11-Hg'
Hg-12-Hg"'
P-Hg-I1'
P-Hg-12"'

4.501(4)
4.501(4)

169.7(2)
89.3(2)
94.2(2)
89.0(5)
88.7(5)



4.3.6 A Comparison of 1:1 Mercury(II) Halide Complexes

Although not strictly one of this category, the structure of
(Pr3P)oHg(u-1)2CdIp is included in this section due to its great similarity
to [B-Pr3PHgIpJo. A1l the 1:1 mercury(II) halide complexes studied in this
work fig. 4.3.8 (R3P)HgXo (X = C1, R = NCCHpCHy (e), C3Hy (a) and CgHg (f);
X=Br,R =C3Hy (a); X=1,R =C3Hy (b and c) and CgHg (f)) are halogen-
bridged dimers with varying degrees of distortion about the mercury atom
except for [(NCCHpCHp)3PHGCl21, (e) and [a-Pr3PHglpl, (c) which have halogen-
bridged polymeric structures. In [a-Pr3PHglo], (c) the mercury atom has a
penta-coordinate environment, resulting in an extended distorted trigonal
bipyramidal. structure. The structure of polymeric tris(2-cyanoethyl)-
phosphine mercury(II) chloride (e) shows. the mercury atom to be six-
coordination though two of these bonds result from weak CN...Hg =-
interactions. Tripropy]phdsphine mercury(II) iodide exists in two forms;
the a-form (c), as reported above,. is polymeric whereas [s-Pr3PHgIé]2 (b)
is unique among all the 1:1 mercury(IlI) halide phosphine complexes known
having both phosphine 1igand§ coordinated to the same mercury atom. The
only bromo mercury(II) complex studied is (Pr3PHgBrp)o (a) which is a
halogen'bridged dimer similar to its chloro-analogue. Apart from
[Pr3PHgCl2]> which has a symmetrical bridged arrangement, all the dimers
studied in this work fig. 4.3.8 (a-1) have asymmetrical briaged structures.
The structural types established for 1:1 mercury(II) halide complexes with
tertiary phosphines from this work and from earlier studies are given in
table 4.3.15.

It has been suggested65 that strong donor ligands give rise to less
extended structures. The structures have been established.for many

tertiary phosphine mercury(Il) chloride complexes but insufficient iodide
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or bromide complexes have been characterised to allow comparisons in these
groups. For R3PHgClo complexes it would appear that ‘small' strong
o-donating ligands give rise to extended polymer structures e.g. Me3P,
Et3P, a-BuzP and (NCCH2CH2)3P have structures extended beyond the dimer
stage whereas a weak donor such as Ph3P results in a dimeric structure.
The exceptions to this are [Pr3PHgCi2]o and [Cy3PHgClpa]o which have
halogen-bridged dimeric structures despite the fact that both ligands have
high pKa values (8.64 and 9.7 respectively). However, the large 'size' of
the cyclohexyl g¢roups probably inhibits the extension of its structure
beyond the dimeric stage. Many R3PHgX2 complexes are found to have more
than one form and it is possible the Pr3PHgClo is one of these and may
therefore exist in an as yet unknown, more extended form.

The nature of the halogen atoms may play an 1mportant role in the
extent of the association of (R3P)MXo complexes. For example, the
structural work on (R3P)CdX, complexesbd has shown that for a given
phosphine, the more covalent Cd-I bonding gives rise to a less extended
iodine-bridged dimer whilst the chloride gives rise to a more extended
penta-coordinate arrangement. However, in the mercury series studied here
(Table 4.3.15) fof the limited number of structures for a particular
phosphine, solved by full X-ray analysis, it appears that the halogen has
little effect on the structure adopted. For both Pr3P and Ph3P mercury(1I)
halide complexes a dimeric arrangement is found except for one of the forms
of Pr3PHgl» which is polymeric.

In section 2.2 it was proposed that the extent of the interaction
between the mercury and the donor ligand was dependent upon the electronic
effect and the 'size' of the substituents attached to the donor atom. For
the 2:1 series (section 4.2.3) stronger g-donor ligands gave rise to short

Hg-P bonds, long Hg-X bonds and large P-Hg-P bond angles. Parameters for
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the structures of 1:1 complexes solved in this work and other analogous
complexes solved by other workers are listed in table 4.3.16, along with
pKa values for the phosphine ligands. Comparison of the Hg-X and Hg-P bond
lengths does not show a marked distinction between phosphines of differing
pKa values. However, the size of the P-Hg-Cltappina] @ngle does show markéd
variation for different strengths of the phosphine ligand. When R is Me,
Et, Pr and Bu (pKa 8.65, 8.69, 8.64 and 8.43 respectively)

the P - Hg-X angle is found to be large 162.1(1)°, 145.4(3)°; 148.7(2)° and
150.9(3)° respectively, compared to triphenylphosphine mercury(II) chloride
(pKa Ph3P 2.73) which has a much smaller P-Hg-Xteorminal angle of only
128.7(4)°. Tris(2-cyanoethyl)phosphine mercury(II) chloride has a similar
P-Hg-Clterminal angle (162.0(3)°) to trimethylphosphine mercury(II)
chloride (pKa Me3P is 8.65) which has a P-Hg-Clterminal angle of 162.1(1)°,
indicating (NCCHpCH2)3P is a strong o-donor to mercury(II) halides although
its pKa is only 1.36, as was also found for the 2:1 complex. - This is
further supported by the NMR data which shows the (NCHyCHp)3PHgClo has a
similar chemical shift to Pr3PHgCl2 but smaller than for the weak donor
complex with Ph3P (table 4.3.17).

Only three mercury(II) iodide structures have been established, those
of triphenyl phosphine and the a and g8 forms of tripropylphosphine.
Although these three complexes have vastly differing structures there is
little variation of bond angles and bond lengths despite the differing pKa

“of the phosphines (2.73 and 8.64 respectively). The average Hg-P bond
lengths are 2.47 R, 2.41 R and 2.44 g respectively and the P-Hg-Iterminal
bond angles are 128.4(2)° and for the a-Pr3PHgl, 124.8(6)°. This would
‘1nd1cate that for iodides of 1:1 complexes the differing donor strength of

the ligands does not markedly affect the bond lengths and bond angles.
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The effect of the anion on the geometry of 1:1 mercury(II) halide
complexes can be seen from a comparison of the Hg-P and Hg-X¢ bond Tlengths
and size of the Xpp-Hg-Xpy and P-Hg-Xt angles. The only complete halide
series is for tripropylphosphine, where the structures of chloride, bromide
and iodide have been fully determined, but data is also available for the
chloro and iodo mercury(II) halide complexes with triphenylphosphine. In
both these cases the steric and electronic effects of the phosphine ligand
may be ignored.

In the case of triphenylphosphine mercury(Il) halides a comparison of
the appropriate angles and lengths is straightforward, as both complexes
being studied have a halogen-bridged dimeric structure, the chloride having
a centrosymmetrical structure whilst the iodide has an asymmetric
structure. Triphenylphosphine mercury(Il) chloride has shorter Hg-P and
Hg-Xt bond lengths 2.406(7) R and 2.370(10) K respectively and a smaller .
Xbr-Hg-Xpy angle 85.4(3)° than its iodide analogue which has corresponding
bond lengths of 2.461(8) R and 2.671(2) (l)\ and an I-Hg-1 angle of 94.8(1)°.
The P-Hg-Xt angle in these cases are very similar 128.7(4)° for the
chloride and 127.5(2)° for the jodide.

In the case of tripropylphosphine mercury(Il) halides the iodides have

vastly different structures from the chloride and bromide, both the latter

—~

being halogen-bridged dimers. Tripropylphosphine mercury(II) bromide is

>0

unusual in that the terminal Hg-Br bond length (2.507(2) A) and the
bridging Hg-Br bpnd length 2.667(2) X are similar, whéreas there is a
marked difference for the chloride which has bond lengths of 2.348(5) R and
2.638(4) Z respectively. The g-form of the jodide is a halogen-bridged
dimer but is most unusual in having both phosphine groups bonded to the
same mercury atom. In contrast the a-version of the iodide is a polymeric

halogen-bridged structure. Despite the structural variations it is
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possible to see an increase in the Xpp-Hg-Xpp angle from 96.5(2)° for the
chloride, 102.5(1)° for the bromide to 112.5(2)° for the a-form of the
iodide and 108.3(2)° for the g-form. The P-Hg-Xt angle however shows a
decrease from chloride to iodide (148.7(2), 135.9(1) and 123.7(6)° av.
respectively) and these variations are accompanied by an increase in the
Hg-P (2.358(4), 2.408(4), 2.406(17) and 2.439(14) av. &5 and Hg-X¢
(2.348(5), 2.507(2), 2.723(6) and 2.694(4) R) bond lengths from X= C1 to I.
The increase in Hg-P distance from chloride to iodide for both the Ph3P and
Pr3P complexes may result from both the higher electronegativity of
chlorine compared to iodide and also if the iodide is a stronger donor to
mercury than chlorine as was discussed in section 4.2.3.

An increase in the Hg-X (X = C1—Br —1) bond length would be expected
due to the electronegativity and bulk of the halogen atoms. A comparison
of this bond length (tab]e'A) for HgXy (I) and Pr3PHgXp (II) shows that Hg-Ci
is 2.52 R in (I) and 2.348(5) R in (II),*Hg-Br for (1) 2.57 % for (I1)
2.507(2) R and for Hg-1 (I) 2.60 2 for (II) 2.69 R av. The differences
between I and II would indicate that in the 1:1 complexes the.chlorine atom
is acting as the stronger o-donor. Similarly, a comparison shown below
between the Hg-X distances in the complexes and the sum of the covalent

radii leads to the same conclusions.

