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NMR techniques for solids [12-21], there has been increasing interest in the solid-
state spectra of such nuclei. Until recently, there were very few solid-state NMR
studies involving the magnetic mercury nuclei, but in the last few years there has
been a significant increase in the number of such investigations, and it seems
appropriate at the present time to review the methods available for studying these
systems and the results which have been obtained.

Naturally-occurring mercury contains two magnetic isotopes. *’Hg and **'Hg,
whose properties are listed in Table 1. Most studies have involved '*"Hg. which is
the only spin 7=1/2 isotope of mercury. With a receptivity greater than five times
that of *C, its potential for the characterization of mercury compounds is consider-
able, and this potential has been realized to some extent through the interpretation
of chemical shift and spin—spin coupling data obtained from '*’Hg solution-state
NMR studies [1,5.8-10]. Also, the relatively high natural abundance of "*Hg alfows
the observation of spin—spin coupling to other nuclei as satcllite peaks in the spectra
of the nuclei concerned (e.g. *'P) [23.24]. However, there are a number of difficulties
associated with solution-state measurements which limit the usefulness of the data
obtained from such studies. Thus, the relatively high lability of the ligands in mercury
complexes can resuit in the cbservation of fast-exchange spectra involving equilibria
between several species in solution [1,5,8-10,25]. Related to this is the fact that the
spectra can be very solvent- and/or temperature-dependent. possibly due to the
interaction of the compounds concerned with solvent molecules and also to the very
large chemical shift range and spin-spin coupling constant values which are charac-
teristic of heavy-metal nuclei [1.5.8-10]. Exchange reactions rarely occur in the
solid state, so that the effects of such processes are normally absent in solid-state
NMR spectra and so the spectra can be unambiguously associated with a particular
species. Thus. by studying complexes of known crystal structure, correlations can
be established between the NMR and structural parameters. It should be emphasized.
however, that “medium effects” are not entirely removed from the spectra: the
existence of molecular interactions in the solid has manifestations in solid-state
NMR spectra, but these interactions are much more clearly defined in the solid than
in the solution state, so that their effects can be studied in much more detail. As
well as providing the same kind of data (isotropic chemical shifts and scalar spin--spin
coupling constants) as are available from solution-state studies. solid-state NMR
speciroscopy yields additional information (chemical shift anisotropy and asymme-

Table 1
NMR properties of the magnetic isatopes of mercury ([221)
[sotope  Natural Snin, /I Magnetic Magnetogyric  Quadrupole NMR Relative
abundance moment, ratio. moment, frequency.  receptivity.
Tl 2 (107 rad o0 ®m? E(MHzy DY
T 's7h
g 16.87 12 0.87621937 4.8457916 - 17.910323 573
Hg 13.18 32 —-0.7232483 - 1.788769 0.385 6611400 113
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try, coupling constant anisotropy. dipolar coupling constants} which can be used to
probe the structure and bonding in the molecules concerned.

The normal oxidation state of mercury in its complexes is +2: there are consider-
ably smaller numbers of compounds in lower oxidation states, the main ones involv-
ing complexes of the Hg-Hg bonded mercury(1) ion, Hg3™ [26,27]. The structural
chemistry of mercury(Il) is characterized by a tendency towards two-coordination,
but the presence of secondary bonding interactions ofien resuits in an expansion of
the mercury coordination sphere to give a higher effective coordination number [26-
31]. This results in a rich and varied structural chemisiry. In recent years an interest
in the interference of mercury with biological systems has provided an additional
incentive for a better understanding of mercury coordination chemisiry [10].
Spectroscopic methods have played a significant role in the characterization of
mercury complexes {31.32], but the closed-shell 5d' eleciron configuration of
Hg?* precludes the use of several of the physical methods (e.g. paramagnetism, d-d
transition spectra) which are applicable to other transition metal compounds. Thus,
the use of NMR spectroscopy involving the magnetic Hg nuclel is particularly
attractive as a method for investigating the structure and bonding in mercury
compounds. The present review covers studies involving solid-state NMR spectro-
scopy of mercury compounds, with the restriction that the spectra concerned are
dependent on the presence of interactions invelving the magnetic nuclet ""*Hg or
Mg in the nuclear spin Hamiltonian. This includes all solid-state "*’Hg and
1tie NMR studies. as well as solid-state NMR specira of other nuclet where effects
of coupling to Hg or *°'Hg are evident. Previous reviews on the solid-state NMR
of metal nuclei have included short sections on solid-state ""Hg NMR speciro-
scopy [15,16].

2. Theory

2.1, The shielding reansor
In an NMR experiment the field B experienced by ¢ nucleus is related to the
applied field 8, by

B=Byl—a) 1

where o is known as the shielding ten
determined by the electronic distribm‘ gen: ‘
field at the nucleus depends on the orientation o* fhe: uemai ma_pehc ﬁe d relative
to the relevant molecule or fragment. f.e. the shielding is anisotrepic. The principal
Components &,y ;.. o33 of the shielding tensor are the diagonul elements of the
tensor in the principal axis sygiem {the coordinate system in which all of the off-
diagonal elements of the symmetrical part of the tensor are zero). For nuclel which
lie on crystallographic symmetry axes or planes, the principal axes lic along the
symmetry axes and/or in the symmetry planes: in other cases the locations of these
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axes can only be determined by measurement or calculation. A special case concerns
a nucleus at a site of axial symmetry, where the nucleus lies on an axis of threefold
or higher symmetry. In this case, the following notation is adopted

Gy =033 (2)

01 =0Cy; =0y (3)
The isotropic, or scalar. shielding constant gy, is defined as

Oiso =(1/3)01 + 622 +033) (4)

In order to permit unambiguous definition of the shielding anisotropy and asymmetry
{see below) the principal axes are normally assigned according to the convention
[22.33,34]

k".’v.‘)'—ﬁisoiz‘all _‘Tisoizlg?_l—‘ﬁiso‘ (5)
Two parameters are in common use in the literature to describe the anisotropy of
the shielding tensor. Both are referred to as the “shieiding anisotropy™, but they
have different definitions [33,34]

Ao =03, —1/2(a,; +633) (6)

(=033 —0ig (N
Using Eq. (4), it can be shown that
(2/

50 the two parameters are directly propertional to each other, but care should be
taken to specify which of them is being used. In this review, we will use Ao exclusively
to describe the shielding anisotropy. The departure of the shielding tensor from
axial symmetry is described by the asymmetry parameter [33], which is defined as

VAT (8)

(5]

T
i

H=(a3y ~ 61 W03 —Tigo ) ={03 = 71;)/5 9
With the axis-labelling convention (Eg. (5)). it can be shown that
0=n<l (10}

with 17 =0 corresponding to the case of axial symmetry (6, =¢,,). While 5 is always
positive according to the above definitions, the anisotropy parameters Ae and J may
be either positive or negative.

The shielding results in a chemical skift of the NMR signal so that it occurs at a
frequency v in the sample compared wiih a reference signal at v, for the same isctope
in a reference substance. According to the TUPAC convention [35], the chemical
shift relative to the reference is defined as in Eq. (11). but is vsually quoted in ppm
{(so that 10° may be incorporated into the definition).

‘5=(§"" ‘yr}'/\‘r ( H )
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The absolute shielding o which results from the definition in Eq. {1) can be expressed
{again usually in ppm) in terms of the resonance frequency v in the sample and the
frequency v, of the bare nucleus

o ={(v, =)}y, {12y
The relationship between the shift and the shielding is

d={ag, —a}{l-—a,) {13)
where o, is the is the isoiropic shielding for the reference substance. Thus

GG, %~ (1)

ifa,«1.

Another quantity which reflects the anisotropy of the chemical shift or shielding
tensor has been recently described [33]. This is referred to as the span of the tensor
and is defined as

Q=03 —ay {15}
with the principal axes ordered such that

011 5032 5033 {16)

(contrast Eq. (5)). The span s thus defined to be positive and is »~*aally the modulus
of the difference between the maximum and minimum principal values of the shield-
ing or chemical shift tensors. The skew of the shielding tensor has been proposed
as an alternative to the asymmetry parameter [331, and is defined as

K =3(04, — 022)/02 {17}
with the principal axis labelling system (Eq. (16)). This results in
—~i<H< +1 {13)

with re= + 1 corresponding to the special case of axial symmetry: k= + 1 corresponds
to ¢;>0 ., while k= —1 corresponds to g, <a, {33] - again, no distinction is made
between chemical shift and shielding tensors. These two situations = + 1 both yield
an asymmetry parameter i =0, but they are distinguished by the anisotropy parame-
ters Ao and {, which are +ve and —ve for the cases 7, >0, and o, <o . respectively.
Most of the papers on solid-state ***Hg NMR published to date have used the
anisotropy and asymmetry rather than the span and skew parameters, despite the
fact that arguments in favour of the latter have been published [331. Both sets of
parameters will be given in the discussion of **Hg anisotropic shielding parameters
in Section 4.1. For @ and x we use the definitions of Refl [33] in spite of our
misgivings over the confusion between chemical shift and shielding tensors.

The standard reference sample recommended for "*Hg NMR spectroscopy is
dimethyimercury(11), HgMe,. However, this substance is highly toxic (as has recently
been tragicaily highlighted by the death of an American chemist - see Chem. Eng.
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News, June 16 1997 p. 12) and its use as a reference in experimental work presents
practical difficulties, so that secondary standards have been proposed. Mercury(1l)
acetate, 6('°°Hg) = — 2497 ppm {36], was used in many of the earlier measurements,
but suffers from the disadvantage that its **°Hg spectrum shows a large chemical
shift anisotropy of more than 1700 ppm. The best secondary standard proposed to
date appears to be hexakis(dimethylsulphoxide)mercury(II} trifluoromethanesul-
phonate, [Hg(dmso)JJCF;80;), 3('%°Hg)= —2313 ppm [37]. The advantageous
NMR properties of this substance for its use as a reference are its small chemical
shift anisotropy {due to the high-symmetry octahedra! coordination environment)
and a high ‘H—'"°Hg polarization transfer efficiency {arising from the presence of
short H-Hg distances) [38].

The factors which determine the values of the shielding tensor parameters for
heavy nuclei such as **°Hg are in principle the same as those for lighter nuclei. In
practice, the relative importance of some of these factors changes on passing from
lighter to heavier nuclei [39]. As with most molecular parameters determined in a
condensed phase, there will be contributions from intra- and intermolecular imer-
actions. Theoretical models naturally start from a consideration of intramolecular
factors. Quantum mechanical calculations of the nuclear shielding tensor are fre-
quently expressed in the formalism first developed by Ramsey [40], which involves
a sum of diamagnetic (6%} and paramagnetic {(¢”) terms.

oc=0% 40 (19

This was extended by Pople to a form which was more amenable to molecular
orbital calculations {41}

e =a%(loc)+ e (nonloc) + 6% (inter) -+ aP( loc) + P (nonloc) + ¢ (inter) (20)

where 6% loc), 6°(loc) arise from electronic currents localized on the atom containing
the nucleus of interest, ¢%(nonloc), e”(nonloc) are derived from currents on neigh-
bouring atoms, and ¢%(inter), ¢®{inter) are interatomic terms involving currents
which are not localized on a single atom, e.g. ring currents. While the noa-local and
interatomic terms may be important for lighter nuclei, particularly for 'H, they are
normally negligible in the case of heavy nuclei [39]. Molecular orbital expressions
for the local shielding terms, ¢%(loc), 6P(loc), involve a sum over siates which, in
the case of the paramagnetic term, includes unoccupied as well as occupied states.
The terms in the latter case involve (E,—E;)~ " where j, k refer 1o occupied and
unoccupied states. respectively. Since the excitution energies E,~E; are generally
unknown, these are frequently replaced by a single average energy difference AF in
what is known as the average excitation energy (AEE)} approximation [39]. This is
normally coupled with a restriction of the molecular orbitals considersd to those
involving the valence p and d orbitals centred on the nucleus of interest, since it is
these orbitals which make the greatest contribution to the paramagnetic shielding.
Within the AEE approximation. the expressions for the principal components of
the local paramagnetic shielding tensor for the case where the shielding is due to



G A. Bowmaker er al. | Coordination Chemistey Reviews 167 ¢ 1997, 49-94

[N

o

the valence p orbitals only are

T (10C) oy = @5 (Pyy +Pre = PocPyy +Dy:bzy) (21)
0P (100} = 0p(Pay +Prz — PecPux + Px:Di) {22)
Pioe).: =0p(Pay + Py — PasPiy TP D) (23)

where
o= — Mo Ty, A AE (24)

and i, is the permeability constant. ¢ is the electronic charge. s is the electron rest
mass, {r” "), is the expectation value of r~* for the valence #p eleciron. and the
pi; are elements of the charge density/bond order matrix [39.42]. The average. or
isotropic. local paramagnetic shielding derived from the above is

G?( iOC) = Up(szx + zp_vy + 2p:: —'p::p_\;\' - px.\pﬁ P\ Pz

pj':p:_\' + p,v,\’p_\'.\' + p.\':?:.\) { 25 }

For atoms other than hydrogen. differences in the local diamagnetic term caused by
changes in chemical bonding are small compared with variations in the local para-
magnetic term [42]. Thus. Egs. (21)-(25) may be used to interpret the shielding
parameters for heavier nuclei. Eq. (25} has often been employed 1o understand
trends in isotropic chemical shifts obtained from solution-state NMR spectra of
main-group element nuclei {e.g. '°F) [43]. where d-orbital involvement in the bond-

ing is unimportant. For the heavier transition metal nuclei, thL ex md{,d form of
this equation mvolving d orbitals is generally required. However, for Group 12
transition metal compounds which have a closed-shell d¥ electron configuration,
d-orbital involvement in the bonding is expected to be small. and Eq. {23) should
be applicable. Thus. trends in the isotropic '*’Hg chemical shift in simple mercury({ 1)
compounds were interpreted by use of this equation in some early siuuiﬁs {11. though
recent reviews have concentrated more on empirical approaches which have been
developed to correlate the large body of chemical shift data mih structure and
bonding [5.8--10]. Much of the information about the electron distribution which
is contained in Eqgs. {21)-{23} is lost when the averaged form. Eq. (25). is used but
this has been common hitherto because, by and large. only the sotropic shifts have
been available. Since solid-state studies often vield the anisotropic shielding parame-
ters as well, and since there has recently been a considerable increase in the amount
of data on ""Hg f‘rem such studies. it should now be possible to interpret these in
terms of Egs. (21)-(23). 1t is somewhat surpnising to find that there have been fow
attempts to do this to date. and this question will be examined in more detail in
Section 4.1. Mercury compounds are particularly suitable for such an analysis, The
simplification which results from the non-involvement of the 5d orbitals in the
bonding has already been mentioned above. In addition to this, mercury complexes
display a range of different coordination geometries {lingar two-coordinate, trigonal
three-coordinate, tetrahedral four-coordinate) each of which has a different set of




56 G.A. Bowmaker et al. | Coordination Chemistry Reviews 167 ( 1997) 49-94

values for the orbital charge densities and bond orders. This should result in wide
variations in the shielding tensor components with changes in the geometry of the
complexes. This contrasts with the situation for cadmium complexes, for example,
where two-coordination does not occur and three-coordination is rare.

The above analysis involves a number of approximations, and it is semi-empirical
because it involves quantities such as ¢, which are normally not evaluated when the
method is used to analyse shielding data. At a more fundamental level, such data
could be used to test ab initio quantum mechanical calculations. Recent advances
in quantum chemical methodology have allowed the development of procedures for
the calculation of shielding constants. However, very few resuits have been reported
to date for heavy-metal nuclei. One recent study described the calculation of the
19"Hg shielding constants in HgX,; (X=Cl, Br. 1) [44]. This emphasized the impor-
tance of including relativistic effects in the calculation; without these, the experimen-
tal trends cannot be explained ev: : qualitatively. However, only the isotropic
shielding constants were reported in that work. The calculation of the anisotropic
199Hg¢ shielding constants in a mercury compound by ab initic methods is a challenge
which has yet to be taken up by theoreticians. Nevertheless, one of the results found
in the calculation of the isotropic shielding constants in HgX, is relevant to the
application of Eqs. {21)-(23): the main source of the large variation in the ""Hg
shieiding with change in the halogen X is the Fermi-contact term. This is a diamag-
netic shielding term which is neglected in the above equations but, since it is isotropic,
it does not atfect the values of the shielding anisotropy or asymmetry parameters.

2.2. Dipolar coupling

Dipolar coupling between two nuclei A and X ‘s the direci, through-space inier-
action between the magnetic moments of the nuclei and is represented in the spin
Hamiitonian by a tensor D, which can be expressed in terms of the dipolar coupling
constant

D= o /4nyyayx (h/2miriy (26)

where 7,, yx are the magnetogyric ratios of the A and X nuclei. and r,y is the
distance between the nuclei. The dipolar interaction averages to zero in the solution
state, but it results in severe line-broadening in the solid state due to the combined
effects of dipolar splitting of the signal under observation caused by interactions
with the many neighbouring magnetic nuclei in the solid. This broadening is elimi-
nated in high-resolution solid-state NMR by a combination of techniques (high-
power decoupling, magic-angle spinning (MAS). magnetic dilution) [ 14]. However,
if the MAS rate is inadequate. spinning sidebands are seen to an extent which is
dependent on the magnitude of the dipolar interaction (when not specifically decou-
pled). In the presence of other interactions (indirect spin—spin coupling and shielding
anisotropy) these sidebands become accentuated and may be analysed to vield data
on the interactions in question separately (see Sections 3.4 and 4.3). Also, the
presence of strong quadrupole coupling for nuclei dipolar-coupled to the observed
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nucleus will cause splittings and line-broadening in the centreband transitic.:s even
for fast MAS, which depend on both dipolar and quadrupolar coupling constants
{see Sections 2.4 and 4.3).

2.3, Indirect spin-spin coupling

Indirect nuclear spin-spin coupling. as opposed to direct or dipolar spin- spin
coupling, is an intramolecular interaction between nuclear spins which is conveyed
by the electrons in the molecule. It is well known that such intevactions can be
mediated by three distinct mechanisms: namely, the Fermi-contact. spin-orbital and
spin-dipolar mechanisms [45-47]. The indirect spin-spin coupling interaction is in
general anisotropic. and is represented by a tensor J. Solution studies vield the
average (or isotropic) value, which is the trace of the J tensor. High-resolution solid-
state NMR spectroscopy offers the opportunity to measure the anisotropy of the J
tensor (though any asymmetry is usually ignored). Since the Fermi-contact inter-
action is purely isotropic [45]. the anisotropy in J gives direct evidency concerning
the existence of non-Fermi contact interactions. Examples of such studies involving
Y (*Hg Py coupling will be discussed in Section 4.3. Due to the low receptivity
of "**Hg relative to *'P. and the large shielding anisotropy affecting "“Hg spectra.
the measurements are normally made by using the ""Hg satellites in the spectra of
the more abundant P nucleus.

2.4. Nuclear guadrupole coupling

Nuclear quadrupole coupling involves the interaction of the clectric qmdmpa!c
moment of the nucleus with the electric field gradient at the nuclens. The electric
field gradient arises from the distribution of electric charges (electrons. mwl thouring
nuclei) about the nucleus in question. and is represented by the tensor quantity eg
(e =* Viexx; where ¥ is the electric potential at the nucieus. v, vj=v. v, o).
The principal axes of this tensor are often defined such that

leg.zleq, = leq 27y

which is not consistent with convention (Fq. {5)) for the shielding tensor. Since the
electric field gradient tensor is iraceless {ey,, +cq,, —f-u;h ={). %z can be represented
by just two parameters, the “principal wwnnnent of the eleciric ficld gradient

CG=eq.. {28)
and the field-gradient asymmetry parameter

n= {’:}‘[.\’.\ - ()(j'_\ ¥ \),-"{-'L’[:: { 29 \;

Untortunately. the symbol normally used for this latier quantity is the same as that
used for the shielding tensor asymmetry parameter, Eg. {9). The nuclear quadrupole

coupling constant y=¢>yQ/h (in {requency units) is proportional o the product of
the clectric field gradient parameter eg with the nuclear guadrupole moment ¢Q,



58 G.A. Bownmaker et al. | Coordination Chemisiry Reviews 167 ( 1997) 44-94

The field gradient tensor eq is strongly dependent on the coordination environment
of the nucleus involved; perfect tetrahedral coordination results in eg =0, but linear
two-coordination and trigonal three-coordination yield non-zero eq.

Of the two magnetic isotopes of mercury, only 2'Hg possesses a quadrupole
moment {Table ). The value of the quadrupole moment is quite high and this.
coupled with the fact that mercury compounds often have structures in which the
mercury coordination number is low, means that **'Hg quadrupele coupling con-
stants are generally large in magnitude. Nuclear quadrupole coupling constants can
be measured by a variety of methods [48]. but for solid samples involving large
quadrupole coupling constants. nuclear quadrupole resonance (NQR) spectroscopy
is still the best method. This involves the direct measurement of transitions beiween
the nuclear spin states which are split by the quadrupole interaction (in the absence
of an applied magnetic field). In the case of ®'Hg, which has spin /=32, the
quadrupole interaction produces a separation of the +1/2 and +3/2 spin states,
and the frequency of the transition between these is

V12 = £3/2)= (/201 +42,3)° (30)

Very few 2'Hg NQR studies have reported to date. In one such study, the 2'Hg
frequencies for HeCl, and the dioxan solvates HgX,.2dioxan { X =Cl. Br) were
measured, yielding the values 354.21, 323.38 and 313.23 MHz. respectively [49].
That report provides an estimate of the *'Hg quadrupole coupling constants in
these compounds. The HgX, molecules in the compounds concerned have an essen-
tially linear, two-coordinate geometry for which the field gradient asymmetry param-
eter #x0. Thus, from Eq. (30). the coupling constants y are approximately twice
the resonance frequencies, and so are in the vicinity of 700 MHz.

The decrease in the *'"Hg NQR frequency from HgCl; to its solvate has been
interpreted in terms of an increase in the ionie character of the Hg-Cl bond. and
this wus supported by the observation of a corresponding decrease in the *Cl NQR
frequency. The decrease in the *2'Hg frequency from the X =Cl to the X = Br solvate
was found to be more difficult to explain. An increase was expected on the basis of
a bonding scheme involving sp hybridization on the mercury atom. assuming that
bromide would be a stronger clectron donor than chioride [49]. However. the
situation is analogous to that found for the "7Au quadrupole coupling constants in
the complexes [AuX,]™, which are isoelectronic with HgX,, and the explanation of
the observed trend is likely to be the same in both cases, namely an expansion of
the 6p, orbital in the bromo- refative to the chloro-complex [50]. The effect of this
expansion is to reduce the field gradient produced by electron density in the 6p.
orbital, and this opposes the effect of the increased charge transfer to this orbital
from bromide relative o chloride. so that the coupling constants for the two
compounds are very similar.