Table A Comparison of Hg-X covalent radii and Hg-X bond distances

0 - 0 0
sum covalent radii Hg-X (A) Hg-Xt_bond distance (A) Difference (A)

(Pr3p) (1) (Ph3P) (II)  (I) (11)
X=0Cl  2.44 2.348 2.370 0.092 0.07
X=Br 2.58 2.507 0.073
X =1 2.77 2.69 2.68 0.08 0.09
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A similar comparison may be made between the Hg-P bond distances and the

sum of the covalent radii for mercury and phosphorus (table B).

0
Table B Comparison of Hg-P covalent radii and Hg-P bond distances (A)

sum covalent radii Hg-P (R) Hg-P distance (R) Difference (R)
(Pr3P) (I)  (Ph3P) (I1I) (1) (11)

X = Cl 2.54 2.358 2.406 -.182 -.134

X = Br 2.54 2.408 -.132

X=1 2.54 2.457 2.483 -.083 -.017

In all cases the Hg-P bond distance is smaller than the sum of the covalent
radii indicating a strong mercury-ligand reaction.

Table 4.3.17 shows a decrease from the chloride to the iodide for both
chemical shifts and coupling constants with a corresponding increase in the
Hg-P bond lengths. The exception being the polymeric [a-Pr3PHglo], which
has a Hg-P bond length comparable to its bromo-analogue, but a similar
chemical shift and coupling constant to [B-Pr3PHgln]o.

This trend of decreasing chemical shifts and coupling constants is also
shown by the 2:1 complexes, but in the case of the 2:1 complexes the
chemical shifts and coupling constants are lower.

Comparison of B-(Pr3P)oHg(u-1)oHglo (1) and (Pr3P)oHg(u-1)oCdlo (I1)

Fig. 4.3.8

A comparison of the bond lengths and bond angles for the complexes [B-
Pr3PHgIoly (I) and (Pr3P)pHg(u-I)oCdIp (II) shows them to be remarkably
similar. Both have a halogen-bridged dimer structure with the two
phosphine ligands coordinated to the same mercury atom and thus (I) is the
only 1:1 mercury(II) halide tertiary phosphine complex known to be of this
structure. The geometry about the Cd atom in (II) and the analogous Hg

atom in (I), which is also bonded to two terminal iodine atoms, is only
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slightly distorted from the tetrahedral, while the geometries about the

other mercury atom, in each case, are highly distorted from tetrahedral and
angles range from 89.5° to 149.1° in (I) and from 88.6° to 152.8° in (II).

The similarity of the structures is not unexpected as [8-Pr3PHglpJp can be
prepared by the treatment of (Pr3P)HgIpCdlp with excess mercuric iodide.24

The 1:2:1 triplet nature of the 199Hg NMR spectrum for complex (II)

indicates the bonding of two equivalent phosphine ligands to the mercury

atom. 199Hg NMR data are not available for (g-Pr3PHglp)o. The 3lp NMR

data given in table 4.3.17 for both complexes surprisingly shows no similarity,

the chemical shifts and coupling constants being markedly different.
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Table 4.3.15 Summary of Structures of HgXp(PR3) Complexes Determined(2)

PR3 Cl Br I

PP (D) Asxmm%t§ic Assym?tsic -
dimer dimer(d

PPh3 Symmetric dimer Symmetric dimer’ Asymmetric dimer

(a Chain polymer . o
PPhpMe ( Ionie chain’ Symmetric dimer
(B Synmetric dimer :

PPhMep Ionie echain Ioniec chain Synmetriec dimer
PMe3 lIonic chain Ionic chain New form
PEty Chain_polymer: Chain polymer Symmetric dimer

PPr Aszmm%t§ic Aszmm%tgic B: Unsymmetric dimer
3 dimer dimer

a: Weakly linked
monomer units

(a Pseudo-

PBuz ( tetramer Pseudo-tetramer Pseudo-tetraner
(
(

g Symmetric
dimer

PCy3(€)  Two independent Symmetric dimer Symmetric dimer
dimers :

P(CHpCHpCN)3  Chain

(a) Structures underlined have been determined by full X-ray analysis:
Structures in normal type have been deduced by comparison of preliminary
single crystal X-ray data: Structures in 7talics are those proposed from
comparative vibrational spectroscopy.

(b) TPP = 1,2,5-triphenylphosphole.

(c) Cy - cyclohexyl.

(d) In an asymmetric dimer the Hg-X bond lengths in the centrosymmetric HgXoHg

unit are distinctly unequal.
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Table 4.3.17 NMR Parameters for (R3P)HgX> Complexes (where X = C1, Br or

I and R = Pr, Ph and (NCCHCH»))

Comp1ex (31p)/ppm (21) J(Hg-P) Hz (£5)  Hg-P (R)
(Pr3P)HgC1,2 33.0 7389 2.358(4)
(PraP)HgBrp2 27.2 6611 2.407(4)
CdHgl4(PPr3)sC 17.5 4340 2.436(24)
8(Pr3P)Hgly 6.2 5071 2.431(25)
a(Pr3P)Hgl,? | 6.9 5053 2.406(17)
(Ph3P)HgCl 33.8 . 7431 2.406(7)
(Ph3P)HyBr,b 36.1 6464 -
(Ph3P)HgIoD 12.2 4700 2.461(8)
2.483(8)
(NCCH,CHp ) 3PHGC12C 33.39 - 2.393(5)
(NCCH2CHp ) 3PHgBrpC 29.25 - -
(NCCHp CHp) 3PHgIC - - _

A1l measurements relative to H3P0Oq
dref. 61 solvent 20% CD2Cl2 in CHpCl, at 300 K
bref. 63 solvent DMF at 243 K

CPersonal communication B. Taylor (solvent acetone)
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Summary
The nature of both the phosphine Tigand and halogen atom play an

important role in the structures adopted by (R3P)anX2 complexes (where n =
1or 2).

The 2:1 mercury(II) halide complexes all have distorted monomeric
tetrahedral structures in which the o-donor ability of the phosphine ligand
plays a dominant role in the size of the P-Hg-P angles and the lengths of
the Hg-P bonds (Table 4.2.7). The stronger o-donor phosphine ligands give
rise to larger P-Hg-P angles, smaller X-Hg-X angles and short Hg-P bond
lengths. Insufficient data is available for any meaningful deductions
concerning the effect of the halide atom as the full structures are only
available for one series (Ph3P)2HgX2 (where X = C1, Br or I). From the
limited information available the effects of the halide on the 2:1
structures appears to be a decrease in the size of the P-Hg-P angle where X
varies from Cl to Br to I with a corresponding increase of the Hg;P bond
lengths.

For the 1:1 mercury(Il) halide complexes a variety of the gross
structural types has been found, and these are summarised in Table 4.3.15.
Complexes which contain strong o-donor phosphine ligands tend to give a
large numbér of different structures. These vary from symmetrical halogen-
bridged dimers (e.q. (Pr3PﬁgC12)2) to chain polymers (e.g.(Et3PHgC12)nL
The only weak o-donor phosphine studied is triphenylphosphine which results
in haTogen-bridged dimer structures for both the iodide and chloride
complexes. The only complete halide series studied is for tripropylphos-
phine where the structures vary from a symmetrical halogen-bridged dimer
where X = C1 and Br, to an extended pentaco-ordinate iodine-bridged

structure or an unusual halogen-bridged dimer, having both phosphine
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lTigands co-ordinated to the same mercury atom in the two forms of Pr3PHgIZ.
A complete study of the iodine analogues where R = Et, Me and (NCCHZCHZ)
would be necessary to provide a meaningful comparison of the effect of the
halogen atom on the structures of the 1:1 mercury(II) halide tertiary

phosphine complexes.
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Al. Final Positional Parameters and Thermal Parameters

Anisotropic temperature factors are of the form:-
expl-2n2(Ug1h2a*2 + UppkZb*Z + U3312c%2 + 2Up,hka*b* + 2U;5hla*c*
+ 2Up3k1b*c* ]

Isotropic temperature factors are of the form:

exp-8n2U(sin26/A2)
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Table 1 Final Fractional Coordinates (Hg x losi,other atoms x 104) with

Estimated Standard Deviations in Parenthesesd for

[(2-thienyl)3P]oHgC1»

X Y z
Hg 44386 (3) 15488 (2) 25479 (2)
cl (1) 2726 (3) 498 (1) 2070(2)
cl(2) 3613 (3) 2619(1) 1614 (2)
P (1) 4303 (2) 1891 (1) 3969 (1)
P(2) 6592 (2) 1169 (1) 2004 (1)
c(11) 5500 (9) 1340(5) 4713 (6)
S(12) 5150 (4) 1115(2) 5635 (2)
c(13) 6690 (12) 596 (6) 5880 (8)
C(14) 7429(13) 609 (7) 5317 (8)
C(15) 6783 (10) 1024 (7) 4635 (8)
c(21) 4783 (9)  2821(5) 4209 (6)
S (22) 3989 (4) 3524 (1) 3592 (2)
c(23) 4924 (13) 4153 (6) 4218 (8)
C (24) 5875 (11) 3868 (6) 4890 (8)
c(25) 5810 (9) 3072 (5) 4920(7)
C(31) 2587 (8) 1791 (4) 4225 (5)
5(32) - 2027 (3) 2290(2) 4948 (2)
C(33) 507 (12) 1780 (7) 4872 (7)
C(34) 425(11) 1247 (5) 4301 (7)
c(35) 1597 (10) 1217(5) 3913(7)
C(41) 7385 328 2451
S (423) 6473 -299 2789
S(42B). 9009 46 2462
C(43a) 7916 -865 3019
C(43B) 8741 -751 2934
C(44a) 9125 -564 2925
C (44B) 7465 -868 3062
C (45A) 8780 80 2453
C (45B) 6576 -230 2717
c(51) 6112 (9) 1016 (5) 923 (5)
S(52) 7229 (3) 654 (1) 337 (2)
C(53) 5943 (11) 679 (5) -535(6)
C(54) 4707 (12) 970 (5) -418(6)
C(55) 4828(10) 1175 (5) 431 (6)
C(61) 8001 1836 2212
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S(62A)
S(62B)
C(63A)
C(63B)
c(64n)
C(64B)
C (65A)
C (65B)

Final Positional

X

9401
8056
10153
9690
9333
10294

8004 .