The large magnitude of **'Hg quadrupole coupling constants is the main reason
why the ***Hg nucleus is generally unsuitable for NMR studies. A large value for
the nuclear quadrupole coupling constant frequently results in an cfficient relaxation
mechanism which in turn causes severe broadening of the NMR transitions. On'y



G. A Bowmaker et al. | Coordinarion Chemisiry Reviews 167 ( 1997) 4994 55

one solid-state *'Hg NMR study of a mercury compound has been reported to
date, involving the complex K JHg(CN),]. In this compound, the mercury lies on
a site of tetrahedral symmetry, so that the electric field gradient {and thus the
WHg quadrupole coupling constant) is in principle zero. The **'Hg signal was
observed using several magnetic field strengths. and showed linewidths which were
three 1o four times greater than those of the corresponding '“*Hg signals {51]. This
incrcase in linewidth is probably due to the fact that asymmetric vibrations of the
molecule cause an effective lowering of symmetry. so that the mercury atom no
fonger occupies a site of perfect Ty symmetry, and the field gradient is non-zevo.
This affects the *°'Hg nucleus by introducing a non-zero nuclear quadrupole cou-
pling, but not the '**Hg nucleus, which has no guadrupole moment,

The large magnitude of *'Hg quadrupole coupling constants should also lead to
the elimination of splittings due to spin-spin couplings involving the **'Hg nucleus,
since rapid transitions between the **'Hg spin states which are induced by quadrupo-
lar relaxation result in an averaging of the coupling interaction to zero. This is
found to be the case in most NMR studies of mercury complexes. In fact, the
compound K,[Hg(CN 1 ]. in which the mercury atom kies on a site of cubic symmetry,
shows no sign of isotropic 'J{*°'Hg."*C}) coupling in its solid-state *C NMR
spectrum [52]. despite the fact that the *'Hg quadrupole coupling constant is
sufficiently small to allow direct observation of a *'Hg NMR signal. as discussed
above [51]. However. satellites which have been attributed to isotropic
(2 Hg 3Py coupling have been observed in the solid-state *'P spectra of the
complexes [Hg(PPh)X 17 (X =CL Br. ) [53.54]. and these are discussed in motre
detail in Section 4.2. The observation of coupling in such cases, which mvolves near-
linear coordination of mercury, is unespecied. since the associated large *'Hg
guadrupole coupling would normally result in elimination of the spin-spin sphitting.
Clearly there are factors involved i the coupling of **'Hg to spin-1,2 nuclei which
require further clarification.

3. Experimental methods and spectral analysis
3.1 Sratic measureinents

High-resolution solid-state NMR spectra of mercury compiexes have generally
been carried out by using the technique ¢ fmcmc angle spinning o improve lh
sensitivity of detection and the resolution ﬂf the spectra {Section 3. ?;
spectra of static samples have been mei in se ﬁmi cases. These studies
divided into two classes: those involving single crystals, and those using poly
line {or powder) samples.

Single-crystal studies are carried out very rarely, due party ito the problems
involved in obtaining single crystals of sufficientiy large size to produce detectable
NMR signals. However, if this problem cun be overcome. there are distinet advas
tages in using single crysials. The first of these is that in some cases the principal
axes of the nuclear shie!dmg tensor for all corresponding nucled in the sample have
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the same orieniation relative to the external magnetic field direction (e.g. for low-
symmetry space groups), so that ail of the intensity of the signal occurs essentially
at a single chemical shift for a given orientation of the crystal in the magnetic field,
rather than being spread over the whole range corresponding to the span of the
shielding tensor. The second advantage is that th~ directions of the principal axis
system relative to the molecule can be determined if the crystal structure of the
compound concerned is known.

The only mercury complex for which a single-crystal '**Hg NMR study has been
reported is, to our knowledge, the dimercury{l) compound Hg,(NG;),.2H,0 [55].
This compound contains almost linear [H,0-Hg-Hg-OH,]*" species {Hg-Hg-G=
167.57), and the shielding tensor was found to be almost axially symmetric, with
the unigue element o5y approximately parallel to the long axis of this ion, but lying
closer to the Hg-O direction than to the Hg-Hg direction.

Single-crystal *'P NMR studies of some mercury{ il ) complexes containing tertiary
phosphine ligands have been reported [56.57]. The aim of these studies has been to
measure the anisotropy of the indirect 'J('*°Hg.”'P) coupling. as discussed in
Section 2.2. Single-crystal methods are used in this case because the analysis of the
coupling data is completely independent of the chemical shift interaction. unlike the
situation for powder samples {56].

More frequently, however, static measurements are carried out on powder samples.
In this case the sample contains crystallites whose principal axes are randomly
distributed relative to the external magnetic field direction. and this results in a
“powder pattern”. The forms of these powder patterns for the cases of axial and
non-axial (or rhombic) symmetry are well known [13,14.19]. The muin disadvan-
tages of this method in **Hg NMR studies are that: (i) the chermical shift anisotropy
is often very large, so the spectrum is spread over a very wide frequency range, with
a consequent loss in sensitivity; and (ii} dipolar or indirect coupling interactions
(other than those specifically decoupled ) cause further broadening of the resonance
band. As an example of a spectrum of a static powder sample. the ""Hg spectrum
of Hg(CAc), is shown in Fig. 1. This clearly shows that the shielding is not exactly
axially symmetric. despite the fact that analysis of the magic-angle spinning spectrum
yields i =0 under some conditions {36].

3.2. Mugic-angle spinsting

Magic-angle spinning (MAS) involves rotation of the sample about an axis
inclined at the magic-angle (), =34.74 ) with respect to ihe direction of the external
magnetic field B, This method is commonly used in solid-state NMR spectroscopy
to remove the line-broadening which is caused by anisotropic interactions such as
shielding or hetercnuclear dipolar coupling [12-20]. In the exticme case where the
spinning speed is much greater than the width of the spectrum due to the anisotropy,
MAS vields a single line ai the isotropic shift for a single type of nuclear site. but
all information about the anisotropy is lost. However. if the spinning frequency is
less than the anisotropic spectral width, sidebands form around the isotropic peak
at intorvals of the spinning frequency. This is often the case for '*“Hg MAS NMR
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Fig. 1. 53.8 MHz ""Hg spectra of static mercury (1 acetate. (s Experimental spactrum. cross polarization
with spin-echo. 20 ms contact time. 105 recycle delay. 3470 transients. (b} Computed specirum. using
= 1870, .. =1968. ¢2=3651 ppm. Av, »=1 kHz. [reproduced. with permission. from Ref. {36]]

spectra, since the chemical shift anisotropy is frequently so large that it is impossible
to spin the sample sufficiently rapidly 10 remove it completely. This results in an
effective reduction in sensitivity. since the mtensity of i is distributed among

hany peaks in the spectrum, This is one factor which results in the sensitivity of
detection for '"’Hg NMR spectra often being less than that of PC. despite the fact
that the receptivity of **Hg is more than five times goeater { Table 1} it has bezn

T

suggested that it is advaniageous to obtain ""Hg spectra at low external magnetic
ficld strength. since the frequency width of the spectrum for a given chemical mif‘*

Loy

anisotropy and asymmetry. and 3 nce the number of n‘sser& ed sidebands. s direct!
proportional to B, [58]. However. the signal intensity is also proportional to the
bctween the o and B sgm states of the nucleus. which s
1

f’b

o

population difference Any,
in turn proportional 1o By [14]

Ang=n, —ng=NohBy 2T (313
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and to other factors dependent on B, thus substantially reducing (or perhaps even
eliminating) the advant:ge of using lower field strengths.

The tmportence of the accurate setting of the angle in MAS NMR spectroscopy
has been ciearly demonstrated in "°Hg studies. The earliest published high-resolution
solid-state P7Hy spectvum was that of mercury(11) acetate, and this exhibited an
extensive spin xing sideiind pattern in which each line showed a small doublet
splitting [39]. This »phitting was initially attributed to site inequivalence or disorder
in the solid [13.59], bu 1t was subsequently shown to be an artefact caused by a
deviation of the spinning axis from the magic-angle. which easily happened with the
Audrev. -Beans design ot rotor [36.60]. With the more accurate angle-setting capa-
bilities of modei s spec rometers. this is unlikely to be & common problem in {uture
work, but the above studiee have clearly established the importance of accurate
angle setting {to at st 4.1 }in MAS experiments [36].

3.3. Cross polarizaticn

{ross polarization {7F) has been used in combination with magic-angle spinning
{MAS)Y in many *"’He NMR s:odies. CP involves the transfer of polarization from
an abuncant spin systzem fwovally 'H) 1o a dilute spin system {(e.g. ***Hg), and this
in principle produces ¢ substantial snerease in sensitivity velative to the direct polar-
ization (single-pulse Bloor dolay) experiment. primarily for the following two
reasons. First, thoe high »roion grromagnetic ratio (o) leads to a large polarization
of the proton spins 71y which can be transferred to the metal nuclet (X) by
simultaneous radiofr. uency irrediation at the two resonance frequencies for a
suitable contact fie. Thi ~ormally requires that the radiofrequency magnetic field
ampiitudes By and 8. . aro adjusted experimentally to satisly the Hartmann-Hahn
matching condition

e . . A
=y By = B oy (32)

This results in equal precession frequencies for H and X {myy=w,x} about By in
their respective rotating refevence frames. and allows polarization transfer from the
protows to the metal nucler. The maximum theoretical increase in the signal intensity
is, 7w = 4.85 for X =1""Hy. Sucond. CP permits a shorter recycle delay and therefore
more rapid data acquistion. In the direct polarization method, the recvele delay is
determined by the snin-lattics relaxation time 7, of the metal nucleus X, which can
be very tong in the solid stuie. In the CP method. the recycle time is determined by
the proton 7. which 18 invariably shorter than that of metal nuclei in solids.

Pinfortunately, the combinatien of CP and high-speed MAS has a drawback
eveiely hinders the stedy of metal nuclei. Under high-speed MAS conditions,
vois wow and itois difficult o establish and maintain the exact
Hdatmmm Hahn matcin The CP efficiency at different matching conditions can be
presented as a plot of <iznal mtensity versus Ay, the difference between the H and
X spin-ock frequencies.

;) .ﬂ‘ Cleney

i

e,
tod
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Aoy =, — oy
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Such a plot is referred to as a Hartmann-Hahn matching profile. At low MAS
frequencies wy, the profile exhibits a broad plateau due to strong proton dipolar
couplings, and the maximum signal is relatively insensitive to the matching condition.