9112

X

1822
2439
12562
2748
2794
2327
2411
1868

z

1763
2936
2308
2835
2804
2345
2783
1779

Parameters (x 104) for Hydrogen atoms

H(13)
H(14)
H(15)
H(23)
H(24)
H(25)
H(33)
H(34)
H(35)
H(53)
H(54)
H(55)

6988

8445

7230
4820
6573
6419
-289
-463
1728
6100
3754
3967
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289
334
1086
4733
4194
2726
1871
871
825
489
1038
1430

6446
5378
4094
4095
5348
5394
5236
4154
3448
-1125
-893
658
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Standard Deviations in Parentheses for [(2-thienyl)3P]oHgCl,

(a) Anisotropic temperature factors (x 10%)

Hg
Cl(1)
Cl(2)
P(1)
P(2)
C(11)
S(12)
C(13)
C(14)
C(15)
C(21)
S(22)
C(23)
C(24)
C(25)
C(31)
S(32)
C(33)
C(34)
C(35)
C(51)
S(52)
C(53)
C (54)
C(55)

Ui

334 (2)
502 (13)
550 (13)
274 (10)
257(10)
309 (42)
763(20)
646 (69)
546 (65)
309 (47)
334 (44)
717 (19)
712(76)
464 (52)
290(40)
322 (39)
457 (13)
524 (60)
465 (56)
347 (46)
365 (43)
488 (13)
691 (62)
575(62)
472 (53)

(b) Isotropic temperature factors (x

Uss

-11(1)
-119(10)
67 (10)
-5(9)
-18(9)
~3(42)
285 (16)
287 (57)
252 (67)
371 (67)
-60(41)
21 (11)
99 (56)
-167 (53)
-108 (44)
-65(35)
-161(12)
70 (59)
83 (48)
-116 (46)
-64(36)
-76(11)
-156 (42)
56 (44)
13 (43)

103)

C(41)

S(42a), sS(42B)
C(43A), C(43B)
C(44Aa), C(44B)
C(45Aa), C(45B)

U22 U33
318(2) 289 (2)
412(13) 412(13)
331(11) 398(13)
242(10) 246(10)
250(10) 305(11)
326(46) 314(50)
804 (23) 463(17)
539(65) 605(73)
713(78) 602(84)
658 (76) 696 (85)
292(46) 361(50)
342(13) 454(16)
289 (55) 638(80)
431(56) 647(77)
230(45) 643(63)
209(37) 318(47)
461 (13) 487(15)
707(75) 463(62)
329(49) 652(70)
348(49) 569(64)
292(42) 268(44)
451 (13) 428(14)
333(47) 330(50)
428 (52) 333(51)
403 (51) 345(52)

y
38(2)
52(1)
63(4)
64 (4)

156 (14)

135

c(61)

s(62a),
' c(63a),
C(64A),
C(65A),

U3

96 (2)
120(11)
67(11)

66 (8)

84 (9)
94 (37)
253 (15)
113 (58)
82 (60)
96 (50)
101 (38)
12(14)
115 (64)
136 (53)
107 (42)
28(35)
189 (12)
279 (51)
199 (51)
170 (44)
174 (36)
207 (11)
174 (45)
76 (46)
153 (43)

S(62B)
C(63B)
c(64B)
C(65B)

Ui

9(1)
=134 (10)
54 (10)
-6 (8)
-1(8)
=27(37)
303(17)
139 (53)
931(58)
323(50)
=31(37)
=7(12)
-96 (53)
-134 (44)
-32(34)
40(32)
9(11)
163 (58)
-85(42)
21 (38)
=43 (35)
76 (11)
=152 (46)
-42(47)
-16(42)

g

37(2)
47 (1)
35(2)
77 (5)
167 (15)



Table 3 Final Fractional Coordinates for [(NCCHpCHp)3PJoHgBro.0C(CH3)s

(Hg x 105, other atoms x 10%) with Estimated Standard Deviations

in Parentheses

~Atom

X Y z
Hg 26835(7) 12825(4) 26700(2)
Br(1) 5682(2) 1215(1) 2708(1)
Br(2) 1913(4) 2934(1) 2618(1)
P(1) 2393(4) 1019(2) 3816(1)
P(2) 2351(4) 870(2) 1538(1)
c(11) 2793(18) 1971(8) 4291(6)
c(12) 4291(23) 2310(10) 4166(8)
C(13) 4628(21) 3107(9) 4503(7)
N(13) 4822(19) 3735(10) 4745(7)
c(21) 3661(19) 245(9) 4141(6)
c(22) 3604(24) -585(9) 3747(9)
c(23) 4521(21) -1255(10) 4034(7
N(23) 5222(22) -1738(9) 4254(7)
C(31) 623(18) 685(10) 4069(7)
c(32) -647(19) 1270(14) 3853(8)
C(33) - -1919(23) 968(15) 4167(8)
N(33) -2885(25) 764(19) 4460(10)
c(41§ 3574(18) 7(8) 1381(6)
c(42 3589(23) -275(12) 665(7)
C(43) 4545(27) -998(11) 582(8)
N(43) 5286(27) -1571(12) 514(9)
c(51) 551(17) 519(9) 1258(6)
c(52) -622(18) 1148(10) 1426(7)
C(53) -2048(22) 869(12) 1132(8)
N(53) -3108(19) 645(12) 891(8)
c(61) 2789(17) 1742(8) 1002(6)
c(62) 4282(21) 2120(11) 1171(9)
C(63) 4561(24) 2874(10) 790(9)
N(63) 4820(27) 3471(11) 514(9)
0 -556(28) -332(15) 2626(9)
(1) -1536(39) -882(17) 2559(13)
c(2) -1880(45) -1310(20) 1923(13)
c(3) -2469(38) -1141(26) 3087(14)
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Final Positional Parameters (x 104Lf0r Hydrogen atoms

X X z
H(111) 2749 1820 4798
H(112) 1987 2448 4163
H{121) 4351 2415 3653
H(122) 5094 1844 4323
H(211) 3401 105 4631
H(212) 4751 503 4137
H(221) 3953 -455 3267
H(222) 2493 -814 3715
H(311) 673 655 4590
H(312) 399 62 3873
K(321) -834 1241 3335
H(322) -405 1914 3996
H(411) 3258 -531 1663
H(412) 4667 200 1535
H(421) 3964 247 380
H(422) 2493 -445 498
H(511) 327 -8l 1481
H(512) 528 443 740
H(521) -356 1766 1241
H(522) -683 1182 1944
H(611) 1974 2231 1038
H(612) 2770 1508 512
H(621) 5105 1652 1082
H(622) 4344 2234 1676
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Table 4 Final Anisotropic Thermal Parameters for Non-Hydrogen Atoms with

Estimated Standard Deviations in Parentheses for

[ (NCCHpCH2)3PJ2HgBrs.0C(CH3) 2

Ui

501(4)
43(11)
1643(27)
410(25)
422(26)
481(110)
638(150)
700(131)

366(107)
440(116)
297(130)
585(165)
557(116)
714(149)
922(192)
1324(220)
353(102)
473(106)
554(139)
413(114)
577(109)
465(130)
657(155)

(¢
1601(226)
1174(263)
2733(419)

(

. 1246(280)

oY)

405(3)
978(13)
410(9)
315(17)
318(16)
303(70)
436(90)
336(74)
485(78)
361(73)
252(67)
301(74)
454(83)
406(76)
691(102
1283(179

317(64)

606 (104

449(91)

574(98)

516(86)

450(94)

755(108)
1167(131)
281(64)

490(94)

444(87)

578(106)
1333(169)
860(160)
1046(191)
2334(379)

)

) -
1942(251)

)

U3z

210(2)
385(7)
519(10)
212(14)
221(14)
402(69)
517(86)
397(71)
598(76)
293(63)
747(106)
513(80)

323(64)
659(106)
634(117)
846(124)
933(124)
960(174)
924(166)
1107(195)

138

43(49)
-237(75)
-170(71)
-130(87)
-37(57)
-110(67)
-150(76)
-289(91)
80(51)
243(81)
150(83)
211(87)
42(115)
275(133)
-241(167)
253(213)

Uiz

35(2)

15(6)
36(12)
59(13)
40(13)
100(59)
118(78)
-94(67)
54(71)
5(58)
-52(91)
90(75)

'
—
—
[ae]
w

\./Vw w \l 03 P —

110(64
180(74
4(75
15(10
71(7
161(7
237(9
438(12
40(55
-19(59
60(76)
-11(73)
20(57)
39(80)
97(93)

)
)
)
)
)

576(193

)
197(155%
426(176)

U2

12(4)
3(11
303(12
14(14
-22(15
-42(65
-123(85
-143(73
-171(97
19(69
107(78
207(92
94(91
39(65)

96(110)
-24(105)
-140(150)
50(65)
32(94)
-146(103) .
155(115)
76(68)

-108(76)

30(91)
89(91)
40(61)
-33(80)
-54(83)
-329(103)
-61(149)
268(165)

-191(259)

-261(245)



Table 5 Final Fractional Coordinates (x Sav with Estimated Standard Deviations in Parentheses for

cl(1)
C1(2)
P(1)
P(2)
c(11)
c(12)
Cc(13)
N(13)
c(21)
C(22)
c(23)
N(23)
c(31)
Cc(32)
Cc(33)
N(33)
C (41)
c(42)
Cc(43)
N(43)

.