However, when w, becomes comparable to the H-H dipolar coup,mgs, the matching
profile is modulated by wy and is broken up into a series of sharp peaks with
maxima al Aw, =nwy, where n=0, +1, +2, etc. [61]. This results in a sityation
where the maximurm signal is very sensitive to the matching condition, and a small
misniatch of only a few kilohertz can result in complete loss of signal. Variable-
amplitude cross polarization (VACP) is one method which has been proposed to
overcome this problem [62]. In this method the amplitude B, is varied lineurly {or
stepwise) with time during the contact period [63]. generating multiple matching
conditions (each one displaced relative to the others along Aw;) within a single
acquisition. This results in the reduction or removal of the oscillations in the
matching profile. so that matching becomes {ar less critical. The total signal intensity
is then comparable to that obtained at low spinning rates, but it is concenirated in
fewer spinning sidebands in the spectrum. A study of the application of this method
10 the heavy-metal nuclei '*Cd and "’Hg has recently been reported [64]. The
problems associated with the normal CP MAS method are well illustrated by the
9Hg spectra of [NMe,Ji Ha{S'Pr),]. The spectra at spinning rates of 4. § and 12 kHz
are shown in Fig. 2. The §/N ratic decreases with increasing spinning rate. despiie
the improved averaging of the chemical shift anisctropy. The Harimann-Hahn
matching curves for this compound show that for exact matching {(Aw, =0}, under
the conditions used. the total signal for the 12 kHz spinning rate is only one third
of that for the 4 kHz rate: a clear demonstration of the imitations of single-amplitude
CP MAS discussed above. The curves also show a decresse in the total signal
intensity with decreasing Aw,. As a consequence of this, the most favourable match
occurs at Awm, = oy rather than at Awm, =0. and it 15 suggesied that for *"Hg NMR.

the matching condition should be centred in the vicinity of +sp. A discussion of
the factors which determine the optimuin vaiues of the other variables in the VACP
experiment is given. and it is suggested that {or a systemn whose spectrum has not
previously becn recorded. values of these parameters may be chosen on the basis of
experience with related compounds [64]. However. it is not yet clear to X‘v‘hﬁ‘t exient

the optimumn experimental conditions vary {rom one compound o another and,
from a practical viewpoint. it may be better to obtain the specira b, sin g direct
polarization. with the acquisition cf a large number of iransients to increuse the

8/N ratio, rather than by spending a lot of time optimizing the parameter fora CP
experiment. This approach also eivmmaiﬂs uncertainiies in the analysis of the spectra
which arise {rom possible effects of CP on fhf* intensities of the spinning sic
though 1t introduces other problems {see Section 3.44.

831
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3.4. Spinning sideband analvsis

While the presence of spinuing sidebands due to chemical shift anisotropy
results in a reduction in the sensitivity of detection of the individual signals
specirum, it does allow measurement of the anisotropy parumeters, since the intensity
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Fig. 2. 64.4 MHz "Hg CP MAS spectra of [Me,N][Hg{S'Pr);} at spinning speeds of (a) 4. (b} & and (¢}
12 kHz [reproduced. with permission, from Ref. [64]]. The centreband is marked *.

distribution in the spinning sideband manifold is dependent on these parameters.
The cenireband is readily identified as the band whose position remains invariant
as the spinning frequency is varied. A number of publications have discussed the
calculation of the spinning sideband intensities. and also the inverse problem of
determining the chemical shift or shielding tensor parameters from experimenial
sideband patierns [65-73]. The main methods which have been used for the latter
problem are wement analysis [65.67,73]. the sideband intensity ratio graphical
method [66,69,73]. or iterative calculations involving simulation of the intensity
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distribution over the full sideband manifoid 167.70-73]. The last-mentioned method
is currently considered to be the most refiable, although the other two may be useful
for providing approximate values of the shielding tensor parameters. which can tl
be refined by means of the iterative procedure {71.73]. One difficulty with sidfci‘m
analysis methods concerns the cases of axial s»mmury {1 =0} or neur-axial s
{1 =0}. In such situations the anisotropy may be obtained with good acoura

the simulated spectrum is very insensitive 1o the value of 5. so that this pa ra*‘mt»;
is not very accurately determined [17,34,67.70]. This is well tliustrated by the case
i

of mercury{11) acetate, where the static **"Hg spectrum vields 5 =0.08. but :rdd:e
analysis for several different spinning rates yields wvalues in the range 0.00-
[36]. By contrast. however, sideband analysis of the ""Hg spectrum for
[NMe, JiHg(S'Pr);]. in which the mercury atom lies on a threefold symmetry axis.
yielded i =0.00 as expected [64.74]. showing that values for axial or near-uxial
can be determined in favourable cases. A number of publications have con
other factors which determine the accuracy of shielding tensor parameters obtained
from spinning sideband analysis [34.69.72.751. including the effects of cross polariza-
tion [75]. which are discussed in more detall below.

One factor which may aflect the accuracy of the parameters obtained by ;
sideband analysis which has not been given much consideration to 4 te is th
variation in the degree of polarization of the nuclei over the full frequency range of
the spectrum as a result of the finite width of the pulse used in the excitation process,
for example in spectra obtained by dircet polarization. With lighter nuclet whic
have small chemical shift anisotropies. the frequency range of the spectrum is sm a'i
in comparison with the frequency range of the pulse. so this problem does not
generally arise. For heavy-metal nuclei such as ***He. however. shiclding anisotropies
Ac=5000 ppm or higher can occur. and the guestion of whether all af i
the sample are equally excited (or polarized) by the pulse needs to §
The frequency distribution of RF magnetic field amplitude }
sin {a{y — ity — v )1, (vo=centre frequency: r,=pulse duration
wave pulses so that a pulse of duration 7, has an associated spect
order of 17, [14]. Since the signal strengih is directly proportional
of the radiofrequency ficld used to bring about the polarization. the d
intensities in the spectrum should be modified by the sin x.x funct
{though phasing complications also exist). The sttuation for the dire
spectrum of Hg{SCN}, is tlinsty aud in Fﬂ* ? w md shows xhe sp
using 1 s and 6 s pulses. While ¢
in the integrated intensities of wr's nomi‘ﬂ'zz :de%andq i1
indicated more clearly in Fig. 4, which shows the ratios of hnensities
sponding peaks in the spectra. Also shown in this figure are the theoretics
} ors for the two pulse dur
sideband in the most shiclded region
tsideband number 11) by the 6 us Du‘:e is only about 30% of that due 1o the T us
pulse. The intensity ratios from the lines in the spectrum show the & STeTety
trend as the theoretical prediction. but there are also considerable deviations, pr9m1‘z}~
ably due (0 measurement errors {either in the acquisition oF integralion Processes)

ranze of the
> the strength
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Fig 3 53.6 MHz ""Hg MAS spectra of Hg(SCM), using pulse angles and durations of (2) 129 . Tus
andd (by 77.1 L 6 ps. respectively,

and/or to the noise levels in the spectra. The intensities can be partially corrected
by dividing the individual sideband intensities by the appropriate sin x/x excitation
profile, and the effects of this on the calculated shielding tensor parameters are
shown in Table 2. As expected. the anisotropy Ac and the asymmetry parameter j
increase after the correction s applied 1o the 6 ps spectrum: anything which reduces
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Fig. 4. Ratio of tl.c Intensities of corresponding peaks in the 6 s and 1 ps spectra in Fig
e shows the theoretical ratio based on the different exciiatinn pmis} > for the two pulse durations,

3. The continupus

the intensity of the outer sidebands in the spectrum relutive to the inner ones results
in a spectrum which is closer to that for an 1&01r0pm systern. for which Ao=0: 7=
0. The effects of this correction for the 1 us pulse spectrum are negligible, since the
frequency range of this pulse {1/7,=1 MH;:) is rauch greater than the spectral width

due to the shielding anisotropy {v,.Ag 2 0.2 MHz). For the 6 us spectrum, the effects
JAYG
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Table 2

Calculated '*Hg shielding tensor parameters for Hg(SCN Y,

Conditions (61— o) (ppm)  {Fp—a) {ppm) (o~ a) (ppm)  Ac {ppm) g G4y
6 us, uncorr.  82(26) 445(23y 3372030y 3109¢45) 0.18¢2) 15

G us, corr. 421 h 43¢ 3415017y 3172¢(25% 0.19(1) 4

I ps, uncorr.  §1(23) 428(21) 3391(24) 3136(37) 0.17¢2y 10

1 us, corr. 75(19) 436(17) 3388(22) 3333 01T 8

2 d=difference between measured and calculated sideband mtensities.

of the correction are more significant. although the expectation that the parameters
from the correcied spectra for both pulse durations should be the same is not very
closely reatized due to the experimentual crrors in the sideband intensities which are
evident in the deviations of the intensity ratios from their predicted values (Fig. 4).
Nevertheless. the results discussed here show that the pulse duration may have an
influence on the shielding parameters obtained {rom spinning sideband analyses,
and that if is important to state the pulse duration used to obtain spectra when
reporting the resuits of such studies, so that the effects of this variable can be
assessed.

A further factor which can aftect the accuracy of the determination of the shielding
tensor components from spinning sideband analysis of MAS in the case of CP MAS
spectra is the effect of CP on the intensities of the spinning sidebands. It has been
shown that CP MAS spectra show deviations from the intensity distribution of the
sideband pattern in comparison with the divect polarization spectra {75]. The evalua-
tion of the principal components of the shielding tensor by sideband analysis thus
involves a systematic error. The reason for the sideband intensity deviations is the
anisotropic magnetization of the X spins caused by the Hartmann Hahn mismaich
anisotropy. as well as the anisotropic CP rate. and the anisotropic relaxation rate
of the 'H spins in the rotating frame. These effects result in a progressive reduction
in the intensity of the sidebands with increasing distance of the sideband from the
point of irradiation. Two methods were proposed 1o overcome this problem. The
fivst is a modified pulse sequence called multiple-contact isotropic cross-polarization
{MCI CP), while the second involves the use of an empirical tntensity correction
function. The best correction function was found to be of the form sin x/x (note
that this is the same as the function required for the correction of intensity deviations
caused by the finite duration of the excitation puhc in direct polarization expersiments.
see ubove). A combination of both of these is recommended to reduce the crross
involved - spinning sideband analyses of CP MAS specira [75]. This approach
does not appear to have been applied to the analysis of '""Hg CP MAS spectra.
despite the fact that the errors are expected (o increase with increasing chemical
shift anwotropy {751 and so should be mosi severe in the case of neavy-metal
nucleus NMR.

Refatively few '*°Hg MAS spectra have been reported which invelve indirect
spin-spin coupling to another spin-1/2 nucleus. such as *'P. One such spectrum
which has been described recently is the 'Hg CP MAS NMR of
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[Hg(PCy;)}(OAc),] [58]. This specirum consists of a centreband and spinning side-
bands, afl of which are split into doublets by the 'J(***Hg.>'P) coupling. The
spectrum was analyzed to yield an isotropic spin-spin coupling constani. but no
analysis for the anisotropic '"’Hg shielding tensor components was given. As dis-
cussed in Section 2.3, the *J( 199Hg,“?) coupling would in general be expected to be
anisotropic in the solid state, but none of the programs for spinning sideband
analysis described above are directly applicable to the general case of combined
anisotropic '**Hg shielding and anisotropic spin--spin coupling. Indeed. such an
analysis is difficult for a powder sample without some assumption about the relative
orieniations of the principal axes of the shielding and coupling tensors. However, a
discussion of the AX and linear AX, systems for the case where the & and J tensors
are axially symmetric and their principal axes lie along the relevant internuclear
vector {and perpendicular to it) has been given [761. For the AX case, for example.
it was shown that the two transitions for the A nucleus {one for each of the two
possible spin states iy = + 1/2 of the X nucleus) have associated sideband manifolds
with effective anisotropies

A = Ao, — (3D i (34)

where D'=D—AJ/3, AJ=J, —J is the anisotropy in /. and D 1s the AX dipolar
coupling constant, Eq. (26). Analysis for each of the two sideband manifolds {assum-
ing they are distinguishable through J,.,) thus yields Ay and D', including the sign
of the latter if that of Ji is knows

In most cases. the resuiis of sideband analysis have been given without any
rigorous analysis of the precision of the derived parameters. Frequently. the shielding
tensor components are quoted to a precision simmlar to that corresponding 1o the
location of the NMR line positions, but this approach would ondy be justified in a
static-sample single-crystal study. In MAS studies. the intensities of the buuds in
the spinning sideband manifold exhibit deviations from the theoretical intensities
due to the presence of noise in the spectrum and other experimental errors. d e zi.%:
will result in errors in the resulting shielding tensor par ymelers, A p“{‘ ure for
carrying out a rigorous statisiical analysis of such errors has recently been p }iishcd
[77]. However. this undoubtedly underestimates the (rue errors, since ihsre are
normally uncorrected systematic errors {see abovel.