[(NCCH,CH,) JP] ,HgC1,,

Molecule 1
X Y z
1638 (1) 1948 (2) 4198 (1)
1606 (5) ~721 (11) 4683 (4)
2215 (4) 3363 (14) 5228 (4)
2256 (4) 1341 (12) 3692(4)
724 (4) 3050 (14) 4100 (4)
2526 -683 3827
2030 -1759 3526
2308 -2934 3851
2454 -4258 4183
1906 1497 2849
1741 3003 2582
1445 3828 2812
1163 4674 3022
2886 2434 3896
3223 2437 4631
3711 3585 4795
4117 4336 5017
118 3060 3377
-201 1525 3072
160 877 3126
606 4 2942

Molecule 2

X P4 z
6578 (0) 2437(2) 2564 (1)
7244 (4) 1005(11) 2132 (4)
6806 (4) 5281 (11) 2385 (5)
7179 (3) 1856 (10) 3608 (3)
5706 (3) 2188 (11) 1622(3)
7482 -116 3717
7068 -1378 3361
6712 8508 3556
6372 7864 3828
7858 2999 3934
8131 3036 3517
8630 3979 3758
9131 4322 4125
6890 -8001 4160
6768 -6546 4263
6329 -5792 3897
5869 -5518 3414
5427 265 1383
5881 -929 1514
5697 -2320 1148
5556 -3392 903
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Table 6 Final Thermal Parameters for Non-Hydrogen Atoms with Estimated Standard Deviations in Parentheses for

[(NCCH,CH,) 5P] HgCT,,

Anisotropic Thermal Parameters AxHOAv

Molecule 1 Molecule 2
Ui Yaz Uss Yss Y3 Y2 Y11 Yo Uss Y3 Yi3 Yio
Hg 605(8)  812(10) 577(8) 16(8)  273(7) 51(8) 524(7)  723(8)  432(6) 7(7) 197 (5) 22(7)
CL(1) 1289(88) 809(70) 577(58) 104(53) 409 (59)  69(64)  682(59) 967(70) B71(61) -5 (54) 461 (52) 98 (53)
Cl(2)  891(74) 1334(101) B55(69) -391(70) 249(58) -417(73)  939(68) 661(64) 1115(76) -22(56) 472(61) -134(54)
P(1) 623(58)  819(72) 568(59)  57(53) 234(48) -14(53)  554(50) 690(59) 370(43)  53(45) 149 (39) 14 (49)

P(2) 559(60) 1156(92) 663(57) -1(61) 207(49) 184 (62) 579(52) 678(64) 454 (43) -6(47) 220(41) 70(49)
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Isotropic Thermal Parameters (x 104)

c(11)
c(12)
C(13)
N(13)
C(21)
c(22)
c(23)
N(23)
Cc(31)
Cf32)
C(33)

N(33)

Molecule 1 Molecule 2
988 (138) 1384 (175)
1122(132) 1110(140)
2179(305) 2671 (347)
2198 (293) 3335(350)
1252(151) 1418(141)
1001 (137) 1é88(134)
1618 (265) 1660(140)
1751 (170) 2765 (139)
1003 (113) 1442 (180)
973(115) 152é(270)
1235(172) 1907 (333)
1905 (167) 2967 (319)

142

C(41)
C(42)
C(43)
N(43)
C(51)
C(52)
C(53)
N(53)
c(61)
C(62)
C(63)

N (63)

Molecule 1

Molecule 2

1212(134)
2554 (357)
2145(316)
2224 (209)
1505(170)
4628(1317)

2425 (265)

3571 (322)

1814(170)
1862(234)
2231 (547)

2528(287)

630(85;
1168 (162)
1051 (126)
1096 (90)

760 (90)
1343 (153)
1993 (309)
2586 (422)

640 (88)

837(105)

943 (112)

1403 (134)



Atom

9
Ci(1)
C1(2)
P

C(11)
c(12)
C(13)
N(13)
c(21)
c(22)
c(23)
N(23)
C(31)
c(32)
C(33)
N(33)

5.
Table 7 Final Fractional Coordinates for [(NCCHZEEZ)3PHQCIZJ (Hg x 1073

other atoms x 104) with Estimated Standard Deviations in

Parentheses

2516(20)

Final hydrogen positions-(x104\

H(111)
H(112)
H(121)

X

1977
1324

833
1409
1801
1170

906
1173
1336
1216
2287
2406

143

Y

14470(14)
4615(10)
1754(17)

960(8)
414(25)

5568(32)

428
-856
1549
2989

-1059
-424
-2607
-3525
3945
3171
1708
2701

~1558(36)
-2147(36)

1685
2264
3761
3033
-1122
-2367
456
-1316
z44
-1677
-1502
331



Hg
Ci(1)
Ci(2)

C(11)
c(12)
C(13)
c(21)
C(23)
N(23)
C(33)
N(33)

C(22)
C(32)

Table 8 Final Thermal Parameters for [(NCCHggﬂzlgPHgC1,lp with Estimated

Standard Deviations in Parentheses

Anisotropic Thermal Parameters

Y Y2 Y33 Ya3
261(4) 433(5) 441(6) 11(7)
540(38) 431(38) 768(81) -62(48)
319(30) 1133(95) 785(102) 34(71)
278(25) 302(31) 442(61) 42(33)
465(127) 134(101) 488(242) -43(127)
195(85) 452(185) 490(209) 11(158)
572(147) 559(193) 359(238) -31(199)
371(110) 236(105) 202(158) -47(11)
353(159) 1170(465) 2202(930) -840(560)
648(171) 1171(307) 636(317) -696(257)
269(123) 8%9(338) 844(394) 145(294)

1398(384) '796(265) 1072(511) 841(347)
Isotropic Thermal Parameters
1]
498(79) C(31)
320(55) N(13)

144

Yis

15(5)
10(44)
-7(34)
-19(30)
~136(134)
127(109)
-254(155)
73(107)
60(300)
-119(173)
-110(161)
-451(340)

)
-128(152)
-646(278)

v

347(52)
590(&0)



4, .
Table 9 Final Fractional Coordinates for [Ph3PH91212 (x 107) with

Estimated Standard Deviations in Parentheses

x X z

Hg1l 6775 (1) 1399(1) 8340 (1)

Hg2 8118(1) 923 (1) 6831 (1)

I1 6949 (1) 36(2) 9479 (1)

I2 6766 (1) -187(2) 7162(1)

I3 8141 (1) 2511 (2) 7999 (1)

I4 7928 (1) 2166 (2) 5641 (1)

Pl 6002 (3) 3138(8) 8177 (3)

Cl11 5204 (13) 2975(36) 8698 (13)
C12 4907 (16) ©2050(42) 8774 (18)
C13 4307 (16) 1887 (51) 9184 (20)
Cl4 4029(12) . 2803 (45) 9463 (16)
C15 4347 (16) 3951 (41) 9400(15)
Cle 4943 (13) 4029 (38) 9070(14)
ca1l 6466 (13) 4491 (35) 8392(15)
c22 . 6836 (17) 4474 (36) 9013(17)
c23 7145(22) 5395 (64) 9264 (26)
C24 7151 (27) 6484 (57) 8828 (27)
C25 6741 (27) 6493 (62) 8106 (29)
C26 6405 (19) 5316 (41) 8010 (20)
Cc31 5712(11) 3213 (30) 7302(12)
€32 5022(12) 3384 (35) 7114 (15)
C33 4825(17) 3439 (31) 6414 (17)
Cc34 5308(17) 3250(30) 5878 (14)
C35 6033 (15) 3227 (28) 6043 (14)
C36 6208 (12) 3200(29) 6776 (14)
P2 8949 (3) -749(8) 7026 (4)

c41 9278(12) -812(31) 7938(13)
Cc42 8826 (16) -672(36) 8416(16)
Cc43 9020(21) -863(33) 91&. (15)
c44 9738 (24) -1033(51) 9279 (18)
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Cc45
C46
C51
c52
C53
C54
C55
C56
cel
c62
ce3
c64
C65
C66

10196 (21)
9968 (13)
9673(12)
9974 (16)

10505(19)

10821 (18)

10563 (14)
9930(15)
8553 (14)
8595 (18)
8261 (26)
7978 (29)
7881 (21)
8154 (26)

146

-1197 (34)
1016 (35)
-559(30)

530 (47)

675 (38)
-317(43)
-1457 (45)
-1573 (43)
-2130(30)
-3050 (40)
-4251 (55)
~4247 (63)
-3545(78)
-2254(38)

8773 (21)
8028 (17)
6445(11)
6339(18)
5874 (21)
5588(17)
5668 (14)
6058 (19)
6834 (13)
7240(18)
7115 (29)
6475 (28)
6038(26)
6196 (18)



Final Hydrogen Positions (x 104)

.3 b4 z
H12 5116 1286 8498
H13 4104 998 9279
H14 3539 2727 9728
H15 4112 4740 9627
H16 5227 4865 9075
H22 6814 3678 9335
H23 7436 5326 9748
H24 7440 7243 9027
H25 6679 7240 7750
H26 6073 5179 7559
H32 4636 3474 7517
H33 4288 3601 6281
H34 5130 3127 5346
H35 6421 3270 5640
H36 6747 3108 6925
H42 8306 -402 8275
H43 8647 -899 9604
H44 9938 -1022 9809
H45 10724 -1442 8896
H46 10325 -1061 7597
H52 9804 ) 1289 6645
H53 10667 1563 5716
H54 11287 ’ -205 5284
H55 10833 ~2233 5469
H56 9643 -2406 6037
H62 8935 -2973 7690
H63 8241 -4921 7523
H64 7824 -5136 6308
H65 7590 -3691 5560
H66 8070 -1515 5839