P

4. Survey of the data

4.1, Anisorropic shielding constunts

Prior to the advent of high-resclution solid-state ?*«M-“ méseewaic "WH 3 '“’nieki-
ing constants had been obtained for a fow fo"n;mm i
or from solution-state relaxation thne measurements. T hese ;ﬁm‘n re s mmna awd
in Table 3. These studies provide useful reference daia for compounds such as
Hg{CH.), which is not a solid under ambient conditions. and whose shiclding
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Table 3
99Hg chemical shifts and shielding tensor parameters from liquid-crystal spectra or solution-state
relaxation time measuremenis

Compound (6, —a,} (73,—0,) (6330} Fea Aw {ppm) i Ref.
(ppm) (ppm)} (ppm) (ppm}

(Ha(CH,), ) - 2442 —-2442 4883 0 7325455 [ [78.79)

Hg(CH,;)Ci* --1035 -~ 1035 43500 — 1133 3535480 0 78]

Hg(CH B —908 ~908 4550 -910 5455 + 100 0 [78]

Hg(CH3)I® 740 - 740 4740 - HORS 5480 + 300 0 {781

(Hg{CN),® -3¢ ~30 a7 - 1240 5500 1] {80}

* From liquid-crystal spectra.
b From solution-state relaxation time measurements.

anisotropy is in any case too great to be readily determined by currently available
solid-state NMR techniques. They also provide comparative data for compounds
(e.g. Hg(CN),) which have also been studied in the solid state. A summary of the
results available to date for compounds which have been studied in the solid state
is given in Tablc 4.

As discussed in Section 2.1, no ab initio caleulations of anisotropic **°Hg shielding
parameters in mercury compounds appear to have been reported to date. Thus, the
interpretation of these parameters remains largely empirical. The discussions which
have been published so far are based on essentially qualitative correlations between
the shielding parameters and aspects of the mercury coordination environment. such
as the mercury coordination number. These correlations will be considered in further
detail below. First, however. consideration will be given to possible semi-empirical
analyses based on Eqs. (21)-{23). The various structure types to be considered are
lustrated in Fig. 5, and for these it can be shown that p;=0 for i/, so that
Egs. (21)-(23} can be written in the simpler form

Gz ={N,+H, ~#H )0, {35)
Oy =My 1, ~1,11.)0, (36)
G ={n, +h, — R )0, (37)

where i1, = .. 1, =Py, #,=D,.. are the populations of the Hg 6p,, 6p,. 6p. orbitals,
respectively (these populations can take values in the range 0 to 2), and the notations
designating these as the local paramagnetic contributions to & have been omitted
for clarity.

For linear two-coordinate compours HgX, involving the o-donor {(non r-donor)
ligand X, the bonding is influenced by eleciron donation from the o-donor orbital
of X for X7 if HgX; is a neutral complex} into the Hg 6p, orbital (the =-axis lying
along the Hg~-X bond direction). and the only non-zero orbital population in
Egs. (35)-(37} is that of the 6p, orbital, n.. This yields o, =0, ,=n.0,; 5., =0. Since
oy 1s negative, Eq. (24), this yields 6, > 6, =g, I it is assumed that ihe diamagnetic
comributiom to the shielding are isotropic, and so contribute equally to all three
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principal components of the shielding tensor, the above relationship should also
hold for the total shic!ding constant, i.e. 633> a6, =a,,. Impection of the results for
HgX, species such as Hg{CH,;),, Hg(CN),. HgCl, in Tables 3 and 4 shows that the
experimental results correspond closely to this relationship; the small deviations
from equality of g, and a,, are due to slight departures from axial symmetry in
the solid state.

According to the above analysis, the shielding anisotropy Ao (Eq. {(6)) for linear
HgX, is given by Ac= —n_.6,. Since ¢, is negative, As is positive. Thus, Ao is
propostional to the 6p. population n, which, in turn, is proportional to the o-donor
strength of the ligand. Therefore, a strong o-donor ligand, such as CH; will result
in a greater #. than will a weaker o-donor. such as C17, and so Ag is predicted to
be greater for Hg(CH;), than for HgCl,. The results in Tables 3 and 4 show that
this prediction is confirmed. However, the large observed difference between the Ag
values for these two compounds may also be partly duc te differences in secondary
bonding interactions. as will be discussed below.

The above discussion applies essentialiv unchanged to linear mixed-lizand com-
plexes HgXY. The only difference is that the Hg 6p. orbital population contains
contributions from both the X and Y ligands. so that As for HgXY will be
intermediate between the values for HgX,; and HgY ,. Comparison of the results for
Hg(CH,),, HgCl, and Hg(CH;)Cl in Tables 3 and 4 shows that this refationship is
observed experimentally. In fact the As value for Hg(CH)Cl is very close to the
arithmetic mean of those for Hg{CTH,), and HgCl,. and the above analysis gives a
physical basis for this otherwise cmpirical observation. It is perhaps surprising.
therefore, that the A values reported for Hg(CHNX (X =CL Br, I} are all equal
within experimental error { Table 3): an increase along this series might have been
expertied due to the increased o-donor strength of X 7 (as a result of the decrease
in electronegativity from Ci to 1) [81]. This effect is probably related to s similar
one involving the *°'Hg nuclear quadrupole coupling constanis in HeX,. which
show little variation with X (Section 2.4). The quadrupole coupling constant is
proportional to the eleciric field gradient 2t the Hg nucleus and, for a bonding
model of the type discussed above, this is ziven by eg=n.vg, where g, is the field
gradient due to a single 6p. electron. The fuct that the quadrupole coupling in linear
MX, species is relatively independent of X, despite the increase in the o-donor
strength of X7 with decreasing electronegativity of X. has been shown to be due o
an expansion of the 6p, orbital from X=C1 1o 1 [30]. This results in 2 decrease in
eq,. since this quantity is proportional 1o (r ™ ¥, which compensates for the mc;’easf,
in p, 50 that ¢g remains essentially independent of X. Basically the same situaiion

is expected for the shielding *aiximimpv ’*w“m —~ 1,65, SiNCe 0 50 proportional
10 {r "D gp. Eq. (24). thus providing 4 possible explanation for the apparent indepen-

dence of Asr on h m HL{LH;)X

es can also be applied
in mciz all three Hg-
rhital  populstions  are

to piamr ;En‘ee -coor (ilmx H&X; COMpoun ais F@s‘ the case in
bonds are symmetric 51 iy eguivales the Hw op ©
me=n n.=0 {the x, y axes lie in the HEX. wlane: - is perpendicular to this plans).
Sabatzw{zaa nto Fq (35437 vields am:g”:ﬁg:@; o, ={2n, —ni}s,. The
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Fig. 5. Coordination environmieals in some merchey CH complexes: (a) boear, (b tngonal planar, (O

distoried trigonal planar. (4} Hnear with two perpendicalur secondary bonding mieractions. {¢) hpear
2 pery 3 ¢

with four mutuaify perpendicular secondury bonding interactions. (1) pseudo-tetrahedral,

shiclding anisotropy is thus As =# (1 —# e, Unlike the lincar two-coordinate case.
for which As s always positive. Ao for the trigonal planar case may be positive or
negative depending on whether #, (=n,) is greater or less than 1. The only complex
having a perfectly trigonal planar mercury envivonment for which shielding anisot-
ropy data arce availuble is [Hg(SPr);]" {Table 43 [64.74]. For this complex. Aa is
negative, implying that 1, (=)< 1. This is chemicully reasonable: for pure covalent
metal-ligand bonding involving sp? hybrid orbitals on mercury. n = #, = 1, but these
populations are expected to be less than this Hmiting value in practice because (2)
the degree of hgand-to-metal charge transfer will generally be fess than that required
for a pure covalent bond. and (b) the Hg 6s orbital is lower in energy than the
Hg 6p orbitals. so that more electron density will reside in the s orbital than in the
p orbitals. compared with the values predicted on the basis of ideal sp? hybridization.
This is demonstrated in the closely related system [AuCl] (isoelectronic with
HgCl,). for which the 6s and 6p. orbital populations have been calculated to e
0.86 and 0.33 respectively [50]. compared with equal populations predicied by the
sp hybridization model. There is thus a distine: and diagnostic difference between
the Hg shielding anisotropies for linear and trigonal coordination: As should nor-
mally be positive for the linear HgX, geometry and negative for the trigonal planar
HgX, geometry. in good agreement with the experimental observations. Thus. for
example. Ag for [Hg($-2.4.6-Pr,C H.),} (linear HgS, coordination) is positive.
whereas that for [Hg(S'Pri;]™ (trigonal planar HgS, coordination) is negative
(Table 4} [64,74].

Exuct trigonal planar HgX, coordination is rare. and [Hg(S'Pr)]” is the only
ase for which " Hg shielding unisotropy data are available. There are, however,
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several examples of distorted trigonal planar coordination in which one of the X
ligands is more weakly bonded than the other two. In order to invesiigate the
consequences of such a distortion on the shielding parametors, caleulntions based
on a simplc model have been carried out. In this mode} the HeX ; unit lies in the vy
plane. with onc of the HgX bonds lving along the y-axis. The populations of the
Hg 6p, and 6p, orbitals in the symmetrical HgX; case are equal. and are set 1o n.
The distortion involving a weakening of the Hg X bond along the y direction is
represented by a reduction in the population of the 6p, orbuial by a factor 1. s0
that it is . Substitution of the populations into Egs. (351 (371 wickds

ﬁl‘,~}i1(‘l,. G =oy 6= (n+ri—-rit)e, According io the definition (Eq. (3}
G = a0 =00 Ga = for 1> 12 ~a). The resuliing expressions for the shield-

ing anisoiropy and asymmclry parameters are
Ao=01 (L - 2m + e, {38}

== 3L - O - Ty

For r<{ {2~ the definition {Eq. (S vields oy, =0

i

Aa=(n2ifrtl+m- 21.% (40

=300l -y (2~ {4t}

w dependence of As and iy on » according 1o Egs. (38} (41) for the case n=0.53

is shown in Fig. 6. A geometry change is associated with the dmm_g o
near r=1 corresponds to a small distortion of tngonal Hg
X,Hg X ostructure: a decrease i+ corresponds 16 an increas
distortion. Associated with this dissortion is an ncrease in the X g X ow

'w X,He unit so that this angle becomes 180 when r={0. The change in the foy

 the ' Hg spectrum with change in r is Hlustrated 10 Fig. 7.