Ll



Hgl
Hg2
I1

I2

I3

I4

Pl

cili
c12
C13
c14
C15
Clé
c2i
c22
c23
c31
c32
c33
c34
c35
Cc36
P2

c41
c42
c43
c44
Cc45
Cc46

Table 10 Final Thermal Parameters for [Ph4PHQI,], with Estimated

Standard Deviations in Parentheses

Anisotropic Thermal Parameters

Uy

457 (6)

425(6)

764 (13)
478(9)

430-9)

549(11)
365(32)

324 (138)
485(176)
456 (174)
185(128)
528(181)
304 (128)
334 (130)
863 (229)
797 (276)
333(117)
237(118)
766 (207)
971 (229)
731(185)
334(126)
306(30)
336(124)

634(187)

1267 (316)
1277 (373)
1050(278)
298(127)

U2

536 (14)
604 (15)
740 (22)
643 (22)
542(22)
781 (23)
422(75)
634 (362)
901 (439)

1872 (550)

1546 (478)

1053 (408)

1069 (385)

1083 (358)
216 (326)

2611(796)
750(274)

1325(385)
568 (316)
642 (306)
251 (277)
792(309)
498 (76)
707 (299)

1038 (396)
600 (340)

2129 (619)
384 (359)
952 (362)

Uss

652 (6)
720(7)
543 (9)
672(10)
805(12)
685 (11)
652 (38)
610(149)

1055(241)

1447 (327)
819(195)
782 (188)
800 (190)
802(180)
950 (227)

1162(357)
528(132)
856 (188)
947 (214)
507 (141)
721(169)
911 (196)
639 (37)
612 (150)
866 (206)
593(171)
567 (198)
1272 (296)
1088 (239)

148

Yo

99 (6)
47 (6)
101 (10)
-116(10)
-117(11)
136(11)
41 (38)

50(175)
-116(240)
-719(343)

-43(241)
-316(210)
7 (205)
553 (206)
-342(195)
-111(456)
43 (145)
-44 (206)
277 (196)
83 (151)
170(150)
356(188)
-80(39)

50(160)
-464 (215)
-244(177)
-589(282)

123(243)
246(222)

Yis

17(5)
22(5)
3(9)
74 (8)
59 (8)
108 (8)
66 (28)
-99(115)
170(164)
498 (207)
143 (127)
89 (146)
98 (126)
197 (125)
-213(177)
226 (256)
-68(100)
44 (122)
-408 (182)
-208 (149)
-115(144)
160 (128)
-2(27)
-7(110)
-6(163)
-160(185)
-83(231)
-739(249)
-26(144)

Uss

97 (6)
102 (6)
-16(13)

~222(10)
-122(10)
106(12)
70(35)
92(171)
-211(218)
-512(258)
-88(203)
000 (221)

63(172)

134(169)
-108 (207)
8(3 (382)

-2(139)

164(172)
0(199)
380(210)
-138(170)
346 (156)
2(35)

25(146)
218 (20e)
363(259)

-356(400)
-140(236)
55(170)



Cs1
c52
C53
C54
C55
C56
C65
C66

Uiy

371(128)
516 (186)
1039 (297)
708 (219)
338(143)
381 (152)
729 (258)
2171(487)

Usz

351 (303)
1548 (500)
236 (336)
1051 (471)
1394 (476)
1337 (459)
3381 (979)
326 (344)

Uss

488 (126)
930(232)
1696 (350)
805 (210)
610(162)
1251 (279)
1300(370)
917 (250)

Isotropic Thermal Parameters

c24

c25

C26

cél

C62

Ccé3

ce4

u
1504 (202)
1564 (209)

892 (105)

584 (71)

937(110)
1488(191)

1501 (205)

149

Y2

-137(140)
-200(265)
~266 (260)
-41(231)
-44(210)
243 (288)
-91 (528)
-216(217)

Uss

27 (101)
54(163)
833 (265)
261(172)
-71(121)
6(174)
~479(254)
-480(275)

Uss

2991155)
-444 (260)
-26(222)
-234(259)
39(211)
96 (217)
364 (421)
-87(324)



kgl

Il
12
13
I4
Pl

Cll
.Cl12
€13
c21
c22
ca3
C31

C33
Cul
cy2
cu3
C51
c52

c61
cé2
63

Hgl
Il
I2
I3
I4

Pl
P2

Table 11 Final Fractional and Thermal Parameters for [BPriPHgl,], (x 104)

with Estimated Standard Deviations in Parentheses

X

6109(2)
2373(2)
4608 (4)
3685(4)
T6L (L)
1739(5)
6478(15)
6946(15)
7831(55)
8187(76)
8949(108)
5102(50)
4008(59)
2949(75)
6630(56)
7979(49)
8064(65)
7320(77)
8265(60)
8680(111)
8188(56)
8327(53)
9363(89)
S464(83)
5796(77)
L677(85)

Anisotropic Thermal Parameters

Ui

84(2)

- 81(2)
80(3)
80(3)
94(3)
140(4)
80(11)
67(10)

Isotropic Thermal Parameters

U

- 9(2)
13(3)
20(4)
14(3)
10(2)
21(5)

Uss
55(2)
72(2)
91(3)
74(2)
103(3)
82(3)

67(19)
72(11)

c21
c22
ce3
C5l
€52
C53

(oY
(&)
ar(in) 18(9)

8(2)
10(2)
13(3)

9(2)

8(2)
15(3)

150

gL

1511(2)
2357(2)
2804(3)
946(3)
1423(3)
3917(3)
99(11)
2768(11)
-643(44)

-1455(57)
-2100(85)

~709(37)
-250(46)

-1009(57)

453(44)
1024(39)
1277(47)
3895(62)
3736(48)
4712(92)
2555(45)
1539(41)
1ULE(63)
2108(72)
3922(632)
3885(65)

C31
C32
C33
€61
€62
cé3

z

" 60511

_c
w

5058(1)

6758(2)

5281(2)

6601(2)

5270(3)

6719(7)

SUSL(T)

€468(25)
6989(34)
6746(48)
6617(23)
6902(25)
6827(34)
7500(24)
7633(24)
8325(30)
5881(35)
6418(28)
6665(47)
5102(25)
4958(25)
L674(38)
4799(29)
Lhaza(3e)
3853(%0)

17t)

¢

AN NN N SN N

2N L) (R

= LA N D N

9(2)
8(2)
11(2)
16(3)
14(3)
16(3)

N e N N e N N

WD NN h

Uz

T /N
i )

-li!

=3(1}

-10(2)
-7(2)
-(3)
5(2)
-4(8)
-1(8)



Table 12 Final Fractional and Thermal Parameters for [PrqEHgC1912

with Estimated Standard Deviations in Parentheses

Final Positional Parameters (Hg x 105, other atoms x 10%)

[PraPHgC12]» with Estimated Standard Deviations in Parentheses

(i) Non-hydrogen atoms

X Y z
Hg -7296(0) 37958(1) -3011(0)
C11 -1593(3) 4242(5) 683(3)
c12 456(2) 4031(4) 1089(4)
P -451(2) 2811(4) -1680(3)
Cil 508(8) 2987(16) -1782(14)
C12 1055(10) 2399(22) -1056(18)
C13 1810(10) 2499(31) -1303(28)
c21 -992(9) 3408(17) -2786(12)
C22 ~1772(11) 3525(20) -2786(17)
C23 -2223(20) 4065(27) -3772(25)
C31 -642(13) 1228(14) -1694(18)
C3¢ -1274(17) 882(22) -1270(26)
C33 -1386(16) -394(22) -1209(23)

(11) Hyarogen atoms

X Y z
H111 631 3919 -1739
H112 564 2656 -2493
H121 1063 2800 -348
H122 911 1478 -1027
H131 2207 2053 -749
H132 1959 3419 -1330
H133 1807 2096 -2009
H211 -933 2828 -3383
H212 -779 4273 -2903
H221 -1993 2661 -2681
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H222
H231
H232
H233
H311
H312
H321
H322
H331

H332

H333

1<

-1846
-2798
-2165
-2012

-160

-742
-1197
-1764
-1863

-905
-1472

102

4093
4129
3501
4933

789

935
1240
1258
-562
-789
-771

N

-2185
-3726
-4380
-3884
-1289
-2448

-537
-1714

-888

=759
-1937



. . Q ‘ :
Anisotropic Thermal Parameters (AZ x 104 for Hg, C1, P, x 103 for carbon atoms)

Uil Up2 U33 U2z U3 U2
Hg 648(6) 524(5) 503(6) -40(3) 163(4) 36(3)
c11 610(27) 730(29) 652(28)  38(28) 240(23) 71(22)

Ci2 580(25) 550(24) 640(27) 86(21) 31(21) 24(19)

P 488(23) 472(23) 529(25) -80(20) 150(20) 13(19)
C11 37(8) 56(10) 78(12) -6(9) 4(9) 3(8)
€12 58(12) Y4(16) 104(17) 1(13) 22(12) 11(11)
C13 27(9) 144(25) 216(34) -19(24) 20(14) 10(12)
c2l 47(9) 86(12) 33(8) -2(9) 5(7) -15(9)
C22 56(11) 100(17) 79(14) 18(13) 6(10) 16(11)
c23 127(25) 119(24) 125(26) 33(20) -1(20) 7(18)
€3l 77(13) 47(10) 88(14) -7(9) 31(11) -7(9)

C32' 120(22) 84(16) 172(30) -19(18) 85(22) -32(15)
€33 140(23) 66(14) 189(31) -29(17) 101(23) -16(15)
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Table 13 Final Fractional and Thermal Parameters for [Pr3PHgBr2l2