An important aspect of Eo. (351 48 its relative independence on . In fuct, for a
population #=0.5. Ag Iy completely independent of r. The results in Fig. 6 show
that in this region Ag is quite insensitive to the mﬂw of distortion from the trigonal
structure. whereas g is strongly affecied by it This appears to correspond well with
cyperimental  observations for distorted  three-co omw m: m'wouzldw Thus.
for example, the complex [Hg(8-2.3.5.6-Me,C 1 1] : :
ordination environment distorted in the sense d
— 1400 ppm and =09 (Tabledy By contrust a%r* cm«ch rele lhd umgmx
{H2(S-2.4.6-Pr,C H.ll ™. which has almosi perfs
tion 160, also }xe!ds Ao — 1400 ppwi. but gives a Lﬂilﬁhlflub y
parameter p = 0.3 (Table 43, Thus. the prediction from Fig. 6 th
sensitive indicater of distortion from trigonal planar coore 'nmmw ih
to be borne out by experimer . 6 also predicts that bevond 4
the distortion {r=2,3 in this
positive. while :g remains cloy
{HEAS?&M . which shows
[Hg{8-2.5,5 a-‘ﬂ«s&ﬁ%—} 47

ey
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Phe dependence of Gy e and (hy g on g according to Fgs, (385 (41 Tor the case - 0UF (or

Uiy sy ed )

moof Ao might suggest at frst sight a rather dramatic difference
ronic conliguritions in these two compounds, but ihis
srincipal components of the shiclding tensor change continuously

“he swich in the
between the st
is ot the cine. ‘E :
with £ but at the point where the relative magnitudes of o, -, and 6., —ay, are
reversed. o, wnd 745 are interchanged uccording 1o Eq. (5} and an aparent disconti-
nuity i Ag oceurs. which is an artefact of the de m‘moah of the shielding componeits,

A aliernative way of deseribing the anisotropic " Hyg shiclding parameters is via
the span and skew (gs (15) and ,!/})A as deseribed carlier in this review. The
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nal Hek y coordintion: s - v, -0},




I €4 Bonnrder er ol s 45T JURT Y L

wises of Thwear and ideal trigonad covrdinmation both invelve axial symmoetry (7 =0},
andd these vield £2 5 1As [ wdowos 41 ineary or &= 1 Grigonal ) For the model of
the €, distoried X Hg X structure discussed above, the definition {Eg. (16)) corres-

o Ty o forall e c Dyand the equations corre-

Y

(41 are as follows

potieds to 6y, R

sponding to By, (0

L=nlrn-1)o, {423

ro{ ) =2 Fray ] - (43)

r” and the parameters
shows that £2 changes
ap for trigonal coordina-

iation of the shie
v for the case =003 are shown in !
continuously from - 0,57, For hnear C‘mn‘dix’)zmun fo 1
tion, while « unnwm contmuously from <+ 1 for Hnoar .mndminimn to 1 tor
trigonal coordi . Natur the change in the wen of w ﬁL‘L‘lii‘f‘i unsder exactly
the sume conditions as the change nosign of "w compere Figs 6b and 8¢, This is
also evident from the values of these parmetors 1y m,? of ihu mmpmmds fisted
i Table 4
Lincar twoscoordimate complexes HgX, olten show secondary bonding inter-
actions to Hgands which lie mpulmwiaz to the X Hg X axis (the z-uxis). For the
vteraction with o single Hgand Y which lies on a twofold axis passing
through the Hg atom (the r-axis). the 6p. orbital has a population »# due to bonding
with the two X ligunds, und the 6p, orbital has 2 small population due to bonding
with the Y ligand. I the 6p, population is set cqual 1o o, then this situation
corresponds to the once already discussed above for the strongly distorted trigonal
coordination cpse. which results i Eqgs. (40y and ¢ 41). The isolated linear HgX,
case corresponds to =0, and this results in a farge ;wmmc A and =0 as expecled
(Fig. 6). For weak imteractions with the third higand Y [ und this results in a
decrease in Ao and an inerease iy (Fig, 6). Note the conirast with the case of
distortion of HeX, from Dy synunctry (7= 1) whore Ao i quite insensitive to the
degree of distortion. The analysis for the cuse of a linear HgX, unit involved in
secol whary bonding to two hgands ¥ which fie the yaxis and on opposite sides
U he hc* aten is wssentindly the same as the case already discussed above for the
He lipand Y. and sohid Fg(ScON), may be considered as un
t:x;wmp.f: of this situation. The primary bonding involves two strong. collinear Hg Se
bonds, but there are two sceondary Heg Se interactions perpendicular to the main
Se Hg Sc ot R3] This results in Ae= 2520 ppm, #=0.50 (Table 4). This can be
compared with the case of Hg(5UN )., in which there are no secondury Hg 8
interactions [83]. and which vields Ao = nm, =017 {Table 4). The decreuse
n Ac and the ncrease in gy resultive the secondary Hg Se miteractions in
HgtseCON ), are entively consistent w - the predictions in Fig, 6. The sitwation for
the above two um‘mnmu?r; e comphoad slightly by the presence of Hg N inter-
actions in b But these are cons I to be weaker than the Hg Se
m‘umvt }, and are neglected in this discussion,
in xu.me cases of Jieur HegX, coordination involving secondary bonding, the
asymmetry parameier remans olose to zero due o the fact that four ligands are

goensor

wmponents n'}A~

S

case of an it
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2 symmetrically disposed about the X Hg X axis,
: Hed by o Bncar X, uni along the s-uxis with secondary
bonding 1o sour Hgands Y syminetrically placed along the x- and y- axes. The only
modification required to the above (reatment is that both the 6p, and 6p, orbitals
have populations ra, This yields

Ag=—n{l - -1 i— gliiﬁh (44)

An teportant feature of this equation s it‘; quadratic dependonce on r. In fuct Ag
appreximately proportional to (8 ¢ and this means that, for small 1. Ag
decreases rupidly with ro the rate of decrease being wpprosimaiely twice that which
would orcur i the dependence on r owere hnear, This means that Ao iy unusually
sersitive 1o the presence of secondary inferactions of this type. an observation which
has heen made before but has hitherto not been explained [10]. The origin of the
quadratic dependence of Ao on r i the presence of the hinary terms involving
products of orbital populations (e, ctey in Eqgs. (35) (37}, Other physical proper-
ties do not display such @ high sensitivity to the secondary Ponding interactions.
For exampic, the *"g quadrupole coupling constant. like the local paramagnetic
shielding. depends on the Hg op orbital populations, and equations similar to
Eqgs. {35) (371 can be written for the electric ficld gradient tensor components.
However. these equations contain no cross tonms involving the orbital populations,
and the guadrupoele coupling constant is predicted to show only a linear dependence
on {1 -}

One method of assessing the effects of secondary bonding in the solid state on
the "Hy shiclding parsmeters is (o compare the parameters [or a particular com-
pound in the solid and solution swtes. So ﬁ'nr the only compounds for which such
data are avatlable wre Hg(CON), (800821 and He(CHDE [7R.86]. In both cases a
decrause 1 As 18 observed from the whmtm to the solid state (Tables 3 and 4).
mnplying that secondary bonding interactions in the solid are «;tmnﬂcr than those in
solution, Conlirmation of this conclusion in the case of Hg(CTH ;)1 can be oblained
from Raman measurements, which show that the v HegX) (md \{H.,s y vibrational
modes oeeur at fowey frequency in the solid than in solutions of this compound in

S different solvents {891

< of ideal tetrahedral HgX, coordination is a particularly simple one; the
populations .. #,. 1, are all equal in this case, and Eqgs. (35} (37) show that all
thrcr: rincipal components of the shielding tensor should be the same, s0 that Ag =
The only cascs reported to date which show no detectuble departure from

e shielding are for [HatON LY complexes in which the Hg atoms
occupy ervstatfographic sies of cubic symmetry [85,87]. However, Ao values for
several complexes of the type [Hgl,[t (L =S-donor ligand) lie in the range - 241
to 606 ppm { Tuble 43, These non-zero Ao values must arise fmm distortions of the
HeS, envivonment from ideal tetrahedral peometry. In fact, ideal T, symmetry is
patible with the non-hinear Hg 8§ € geometry whmh oceurs in these com-
bat the low value of A Tound for K [Hp(SCN 3] shows that this is not the
primary cause of the relatively large Ao values in the other complexes with HgS,

a4 rd
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coordination environments [83]. I appears that Ag and y are determined primarily
by the arrangement of the atoms dircctly bonded 10 the Hg atom, and that the
position of the other atoms in the ligands pluys a relatively minor role. In
Hg{8'Bu),. the Hg atoms are present in a distorted HgS, coordination environment,
the Hg atoms being linked it one-dimensional chains by pairs of doubly-bridging
thiolate ligands. The Ae value for this case Hies within the range quoted abowve for
HgS, coordimation. The n values vary over the wide ange 0 6.9 in the above
examples involving distorted Tgh, coordination, und there is no simple relationship

between the Ag and g vidues, This is not unexpected, since a variety of dit ferent
kinds of distertion from the ideal tetrahedral He8, enviromuent are possibile, and
no attermpt has yet been made to correlate these with the shielding anisotropy and
asymmelry parameters.

A somewhat larger distortion from tetrahedral coordination geometry ocours in
[HE(SPhy P, in which euch mercury atom is bound 1o two terminad and two
bridging thiofate ligands, and this is reflected in the farger Ao value of abouwt
HHo0 ppm [74]. The distortion s such that the 5. Hy -8 angle fnvolving the terminal
thiolate Hgands (132 ) is considerably greater than the tetrahedral angle (110 ), The
structure can be considered to be intermediate between one involving ideal tetrahe-
dral coordination at the Hg atoms and one involving two lincarly coordinated Hg
atoms in which only the terminal thiolate Hgands remain bound, the two bridging
Higands having been removed from the coordination environment, It has been noted
that the anisotropy purameter Ag provides @ measure of the extent of the distortion
srom ideal tetrahedral coordination [74]. The Ao value is 27% of that for the linear
nvo-mordimuc complex [Hg(S$-2,4.6-PrC H,),0, whereas the S Hg-S bond angle

132 ) s Uwa(u than the tetrabedral angle by 22 which is about 30% of the total
increase of 700 (110 o 180 ) involved in ﬂm transttion from tetrahedral to hnear
coordination,

The complexes [HgiMeS)L] and [Hg(ES)L] (L= triv{ 3.5-dimethylnyrazol-
I-ylyhydroborate) are cxamples of four-coordinate complexes involving mixed
figands. The Hgand L provides three Nedonor sites, and the fourth coordination site
is occupied by the thiolate (S-donor) ligand. An N;HgS cocrdination environment
of focal C; symmetry was proposed on the busis of the solid-state ™y NMR
results [B8]. Bome idea of the factors which determine the magnitude wd sign of
the shiclding unisotropy can be obtained by means of an analysis based on Egs (35)-
{37y and a simplified model of the boading in the X HgY uait. This model involves
four sp? hybrid orbitals, three of which have an occupation « due to the Hg-X
bonding. nnd one of which has an occupation b due to the Hg Y bond. The Hyg 6p
orbital populations are n =n, = n.={u+3b)4. yiclding

Ag= 34 a - byt - ayery, {45}

Sinee o, is negative, Ao is positive il b>«. Fhis will be the case it Y is a stronger
a-donor than X, as is expecied 1o be the case {or the mixed )ynm:@! Iborate/thiolate
{N3HgS coordination) complexes discussed sbove. since mercury has a particufarly
strong aflinity for thiolate ligands [26,27]. This is consistent with the large positive
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S values observed For these comp slexes, The ubove treatment assumes that afl of
the aagles 0 the moedel X oY sysiom are eguad o the tetrabedead angle. 1 this
vestriction iy Hifted while rmié it dning the ovendl Oy symanetry, by setting all
three X Hleo ¥ angles equal to w then the only change is that the factor 3:4 in
Eq. (45) is replaced by -3 cos 2.1 —cos ). This fuctor will revuin positive uniess
the distortion from tetrahedral geometry is sufliciently great to reduce 2 to a value
fegs than 90 .