Final Fractional Coordinatgs (Hg x 105ifother atoms x 104) for

[Pr3PHgBroJo with Estimated Standard Deviations in Parentheses

(i) Non-hydrogen atoms

X y z
Hg -16426(1) 52282(1) 38966(0)
Brl -3155(2) 3161(2) 3827(2)
Br2 443(2) 3661(2) 4180(1)
p -1812(4) 7871(4) 3463(3)
c11 -2632(15) 8877(16) 3984(10)
cz -3943(17) 8287(22) 3752(13)
c13 -4623(19) 9126(25) 4191(16)
c21 -290(13) 8774(15) 3802(9)
22 462(15) 8110(19) 3349(10)
c23 1661(16) 9002(23) 3580(12)
31 -2684(14) 8132(16) 2283(9)
€32 -2838(17) . 9830(19) 1987(11)
€33 -3613(15) 9966(20) 985(11)

{i1) Hydrogen Atoms

x Y z
K111 -2709 10060 3786
H112 -2079 8792 4696
H121 -3867 7102 3947
H122 -4498 | 8376 3040
H131 -5549 8631 3989
H132 -4720 10313 3998
H133 -4090 9039 4905
H211 250 8636 4511
H212 -439 9975 3643
H221 -109 8142 263
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H222
He31
H232
H233
H311
H312
H321
H322
H331

H332

H333

(B3

703
2176
2239
1427

-3615
-2195
-1914
-3312
-3707
-4540
-3142

185

6941
8503
8970
10172
7644
7537
10322
10442
9966
9480
9359

N

3561
3248
4290
3367
2072
1962
2176
2313

985

793

656



) :
Anisotropic Thermal Parameters (A2 x 104 for Hg, Br, P; x 103 for all carbon atoms)
with Estimated Standard Deviations in Parentheses :

U11 U22 Us3 Uz3 U13 Ur2

Hg 828(5) 549(3) 603(4) 13(4) 284(4) 22(5)

Brl 1065(18)  720(11) 1537(21)  -71(13)  575(16) -189(12)
Br2 850(14)  993(12)  501(11) 52(10)  311(10)  288(12)
p 546(29) - 524(21)  574(27) 35(21)  231(24) 51(22)
C1l 75(13) 62(9) 71(12) 18(9) 41(11) 8(10)
12 79(15)  123(16)  149(19)  -11(14) 80(15) 13(14)
€13 123(18)  169(21)  240(28)  -26(20)  130(20)  -14(18)
c21 67(12) 60(9) 45(10) 23(8) 10(9) 14(9)

22 66(13) 101(i2) 78(13) -5(10) . 51(11)  -12(11)
c23 78(15)  140(18)  125(18)  -14(15) 52(14)  -15(14)
€31 64(12) 81(11) 61(11) 5(9) 24(10) 7(10)
€32 115(15) 96(13) 64(12) 29(11) 33(11) 31(13)
€33 92(15)  130(16) 90(16) 43(13) 23(12) 6(14)
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Table 14 Final Fractional Parameters of (Pr3gleg(u-112CdI, (Hg,

Atom

Cd, I

5

x 10”; other atoms x 104) with Estimated Standard Deviations

in Parentheses

X
38275(5)
75301(10)
62807(9)
53776(10)

92599(11)

82386(14)
3529(4)
3068(4)
2200(15)
1882(19)

984(28)
3231(13)
2062(16)

1756(19) -

4947(16)
6017 (15)
7112(17)
1672(15)
1614(19)
452(18)
2699(24)
1812(21)
1048(26)
4305(23)
4196(29)
5330(24)

157

Y

15282(4)
23481(8) -

9624(7)
28099(9)
14569(9)

139229(10)

127(3)
2818(3)
-611(10)

-1464(14)
-2118(19)

474(11)
1038(12)
1291(14)
-649(11)
-271(12)
-966(14)
2490(14)
1505(15)
1268(15)
3916(14)
3847(17)
4787(18)
3128(20)
3820(23)
3774(19)

’

’

Z
89433(2)
90295(5)
97105(4)
81895(5)
84250(5)
97022(7)
8290(2)
9533(2)
8471(6)
8056(9)
8222(11)
7518(6)
7378(7)
6693(8)
8348(7)
8069(7)
18137(8)
9884(8)
10081(9)
10381(8)
9113(9)
8597(10)
8272(11)
10130(11)
10513(14)
11094(11)



Atom

H(111)
H(112)
H(121)
H(122)
H(131)
H(132)
H(133)
H(211)
H(212)
H(221)
H(222)
H(231)
H(232)
H(233)
H(311)
H(312)
H(321)
H(322)
H(331)
H(332)
H(333)
H(411)
H(4i2)
H(421)
H(422)
H(431)
H(432)
H(433)
H(511)

H(512)

| %

1381
2417
2741
1540

845

106
1306
3165
4011
1289
2152

893
1652

2515

4685 -

5248
5735
6308
7884
6831
7403

861
1629
1632
2430

480
-376

422
3565

2337

|~

~150
_888
-1864
-1178
-2687
-1742
~2428
-175
o
621
1708
1702
630
1716
-1336
-761
155
409
—664
~1647
-1083
2621
2953
1038
1364
516
1396
1723
4188

4433

198

fee

8454

8024
7620
7891
8250
8654
7248
7405
7516
7628
6627
6435
6547
8139
8819
7597
8278
7926
7926
8608
9563
10270
9696
10397
10516
10070
10771
8970

9413



H(521)
H(522)
H(531)
H(532)
H(533)
H(611)
H(612)
H(621)
H(622)
H(631)
H(632)

H(633)

2214

976

735

2221

983

5124

4484

4256

3292

5202

6239

5275

159

3384
3511
4626
5137
5263
3303
2476
4508
3759
4361
3839

3091

8279

8733

7890

8121

8574

9908

10392

10287

10681

11400

10931

11325



‘Atom

Hg
cd
1(1)
1(2)
1(3)
1(4)
P(1)
P(2)
c(11)
c(12)
C(13)
c(21)
c(22)
C(23)
c(31)
c(32)
C(33)
C(4l)
C(42)
C(43)
c(51)
.€(52)
C(53)
c(61)
C(62)

€(63)

Table 15 Final Thermal Parameters for (Pr3P)2Hg(p-I)2Cd12 with Standard

Deviations in Parentheses

Anisotropic Thermal Parameters (C x 103, other atoms x 10%)

In
752(4)
643(6)
712(6)
748(7)
851(7)
1308(12)
744(26)
764(26)
101(12)
115(15)
318(36)
60(91)
100(13)
129(16)
110(13)
86(11)
103(14)
75(11)
119(16)
115(15)

181(23)

132(19)

227(31)
98(15)
212(24)

165(23)

U2
601(4)
656(7)

791(7)
989(8)

1048(9)
887(9)
677(24)
736(27)

71(10)
113(15)

‘169(25)

93(11)

77(11)
121(16)

67(10)

85(12)
125(16)
106(14)
126(17)
159(20)

95(15)
126(19)
112(19)
206(25)
210(25)

168(23)

Uiz
703(4)
770(7)

636(6)

1

160

922(7)
995(8)
738(14)
624(23)
858(28)
77(10)
119(15)
178(24)
67(9)
111(13)
102(14)
73(10)
82(11)
124(15)
134(15)
109(14)
106(14)
122(17)
147(21)
220(28)
196(22)
183(24)

174(21)

U3
-84(3)

~15(6)

167(5)
438(6)
-172(7)
~498(9)
-109(20)
-181(23)
-18(8)
-39(13)
-77(20)
-7(8)
20(10)
13(12)
-21(8)
-13(9)
-17(13)
-12(13)
21(13)
49(14)
-13(13)
14(16)
5(19)
-114(20)
-28(21)

-23(17)

Uss
256(3)

260(6)

| 156(5)

216(6)
426(6)
410(10)
185(20)
538(23)
27(9)
34(13)
164(25)
17(7)
36(11)
22(12)
10(9)
27(9)

15(12)

44(11)

61(12)
30(12)
35(17)
12(16)
-56(23)
34(15)
46(19)

-9(18)

LY

4(3)
41(5)
42(5)
18(6)
50(7)

-19(8)
21(21)
45(23)

-25(9)

-38(13)

-128(27)
16(9)

5(10)
~5(13)
19¢10)

— 9(10)

26(14)

15(10)
16(14)

3(14)
48(16)
~7(16)
72(20)

-11(16)

-31(20)

=78(20)



Table 16 Final Fractional and Thermal Parameters (x 104) for [aPr3PHglzln

with Estimated Standard Deviations in Parentheses

Final Fractional Coordinates (Hg x 105J other atoms x 1041_ v

X Yy oz

Hg 27729(4) 47693(2) 4650(2)
11 4289(7) 6567(3) 392(3)
12 573(6) 4308(4) -1184(3)
p 3500(24) 3720(15) 1844(11)

0
Anisotrapic Thermal Parameters (Azx 104 for Hg, I; x 103 for P)

U11 Uz2 Us3 U23 U13 U12
Hg 1384(28) 1092(22)  941(19)  248(16) 37(17)  -308(20)
11 1504 (42)  963(30) 1077(31) -156(23)  671(30) -353(29)
12 1061(34) 1267(38)  956(28) -126(25) 92(24) -147(29)
P 113(15)  122(15) 88(10) 7(10) 11(10) 27(12)
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Table 17 Torsion Angles for the 2:1 Complex [(NCCH29ﬂ2)3ElegC12

P1-C11-C12-C13

P1-C21-C22-C23

P1-C31-C32-C33

P2-C41-C42-C43

P2-C51-C52-C53

P2-C61-C62-C63

Angle (°) with E.S.D's in Parenthesis

Dimer I

160.8(4.8)

48.9(6.2)

171.3(3.1)

56.5(7.8)

120.9(7.6)

151.3(8.0)
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Dimer I1I

178.4(1.3)

176.9(3.2)

85.7(10.9)

158.3(3.3)

173.9(5.1)

178.7(2.4)