Clearly the analy described above. based on Egs. {333 (37} contain several
approximations and asswmpuons, The most severe imitation involved in these
equations 1y the average excitation energy approximation, and the success of the
present approsch suggests that AR does not vary much between the complexes
concerned. Further work is reouired to establish whether this is the case. However,
the facr that so many of the experimental ebservations can be rationalized by means
of this approuch lends suppori to the hypothesis that the shiclding anisotropy and
asymmetry parameters are dominated by varintions in the orbital population factors
of the local paramagnetic terms, and suggests that at feast 2 semi-quantitative
approach to the interpretation of these parameters is possible, resulting in useful
insights. Several more empirical discussions of the correlation betwesn the aniso-
tropic g shielding parameters and the structures of mercury complexes, mostly
dealing with complexey involving S-donor Higands. have been reported in the past
FH,60,84] A number of the points covered in the above treatiment are inherent in
these correlations, c.g. the decrease in the magnitude of Ae from lincar MX, through
trgonal pizm:w ‘\'? 55 to tetrahedral MY, eoordination. However, there are inconsist-
encies in ihe sigr mm'cminm for A between different studies which tend to obscure

;mp rtant ;}m:xi > Suc H as the change in ..%g" Wfaiuh GOCUrS 'm this quzz!a(iéy {ws defined

&

mzﬁL: 15, pumely zhil the ani m(m;m, “’Hu sh u.iumg

e umm!ﬁi«: n' vielding information about strecture and bonding in
s certainly valid and s further supported by the more detailed

FREE NI NS
mercury complese

4.2 fsotropic shickding conseanis

According to Egs. 0351 (371 the isotrepic shielding due to the local paramagnetic
term is

Fro = (U320, 4 20, + 2. — i ony, —n . - nanle, {46)

The muin ideniised structure types and wisocinted 6p orbital populations normally
encountered in mercury complexes are lnear HeX, (0 =n =0 0, =n). trigonal
planar HgX, (n o =0y and tetrahedyal HeX, (o =n,=n,=u). Substi-
tition  mto By 46)  vields  the  following  relationships  for O<n<i
Tl HgX ) a, A HeX > o, L HeX,) with the latter two becoming equal for popula-
tlons p = 1. The prediction that linear HgX, complexes will show the greatest isotropic
shielding is well borne out by the results in Table 4, but the isotropic shieldings for

-~
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HeX , species are generally greater than those for HeX . This is probably due to the
i‘:m thiat, as the mercury coordination number inereuses, the Hy X bonds become

veaker, so that the populations # decrease with inereasing coordination number for
a given Hgand type X, Since the predicted isotropic shicidings for HLXg and HgX,
arc not very different for #>0.5, it is possible that the decrease in # from HgX;
and HgX, is suflicient 10 reverse the order of 6y, for these cases, resulting in the
experimentally observed order o, (HeXa)» o HgXo) <a, . HeX,). This ielation-
ship is more likely to be followed in series of complexes with closely related
Ligands. The comploacs [Hg(S-24,0-Pr,Cd1y),) [ Hg(S- 24,6000 Ha b and
[He(8-2-PhC H ) {r?,," ~or, == JO15, 267 and 433 ppm respectively. Table 4) pro-
vide o good example of this.

I comparing shiclding constants for complexes involving significantly diflerent
Hgands, cm'ﬁidemtiun must be given to the fact thot these constants depend on the
nature of the figand through the Heg 6p orbital populations. This is true for the
isotropic wlmdm {Eq. (46)) as well as Tor the anisotropic constants { Egs. (35)
(370, For the tinear MgX, case. By (40 yields gy, = '”H«:Ea'w compared with the

mupomim& expression for the shielding anisotropy Ao = ~ .0, so that a plot of
Ag v, oy, — o, should be linear, with a slope of — 1.5, Such a plot for o range of

HeX, and HgXY compounds in Tables 3 and 4 is shown in Fig. 9. A reasonably
lincar relutionship is indeed observed. but the slope is 2.2, somewhat more negative
than the predicted value of - 1.5, One possible reason for this more negative slope
is the presence of secondary bonding, It was shown obove that such interactions
lead to a reduction in A (Eq. (44)). and a similar anaiyvsis using Eq. (463 shows
that o, should decrease as wci} This would result in the \ihpid(.umfhl ol pwim%
towards lower Ag and a,,,,. Since the degree of scconduary bonding inerease
decreasing o-donor strength of the ligands X and Y involved in the primary X-Hg Y
bonding (see above). this effect would result in w more negative sfope tor the fine in
Fig. 9. However, it seems likely that differences in the details of the secondary
bonding would lead o deviations fron the tinear relationship, and this may be the
reason for systematic deviations which appear to oceur for the X = 80N comnounds
and, 10 a lesser cxtent, for the X = CN compounds.

Another possible reason for the increased negative slope of the line in Fig. 9 s
that there are contribulions 10 oy, from ierms other than the local puramagnetic
ones. Thus, terms such as those arbing from the Fermi-confaet interaction, which
are determuned by electron density in the Hg 6s orbital, contribute equally to the
anisotropic shiclding parameters o, 0,,. 0. and s0 do nol contribute wt sl o Ao,
The contribution of such tenms 1o 6y, should be proportional o the Mg 6s orbital
population, which is expected to ncrease with the Hg op populadon. Thus, the
additional shiciding arising from such terms will be greater Tor HgMe, than for
HeCl,. for exumpl implying thet the data in Fig. 9 are displaced to the right by
this effect, and that the extent of this dispiacement decreases with increasing oy,
This would also explain the increase in the negative stope of this graph relative o
that predicted by the model involving local paramuagnetic terms only.

It i net possible at this stage to determine which of the above effects is more
important in accounting for the observed deviation in the slope from the predicted
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vilue, or whether there s sopwe other explunation, such as @ breakdown of the
averige excilation enerpy z@;")pm"imzsimn or o variation in the average excitation
erergy {rom one complex o another. This can probably only be determined by
theoretical culeulations of the shielding parameters. Howoever, the fuct that the
relationship in Fig, 9 corresponds reasonably well to the predictions based on con-
sideration of local paramagnetic effects alone supports the view that such effeets
play 4 dominant role m the msotropic and anisotropic shicldiug.

Sinee the sotropic "Ha chennead shift can be casily and accurately messured in
buth solution- and solid-state spectras and s sensitive Lo the Hg coordination
environment. this parameter provides o means of delecting changes in structure
between these two states. One example of this involves the complex [He (5P~
which has o bridged dimeric structure with a distorted four-coordinate environment
at the mercury atont i the sobid stwe, There Is a o reduction in o, from 560 ppan in
the solid to 401 ppm o dimethybsadphoxdide solution. and this has been attributed
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to o dissociation of the dimer o [Hg{(SPhy,]™ monomer speciey in solution {741,
A reluted example tovolves the compound Hg{S'Buj, (infinite poljmuw fops
coordinate Hg)y, which shows an increase in o, - a, from 663 ppin in the solid to
793 ppm in chloroform solution, This increase was attributed to a dissociation into
a species involving linear HeS, coordination [10]. The complex {Hg(SC H,C, P
tfour-coordinate Hg) shows an increase in o, —o, [rom 485 ppm in the solid to
369 ppm in dimethylsulphoxide solation. The presence of a dissociation reaclion
involving loss of thiolate ligand was demonstrated by the fnci t!mi the 3 'hieldinz;
decreases when excess thiolate s addad o the solution [10], The ingrease in oy,
upon dissolution is somewhat surprising. as dissociation ol one t hml.m ligand would
fead 1o the threc-coordinate [Hg(SC H, O™ species, for which a reduction in
shielding is expected. This result suggests that the dissociation proceeds further (o
give the neutral two-coordinate [Hg(SCH,C,l compound, and that the solution
shielding constant is an average involving species with two-, threee and possibly
four-coordinate  mercury.  The  "™Hg  shiclding  constant  mensured  {oy
[He(SOCPh),] i solution (o, ~ o, =750 ppm) is much larger than that in
[HE(8R),]™ (0, < 350 ppm in the solid state), even though both types of complex
have planar HgS, skeletons in the solid state, and this was attributed to an interaction
of the mercury atom with oxygen atoms in [Hg(SOCPh);1™ [90]. However, this
interaction is quite weak. judging by the long Hg-O distance observed in the crysial
structure of the [PPh;]" sali, and by analogy with the results discussed in the
previous cxample above, it seems likely that the high shielding in solution is due to
partial dissociation to two-coordinate | Hg(SOCPh,]. The above results illustrate
how data obtained for well-characterized species in the solid state can be of use in
interpreting solution-state NMR data,

4.3, Spin- spin coupling

Solid-state NMR studies of mercury compounds in whi ‘h spint spin coupling to
mereury is observed appear to be restricted to the cases of coupling with °C, sip
and 7Se. Most investigations have dealt with the case of 'J(HgP) coupling, and
these will be considered first.

Single-crystal *'P NMR studies have been reporied [or the compounds
He(PCy ) ING,), 1561 and Hg(PPh, LN, (571, These have allowed the determi-
nation of the "Hg P J tensor for the Hg P bonds in these compleses. These
specira show an anisotropic splitting of the *7Hg satellites, and the orientation-
dependence of this splitting can be analyzed 10 yield the *"Hg *'P direct (dipolar)
and indirece () coupling tensors, The satellite line spucing Av is then given by

Av=J—D{3cos? (1~1) (47}

where ¥ s the cifoctive dipolar coupling constant D'=2-A53 D s the
g P dipolar coupling constant (Ey. (263, and AJ=J,~J, is the anisotropy
in J. [MNote that any wymmetey in Jis generally ignored]. éw wsotropic, or scalar,
coupling constant J is measured from the *'F MAS spectrum of the comples. and
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prinvipul components f» HI
knowiedge of the sign of 4 wi 1
of these parameters obtained for the two complexes mentioned above ure given in
Tuble 5. together with some carlier results obtuined from 2P WMR measurements
on static powder samples [91 931 I is clear from the duta that the anisotropy in
the indireet s;piz‘s gmg mupfmg is »uEm;m!iui This result e Lg.aim that mdnﬁm

'i in s n0me nudication i'mm the values m Table 5 that both J and
¢ P bond strength (as idicated by He P bond length
of s §mu.\,;’>%'xw’u~s donor Hgand 1. but 100 fow data
v omore detasled correlation between A and the

etra-donating m‘)ét
are avatdable to date o ai
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tn prnviple, the Jomnotropy can also be investigated by sideband am
g MAS NMR spectra of complexes which show  Hg AP coupling
(Section 34, Tha cory has been published for AX and lincar AX,
eps for the o T ind o tensors are axiaily symmetric and their
priswipal axes he along the nt iternucleny vector {and perpendicular to it)
[76]. Very fow "He MAS ¢ bine boen reported which involve fadirect spin-
spinn coupling 1o another !':zi 2 nucleus, and none have yet been published for

vith Hg P oor collinear P Hg P bunds in an axially symmetric environ-
MP e
in
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sis of
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compoun
maent, The only compound m Table 4 which involves coupling 1o
{Hp(PCy 0 OACHE the ™ HE CP MAS NMR spectrum of this complex consists of
a centrehand and spinning sidebands, all of which are split into dmx blets by the
LA MRy conpling, The x:;m;’o;w spin spin coupling constant J - 8226 Hz &
readily obtained from the sepuration of the two centrebands, but no ay ~';iysk:=; for the
pisotropic Mg snelding tensor components was aliony md {an]. The crysial
structure of this comiplux shows that i casts as 2 doubly acetite-bridged dimer in
the solid staie. with o distorted tetrabedral O HgP coordination environment [94].
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& and J prineanuad axes mentioned above would by met, Despite the Jower symmetry
in the present complex, ncar coineidence of these axes might be expocted i the Hg P
bonding is strenger than the Hg O bonding, causing near axial symmetry of the
""Hg shielding tensor, the principal axis lying close to the Hg P bond divection.
This would manifest itsel in a relatively large positive Ag and a small i value (see
discussion in Section 4.1). Analysis of ihL spoctrum by the previously published
method (Section 3.4) [76] viclds Ao =2347 ppm. n=0.00 smd AS =50 k2 The
expectations discussed above concerning As and oy ave thus mict; the vidues of these
parameters are in fact very similar to those for [Hg(RSILL (R = Mo, Bt Lo
teis( 3.5 dimethylpyrazol-ToyDibydroborate: Table 4y which have an N Hgh coordi-
nation enviconment in which the Hg S bonding is dominant (Seetiond.1). This
fends support to the hypothesis of strong Hg P bonding and the dominant influcnes
of this bonding on the "“Hg o tensor ir the present comyprdex. The AJ value 15 quite
simifar to these oblained from *1P NME spectra of relited compleses (Fable 55
demonstrating that such information is obtainable from spinning sidehand unalysis
of Mg spectra as well as from VP NMR speetra. However, the accuracy ol the
anadysis depends heavily on the quality of the spectra.

Solid-state ' MMR spectra have been rcpm'wd for a runge of mercury{i1}
compleaes with phosphine ligands. The results of these studies wre sumnurized in
Table 6. and these demonstrate how such spectra can yield mlormation on the
structure of complexes in the solid state. This is woll lustrated by the 7P CP MAS
results for 1 and 2:1 complexes of phosphine hgands with mercury (113 halidey
195.90]. The 21 complexes all have mononuclear [L,HgX,] structures. However,
the NMR spectra clearly distinguish between the cases mn which the two phosphmes
ligands are crysmiiographimlly equivalent and those n which they are not equivalent
in the solid. In the case where they are equivalent, the " Hg satellites shuply consist
of a4 doublet which is the A part of an AN spin system, e [Hp(PE)CLY
{Table 6). When the two ligands are not crystallographically cquivalent, an ABX
pattern is observed, e, [HgtPEG),Br.] (Table 63, o such cuses, the inequivalence
of the two phosphorus atoms allows the observation of 2/{PP) coupling as well as
YJHeP)Y coupling. There are a number of different possible structures for the
1:1 u,)mp%e,\m. One is  the  dimeric,  doubly  halogen-bridged  structure
[LOOHe(u-X L HeL (X)), and the NMR spectra allow a distinction o be rade
between centrosymmetric and pon-centrosymnietric fooms of this wluduw In the
centrosymmetric form, the two Hg P bonds are equivalent, and the "My saieliiies
t of u simple doublet which is the A part of two equivelent AX spin systoms,
which display no magnetic interaction with each other (e coupling via the halogen
bridges is negligible), e.g. [Hu{ PPh,),ClL) (Table 6). In the non~centrosymmetric
case. two doublets are observed. us the two Hg P bonds are no longer equivalent,
c.g VHg,(PPhy),Bry] (Table 63, A different kind of dimerie swucture is the lower

ety {LoHg (-3 HeX o arrangement, This also gives rise to an ABX patiern,
’<c~. {He (PR, (Table 0). In this case the spectrum s further complicated by
the presence of two crystallographically inequivalent dimers in the asynumetric unit,
so thal two ABX patterns are observed. These observations allow the determination
of structural information for complexes whose crystal structures have not been
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tn addition to the sutellites which yiekd the W01y coupling constunty lited
in Table 6. the PP CPF MAS NMR spectra of [H(PPh X (NG, (X =CL Br, 5
also show broader sateliies which bave been attributed to e el couphing |33,

t 1

The spectrum of the jodide is shown o Fig. 100 These compouuds display essentially
linear P Hy X coordination, for which large * Hy quadrupole coupling constunts
(Ll = 700 MHz) are expected {Section 2.4}, The splitting patterns in the MAS NMR
spectra of an F=1:2 nucleus coupled to an 73> 12 nucleus have bean discussed by a
number of authors [97 102], Menger and YVeeman have reported caleolations of the
line positions in the spectrum of an F= 12 nueleus coupled tooan 73 2 nuclews
terms of the various coupling constants involved [97] For the ciase where the spin
o 2 pucleus ds U and the anadrapolar nucleus b wometad stom ML the relevant
pacineters are the metad suclenr Zeeman interaction £ yi8. the metal nuelear
yuadrupole coupling constant , - o“g¢ . the phosphorus metal dipolar coupling

i I i l ! i i H 1
70 B0 B0 406 30 20 100 10
3¢ PYppm
Pag OO 020 S ATH RO MAS NMI spection of fHgiPPhoHNO C - impuni tie peaks assgned

s T aeltites are arrowed e serticnt seale of the apper trace e expanded toa - relutive to that

e he tower traee Troprodoced, with poromission foon Bef (931]
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constant D={ to/4n) (rpya 71 ;/:} i+ =the M-P bond length} and the indirect spin-
spin coupling constant J. The fotm of the spectrum depends on the ratio R=D/J
{ the dipolar o the indirect coaepiiag constant and on the dimensionless parameter

K= 374121~ }Z’ (48}

which is propertional to the ratio of the metal quadrupole coupling constant to the
metal nuclear Zeeman term. The analysis has been presented f{or three cases: where
the spin 1;2-3pin 32 interaction is purely dipolar. where it is purely scalur, and
where mixed dipolar/scalar interactions exist [97]. The last-mentioned case occurs
in the >'P CP MAS NMR spectra of compounds containing Cu-P bonds. where
asyminetric quartets are normally observed due to coupling of *'P 1o the guadru-
polar °*%°Cu nuclel (/=3/2). In thi= case R lies in the range 0.5 to 1.0 and K
lics in the range 0 to (.5 so the observed spectra consist of asymmetric quartets [97]
For [Hg(PPh )X 1" Ris much smaller than for the °%Cu”!P case. and the situation
corresponds more closely to the purely scalar coupling case for which & symmetric
quartet, with line spacings caual to J, is predicted for the case K =0 (corresponding
to cubic symmetry at the Hg atom). For complexes involving linear iwo-coordinate
Hg. however, the quadrupole coupling constant is expected to be much larger. For
a *'Hg guadrupeole coupling constant lyl=700 MHz. and a *®'Hg Zeeman inter-
action Z=198 MHz (B=7.05T). Kx9. Eq. (48). It has been shown that for K> 10
the spectrum should consist of two lines with a spacing of about 1.65J {53.541.
Since J{OMHgP /IO e = Hey 1 1"He) =0.369, the spacing of the *'Hg
sateliites should be 1.65 % 0.396 LJ{'"°HgP)=0.61 'J(*"HgP). which agrees well with
the observed spacing of the pair of lines assigned as the 2'Hg satellites. shown in
Fig. 10. The compounds [Hg{PPh,) X JNG; remain the only ones to date for which
scular coupling to *™Hg has been observed. although doublet splittings in
[Au{PPh;) X ] (isoelectronic with [Hg(PPhyX17) and [Au(PMe;)X ] which have
been attributed to /(1% AuP) coupling have alsu veen reported [ 103.104]. A theoreti-
cal treatment of quadrupole effects on MAS NMR spectra of J=1/2 nuclei in the
limit of large quadrupole coupling constants has bcen pre>emed and the lin
positions and powder lineshapes for coupling to an =32 nucleus with parameter
similar to those cbserved for [{PPh,1HeX NG, have heeﬂ calculated {54]. The
agree well with the expsrimﬁmai observations for these compounds.

There have been relatively few reports of the obserqation of scalar coupling
between **"Hg and BC in the solid state. The data are summarized in Table 7. The
LI Hg!3C ) values observed for organomercury compounds are similar to those
reporied for the same compounds in solution [105.106]. In these reports, comment
is made on the uncertainty of the role of “"'Hg in the spectra, since the ratio of the
centreband irtensity (ue to non-tnagnetic isotopes of mercury) 1o the ™ Hy satellite
intensities is sometitaes less than expected. The more recent resulis on the role of
Mg in the P MAS NMR spectra of compounds with Hg-P bonds (see above)
uiay be relevant in this connection.

Perhaps the most remarkable result in Tuble 7 is the very large value of
LI Hg Oy in [He(CO).F™ which is unprecedented in organomercury chemistry

l'"\i

J7
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Table 7
Solid-state "*C NMR parameters for some mercury complexes

Complex S (ppmy L Hg YOy Ha SAUTHE UCy oHe Rl
Het7F ) 2874
Heg(CH )l 8.31 1807
HaiCH DA 0.09 1847
HelCHJS.COCH, 9.7 1443
K [Hg(CN 1 1531 1340
Hg(CN 149.5 3398
[HlCORISh.F 1659 5219
[HEACOLShaF, 18R.7 335h REO )
HelOAC), 180.9 TR
176.8 136 670
247 P77y
233 195 ('}
He(SCN J0AC 1906 119 0. OAc (82
233 143 (4. OAQ)

. This coupling could not be observed in solution. presumably due to ligand
e)\e.htmgc. processes {107]. This illustrates the value of high-resphiiion solid-state
NMR in providing data for unusual and hghly reactive species.

The PC CP MAS NMR spectrum of mercury( 11} acetate. Ha{OGAc) s the
inequivalence of the two acetate groups [1081. which was subsequently venfied by
an X-ray structure determination [109]. The spectrum also shows *J('™Hg ()
satellites on the carbonyl carbon signals. and *J{P"Hg!3C) satellites on the metly!
carbon signals. This coupling is not evident in the solution-state spectrum. despite
the narrower lines. because of the occurrence of ligand exchange processes in solution
{108]. Similar long-range couplings have subsequently been scen in other mereury
complexes involving an acetate ligand [82], but not in alf such wmpéexes .vhif‘h
have been studied {82.106]. It appeurs that such coupling
resolution currently available in solid-stute MAS @R specira

Two studies of compounds with Hg-Se bonds by ~ Se MAS ’NM‘? SPECLIOscopy
have been reporied [83.110] In Ha(SeUN b, P He Se) =965 11z, It would be
difficult to measuwre this quantily in solution. due 1o the low sclubility of this
compound. and its instability in selution. While the 'J{"*Hg  Se) coupling is cles
resolved in the 7 Se MAS NMR spectrum, it s not visible at ull in the corresponding
Hg spectrum, because reater Hinewidths in this specirum ‘(}3}. ir;
[Me N HgtSe ik in xi; ig atom is tetrahedrally coordinated by two
‘hzz‘;a?inﬂ ie%mseienide (S s, separate signals with d:xfaiai:idiai(i spinning

i ght Se atoms! '""Hg satellites are resolved on
ail but one 0? thetc sigzmi& vielding {1/ Hg "Sey=1220-1480 Hz and
PIHg Se) = 330 Hz [110). This can be compared wi sotution-
state  spectram,  in Wmm there are  only Iwe tal-bound
(I HE " Se)] = 1265 Hzy and ring (no *""Hg satellites reporied
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5. Conclusion

Five years ago a review of the applications of solid-state NMR spectroscopy of
metal nuclei in organometallic and coordination chemistry quoted only three refer-
ences on mercury compounds [15]. The present review shows the greatly increased
activity which has occurred in the last five years. and demonstrates that more
quantitative inferpretations of the data are now possible. Although this review is
restricted to mercury compounds. the methods and principles involved are of wider
applicability in the analysis of solid-state NMR spectroscopy of metal complexes.
and it is expected that further developments will continue to enhance the utility of
this area of spectroscopy in coordination chemistry.
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