Table 18 Torsion angles for 1:1 (R3P)H9X2 complexes

(a) PrsPHgCl,

C12-Hgl-P1-C11
C12-Hgl-P1-C21
C12-Hgl-P1-C31
C12*-Hgl-P1-C11
C12*-Hgl-P1-C21
C12*-Hgl-P1-C31
C11-Hgl-P1-C11
C11-Hgl-P1-C21
C11-Hgl-P1-C31
Hgl-P1-C31-C32
Hgl-P1-C21-C22
Hgl-P1-C11-C12
P1-C31-C32-C33
P1-C21-C22-C23
P1-C11-C12-C13
C11-P1-C21-C22
C11-P1-C31-C32
C21-P1-C31-C32

(b) E£3PHgBr2
Br2-Hgl-P1-C1il

Br2-Hgl-P1-C21
Br2-Hgl-P1-C31
Br2*-Hgl-P1-C11

Angle (°) with E.S.D's in Parenthesis

25.8(0.7)
144.2(0.6)
96.3(0.8)
65.2(0.6)
53.3(0.6)
172.8(0.8)
176.5(0.7)
65.1(0.7)
54.4(0.9)
0.7(24.1)
48.5(22.0)
69.4(1.6)
151.6(22.0)
179.5(1.7)
173.1(1.7)
170.6(1.4)
124.2(24.0)
122.2(24.0)

143.4(0.6)
24.2(0.6)
97.5(0.6)
53.9(0.6)
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Br2*-Hgl-P1-C21
Br2*-Hgl-P1-C31
Brl-Hgl-P1-C11
Brl-Hgl-P1-C21
Brl-Hgl-P1-C31
Hgl-P1-C11-C12
Hgl-P1-C -C22
Hgl-P1-C31-C32
P1-C11-C12-C13
P1-C21-C22-C23
P1-C31-C32-C33
Cl1-P1-C21-C22
C11-P1-C31-C32
C21-P1-C31-C32

PraPHgl,

I1-Hgl-P1-Cll
11-Hgl-P1-C21
I1-Hgl-P1-C31
12-Hgl-P1-C11
12-Hgl-P1-C21
12-Hgl-P1-C31
P1-C11-C12-C13
P1-C21-C22-C23
P1-C31-C32-C33
C11-P1-C21-C22
C11-P1-C31-C32

Angle (°) with E.S.D's in Parenthesis
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65.3(0.5)
173.1(0.6)
55.6(0.6)
174.8(0.5
63.5(0.6
59.0(1.

’_a

5.0(1.
178.5(1.0

)
)
3)
2)
)
179.8(1.4)
174.2(1.1)
178.5(1.2)
175.4(1.1)

58.9(1.3)

56.8(1.3)

167.1(1.5)
54.7(1.7)
36.8(2.6)
130.7(1.5)
7.5(1.7)
98.9(2.6)
170.8(5.6)
146.8(6.3)



Angle (°) with E.S.D's in Parenthesis

C21-P1-C31-C32 173.6(2.9)
Hgl-P1-C11-C12 170.4(4.6)
Hg1-P1-C21-C22 173.5(5.8)
Hg1-P1-C31-C32 79.9(2.7)
Hgl-P2-C41-C42 87.4(6.3)
Hgl-P2-C51-C52 27.7(6.7)
Hg1-P2-C61-C62 176.3(5.6)
P2-C41-C42-C43 163.5(8.1)
. P2-C51-C52-C53 179.9(4.2)
P2-C61-C62-C63 167.1(5.6)

(d) QNCCHZQ[Z)3PHQC]2

P-C11-C12-C13 . 170.3(1.9)
P-C21-C22-C33 ’ 74.5(2.7)
P-C31-C32-C33 171.3(1.9)
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A2. The Absorption Correction

Absorption corrections have been made for [B-Pr3PH912]2 and
[(NCCH,CH,)3PHGC1 51, using ABSCOR.®0 An outline of this method follows.
The intensity of the emergent X-ray beam may be reduced by the

absorption of the X-rays by the crystal. The extent of the absorption is

given by:
I =1, exp(-uX) 3
Where I = measured intensity of emergent beam
Iy = intensity of emergent beam at zero absorption
X = total path length of the X-ray through the crystal in cm
u = linear absorption coefficient (cm'l) and is given by
i .

w= o= Iai (ugq)
Ve a] aj

N = number of molecules per unit cell
V. = volume of unit cell
ug = atomic absorption coefficient
j = the jth atom
The transmission factor T is equal to I/1, and is obtained by integration

over the volume of the crystal.

T=1/1, =% \{ expl-u(X; +7X,)].aV 5
where X; = length of incident beam from point of entry to the element of
volume dV
Ko = Tength of diffracted beam from the point of emergence from

element dV, to the point of emergence from the crystal.
The crystal is considered as a convex polyhedron, for which every
reflection may be divided into a number of tetrahedra. The absorption

correction for one tetrahedron is calculated and the summation of the
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corrections for all tetrahedra gives the total absorption correction
required by a particular reflection.

To enable an absorption correction to be made the crystal shape must be
defined. The faces of the crystal are defined in terms of their Miller
indices. A point of origin within the crystal is chosen and the
perpendicular distances from all the faces to this origin are measured.
Having defined the crystal shape the value of T in equation 5 may be
calculated using the Abscor computer program which will also give corrected
intensities for each reflection. For example, this is illustrated below in
Fig. Al for [(NCCHZCHZP)3HgC]2]n.

Fig. Al Schematic Diagram of the [(NCCH2952313H9C12]n crystal

¢ — 001

o
-

001 —? 100

010
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A3. Preparative Methods

(a) Preparation of PhaPHgl,

Equimolar portions of ligand and mercury(Il) halide were dissolved
separately in minimal quantities of warm ethanol. The solution of ligand
was added dropwise to the mercury(II) halide solution, the resulting
precipitate being filtered off and recrystallised from DMF/H20 mixture as
white crystals and dried in vacuo.

(b) Preparation of PrsPHgX, (where X =C1 or Br)

These were similarly prepared by the action of an alcoholic solution of
the ligand (1 mole) on the alcoholic mercury(II) halide solution.2% The
product was recrystallised from ethanol as white needle shaped crystals.

(c) Preparation of PraPHgl, (a- and g-forms)

The reaction of alcoholic solutions of the iigand and mercury(II)
iodide gave a pale yellow mass. Recrystallisation of the product from
alcohol/acetone (4:1 by vol.) gave white needle shaped crystals of the a-
form of the product. The g-form is deposited from the mother-liquor as
yellow crystals. The a-form of the iodide may also be formed by the rapid
recrystallisation of the g-form.

(d) Preparation of [(NCCH,CH,)PJ .HgX, (when X = C1 n = 1 and 2 when X =Br
2=-2/34n

n=2)

These complexes were prepared by mixing alcoholic solutions of the
ligand and the appropriate mercury(Il) halide in the required mole ratio.
The resultant precipitate were recrystallised from acetone as white

crystals and dried in vacuo.

(e) Preparation of [(2—th1’eny])3P]2HgC12
A hot solution of the phosphine ligand in ethanol (2.5 mol) was added

to a hot solution of the mercury(Il) chloride. The solution was allowed to

168



cool and the resulting precipitate was filtered off, washed with ethanol
and dried. The product was recrystallised from hot ethanol as colourless
needles.

(f) Preparation of (Pr3ElZHg(u-I)2Cd12

This complex was prepared by the treatment of hot ethanolic (Pr3P)2CdIZ
solution with 1 mole solution of hot mercury(Il) iodide. On standing a
white crystalline product was formed,41 which was recrystallised from

“ethanol as fine colourless needles.
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A4. Analytical Data

Compound % C % H
Calculated Found Calculated Found
*phyPHgI, 30.16  30.25 2.10 2.02
*PraPHCT, 25.04  25.07 4.90 4.92
*prPHgBr, 20.76  20.97 4.07 4.04
¥praPHgl, (a-form) 17.58  17.77 3.44 3.38
*praPHgl, (8-form) 17.58 * 17.77 3.44 3.34
*(NCCH,CHy) 3PHIClp 23.40  23.30 2.60 2.55
*[ (NCCH,CHy ) 3PT,HACT, 32.85  32.95 3.65 3.60
*[ (NCCH,CHy ) 3PT,HgBrMe,CO 31.33  31.36 3.76 - 3.73
*[(2-thieny1)3PIoHgCT, 34.65  34.65 2.15 2.10
*(Pr3P)ZHgIZCd12 18.94  18.89 3.70 3.61

*Analysis carried out by Elemental Micro-Analysis Ltd., Devon.

*Ana]ys1s carried out by The City University Chemistry Department, London.
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Structure Factors for [(2-thienyl)3P]1oHgCl5
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Structure Factors for [(NCCH,CH,).P],HgCl

3 ) PR Y I T “3 0 e 1. « )
0 0 21 -an ¢ s 1 PR ) e SRR ITARTTY v o 8 1. T e e
3K ] w0 )0 [N T ] 33 3 1) - 10 . 1. ot -2ty
° 0 ] [ s ' 3 ) 3 We ~us 4 0 @ e s aie IN
v 0. 2 21 ¢ 1 3 s 3 ) s S0 & 3 6 e [ N
e o0 w oo 1 3 ] 313 FRRT TR 1Y “ 0. Vo ..
] 6 30 1 ] s 1 30 -n S 0 e i . 1.
v 0 [T (3] P [ 33 i Ve =W ¢« 0 4 8 L
[ 0 3 ¢ 1 4 [ 12 3 1w s s 0. PN 1.
[ 2 800 (] [} ] F Y FER T3] [ FIY P
[} 3 & 11 .3 [ 12 3 (3N} P} [
[ [ 1 ¢« [} 1 3 T 2 a 3.
e o S & 8 2 « 1 [ ) 3 3 ) ¢ 2 LR
[ ¢ 4 0 2 [} [ 33 3 8 3 e )
(K] 1 e 8 ] (3 [ ' 3 [ 2 ]
6 3 [ FE ] L] [ 31 3} (Y ‘8 e
1. " 08 2 L) 1 1) 3 o 3. Y
1 s & 0 a ) [} [N} 13 2 [N} 38 P
[ ] 12 4 4 1 3 (S} 1) F) [ Y 38 LR
T e D e 1 [} r a3 3 ¢ s 2 s
L ] " s 28 LI | s 3 1 P 3 " . 4 0 30
v 28 0 P [ L T T ] « 3 3 Ve 4 8 3oe
10 3.3 8 L ) « 3 a1 .. 3 [ PR L]
v e S. s 0 w ] « 1 W -9 R N | a3 3 [ a8 L]
1 4 50 ] [ ] LI I} 3 b 1 e L .« 8
(] 73 AR ] «t « 1 ) ] 1. s [
1 e [ ] 1 .« [ ] « ) ) 1. i e LN
18 ’ 3 21 .« [ ] “ ) 3 1. 2 a ..
P 13 e PN (O [ « ) ] 1. PN .« s
PN ) 15 8 ¢ i ) . [ a3 3 1 e 2 s ..
30 LI 21 [ ° 4 P 3 [ ) 4 . L
« 0 PN ] 31 .« [ « 3 3 1. 3 s N
¢ 0 L } 31 .« ¢ < P . 1 s LR .8
20 s 0 1 <1 ¢ 2 “ ) . 1. 14 .
[N] 14 ¢ 3 [ v o M o e 1. 2 e b
i 8 L] 1 [ '] « ) . 1. 24 .3
2 [T 1 s 1 [ P . 1. 1. v s
] " e o 3 s [ P N [ 28 s
a0 1260 1 s 1 [ 3] “ 3 . 1 e 3. b
i 0 e 0 1 s ¢ o .3 . e 3 . .
20 13 s 0 2 s " « ) M 1 e ) L
+« 8 s 11 s 1 v o ) . 1 2 ..
a0 1700 3 s v i « ) N 1. F Y ..
20 "o 1 S 1 v . 3 . 1 . 48 .0
10 3 8 0 P s [ [ s 3 N [ R .0
v -1 1 3y a1 9 185 ¢« . [ FaN) .
1 a B PRI TR T B 1] HE | N Ve ) e t .
) e -2 4 31 10 01 « 51 P F . [ 19 L]
] -1 11 3 v 118 - ¢ 3 (]

‘
4
2
‘
.
‘
.
.
.
.
.

°
1
2
9
3
.
?
[]
?
.

D e L A T o T Ty N N N LI e Py T T L LT I A L Y DR R I I S Y L X L T L Ll

s
)
3
S
k]
S
s
S
s
s
%
s
s
S
S
S
S
5
S
s
B
Pl

o 3 . L] 1 s 3 =1 v 8
4 EIE IR TT RN P SRS SR s e . 23 s s e e
. 24 12 -18 3 ] s . . 1 s F . cs
o 4 22 ) 2 v 35 5 7y S 8 s ) s s 8 2 0 o
@2 2 3 ) 2 182 -1 1 3 S . H 13 s s e 0t
I P 14 i s . [ S e s ) s s s 5.
o 2 t I 12 s 2 -1 ) S e H R P 3.
0 2 FR] 1 s i - 13 PO 3 Y 5 3 3 v e
6 2 2 ] s 2 . 1) EFENY e 35 3 3 s v
8 3 d . ) 4 s - 3 s s @ s ) s = Y
¢ 3 22 12 ) 13 s e FEY s ¢ [
¢ 2 2 3 .2 s 2 e 1) S . $ 33 s 3 i 0
L] a2 “2 s 3 C i ) S s 15 s ¢ P
L 4 ° 2 ] 313 s . H 3 s s s IR
L 32 .2 .2 « 1 5 e H 1 3 s PR
H 21 [ [} s 1) S e . 3 s s 3 L6
13 IR .2 I3 ¢ V3 5 e s i H 16 .
1 s 12 « 2 62 T 1) S 8 s 18 s “« 0.
'3 FRr] . P « 1) P s 18 3 WG
12 3. .« 2 o 4 ey v 012 ) s 3 H woeos
V2 3 .« P O I : .5 H oo .
14 2 .4 PSP MR I R .o s .S . L.
113 2 .2 . s .o . .o N e
) 2 [ [ « 3 .8 3 . . Y
V2 H L] . P . : . . ¢ .
13 H (] N 2 [ N N .
y 2 3 s 2 . « 3 P . . .
13 H .2 . PR ) . . .
Vo H [ . s .. . . .
1 1 .« 2 . ] [ . . .
L ] 2 ? <} .. . . .
14 3 .2 1 PR .o . . .
12 ] v 1 ) .. . . .
v 3 .2 ] 3 ) . ? .
Vo4 3 .2 ? i 1. . ] .
1 3 2 ? H e . H Py
1 ] 332 1] 3 Y . ] .
13 ] 5 2 ’ 3 1 . - ] .
12 2 [P ? 3 1. . ° .
13 3 502 ? ! ) . v .
. 3 L I 1 3 1 .
Ve J s 2 1 ) 7. . ° .
s 3 J 32 1 3 1 « o .
LI 3 s 2 ? N 1. . M .
¢« 3 4 s . ] B [ By M N
. 3 5 . » I t . 3 v .
. ) L ¢ . N v e B v .
4 3 PR 3 .. M .
? 4 s . .

frraNLAt s MLANL AL MR LL Me

L2 FINN T Y

176




Nl- <

PR
v

vere e eis a0

LTI LU P R L LR

®=monsren

~-
v

eoen

M e P I P P PPN IR PP I VI P ANNANNNAARNANNAGINIS 0RO I D

RS CNNTIAN AN TRANANN YT INN SN T A M amaaeAnm S Rmma Y
LA AR AL I L L L L L R R Y L e e L R R

f
<
»
.
.
]
.
.
.
[J
.
»
.
.
[J
.
.
.
.
]
L4

B S O E 0 0 N N AN B R P PP P P P R R AR AP AR R PP RORIENG P AIR RS
b dd A L L L L L LR E DL R L L S
P S 0RO P R PP TP PR PP NP P NN N ANARRARRNANNANAnEIs 00 s s
S N 3 N IO P RN E LN E NP TN TACIN eI EIN PO IETINCOTEPO IV s
i A R R L L L R L L L L R P
€ 00090 00n rNO9 000000 UET0.0000R0RE0EEER>2300% 3 s

4
L4
v
k4
4
.
k4
4
»
?
3
4
4
1
13
)
13
]
)

]

(]

1

[}

[
[3
'

t
[}

t
t
.
,
L]
.
.
.
.+

Tl At L]

T e o e o S e = o 0 0 0 o0 0 v o2 00 00 o 00 e 0 om0 e Y PR N PGS P R e

ladadadadalalalalal L L L L P Y L L T I T L T

R R L e R R R L e L L L T T T - pupappp—.

set e
ter  ¢o°
(S8 vy
101~ 281

~re
-
~
-~
-

1= 5ob
u” £5- )
" IR
M ot se
i 18- 38
H - S
N I
» ree e
- -ty
t- - em
- ney  Aey

Sremman

e
-
~
-
-~

aeje RIL OO0

v L - L e
B L L L L R T T T R e L R L FupuplpaylptoupRp NPl U U -

P R L L L L T PR T Y P L EE L L
CCANNARAANARNRNN NGOO9S 9909 I N RhOEGE’0000SOTPIRIescTa

[
L]
(]
[
(]
1]
(3
[
L3
[
(]
[3
[3
13
.
L)
[3
1]
bl
.
13
[]
1]
1]
L]
1]
1]

P PP P PP PP IR PO P IR AN ANANRUNANANNINNY SN S OROOsw O,

R L e L L e L L L L LS A AL

e ettt T L Y LT T T Yyt

T T N I NN AN RN NN Y N NANAS YRS SR M A n S a e mm oo m

adaind it L T L T T P
"JO‘...‘.“.“.‘O..“......“OOJ“O.F“""‘“"’“"‘
.\l\'\ﬂ'\ﬁ"ﬂ'\ﬂﬂﬂ.“‘d...C‘O.C LA Lol 2 L LT ¥ L L L R PRy
‘0"v.‘.-.l...c“‘.".-’.'o'.d.'0.‘.DC.“C“"..
.Qﬂﬂﬂn‘\ﬂﬂﬂﬂﬂﬂ-.'....".O..O'.'.Olovilaﬂﬂﬁﬁﬂﬂﬂﬂﬂﬂ
.00.40.4‘.0““‘0.“.."‘-0‘...C-.C.‘.‘C“’..-.‘
Bimaiaiataiabe b b L L B L L L BT T LT T T i gy iy s gy

: + w1
B "" H .o
3 tre-

o - o ¢

ot [T .

o LA ' g 8y n

ot & &- g rey tor 0 ' :
1= 7 eeg

171




LR R R e Y G S Uy Ny P Er VY F O OF G OF U VP Up Sr U g

0L POONCEOBNO00OO0BO000DP PP VAUVLULLUVILSLISLSIassns

00000000008 0CO0CCPO00COBOR0CPPErPPVURNLIVVULUSASL S

PSS ST ST Ty O W T T T P DR R T e L L L L g

08 213

PR aerarererey T T R Y Y P UL L LI R R R R X g

L R R R e T e N N L L L LY

e d SRt r eS80 COCO00000BCCEREOROO0COCUVVEasns

R S T O N T L S TL IR K Ny Sr Oy SR 3P SVRVRvIvE

T

Sssssat e mE Llicae s

L N b

e

oecccoococonnccacocssasea

108 -0

-1

[ O e L T LYY

LY o O O L I

40

L e Y T T XY R

GEOMNOLLALECEENEELCBE

(s
P
-




-

Structure Factors for [(NCCHoCHo)3P]oHgBro.QC(CH3)2
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Structure Factors for [Pr.,PHgCl 1_2
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