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1. lntroduc|iom and scope of review 

Over !he !ast 20 years there has been a ¢o~siderable increase m the +ase of heavy- 
metal nuclei in solmion-state N M R  spec'~roscopy app!ied to inorganic axed organo- 
n-ztaliic chemistry [ i - i  1], and, with the lecent developmeat5; in high-reso!ut{on 
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N M R  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 N M R  
studies involving the magnetic mercury nuclei, but in the last few years there has 
been a significant increase in the number of such investigalions, 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, ~9'~Hg and ?°*Hg, 
whose properties are listed in Table I. Most studies have involved *99Hg, which is 
the only spin I =  1/2 isotope of  mercury. With a receptivity greater than five times 
that of ~3C, 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-:@n coupling data obtained from X99Hg solution-state 
N M R  studies [ 1,5.8--10]. Also, the relatively high natural abundance of  P>~Hg allows 
the observation of spin-spin coupling to other nuclei as satellite peaks in the spectra 
of the nuclei concerned (e.g. 3: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 result iil the observalion of i-ast-exchange spectra involving equilibria 
between several species in solution [1,5,8-I0,25]. 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 tire 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 
N M R  spectra and so the spectra can be unambiguously associated with a particular 
species. Thus. by studying complexes of  known cryslal structure, correlations can 
be established between the NMR and structural parameters. It should be enaphasized, 
however, that "'medium effects" are not entirely removed from the spectra: the 
existence of  molecular interactions in the solid has manifestations in solid-state 
N M R  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 avaHab]e from solution-state studies, solid-state NMR 
spectroscopy yields additional info, rmation (chemical shift anisotropy and asymme- 

Table t 
NMR properties of the magnetic is-,~iope~ of mercury ([22]} 

Isotope Natural Spill. t Magne~.ic Mag~etogyric Quadrupole NMR Relmi~e 
abundance momel~t+ ratio, inolnent, fre.q uency, receptiviLv. 

,~!¢~ ;'{I0~rad O(lO 2~m2) ,E{MHz) D c 
T ~s ~1 

l<"~Hg 16,87 1 , ' 2  0.87621937 4.8457916 17,910323 5.73 
2mHg 13.18 3;2 -0.7232483 -1.788769 0.385 6.611400 t.13 
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try, coupling constant anisotropy, dipolar coupling constants) which can be used to 
probe the structure and bonding in the molecules cow, corned. 

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(t)  ion, Hg2 + [26,27]. The structural 
chemistry of mercury(ll  ) is characterized by a tendency towards two-coordination, 
but the presence of secondary bonding interactions often results in an expansion of 
tl~e mercury coordination sphere to give a higher effective coordination number [26- 
31 ]. This results in a rich and varied structural chemistry, h~ recent years an intcrest 
in tile interference of mercury with biological systems has provided an additional 
incentive for a better understanding of mercury coordination chemistry [10]. 
Spectroscopic methods have played a significant role in the characterization of 
mercury complexes [31.32], but the closed-shell 5d ~° electron configuration of 
Hg z+ 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 nuclei 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 involving the magnetic nuclei ~'~Hg or 
2~1-tg in tile nuclear spin Hamiltonian. This includes al! solid-state ~'~gHg and 
2~Hg NMR studies, as well as solid-state NMR spectra of other nuclei where effects 
of coup!ing to ~9~Hg or Z°~Hg are evident. Previous reviews on the solid-siale NMR 
of me~al nuclei have included short sections on solid-state ~"~!-ig NMR spectro- 
scopy [15,16]. 

2. Theory 

2.1. The .shieldi;;g fL~;?sm 

In an NMR experiment the field B e×perienced by a m~cteus is related to the 
appiied field Bo by 

B = B,, ( I . -or)  ( i )  

where ~ is known as ii~e shieldi~g ~ensor [19]. It is a second-rank tensor which is 
determined by the electronic distribution around the nuc!cua h~ gen..:c:!, the magnetic 
field at the nucleus depends on the orientation of the extevnaI ma netic field relative 
to the relevant molecuIe or fiagment, i.e. the shielding is auisotrcpic. The principaI 
components ~ t ,  ere,. ¢733 of the shielding tensor are the diagonal elements of the 
tensor in the principal axis system (the coordinate system in which all of the off~ 
diagonal elements of ~he symmetrical part of the tensor are zero). For nuclei wi~ich 
tie on crystallographic symmetry axes or planes, the principal, axes lie along the 
symmetry axes and/or in the symmetry p~anes; i~ 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, tn this case, the following notation is adopted 

al) = o 3 3  (2) 

a± =al~ =a22 (3) 

The isotropic, or scahu, shielding constant o-i~ o, is defined as 

o.i~o =( l /3)(o: l  +o22 +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 
[22,33,341 

1o'33 - %0 l -  > to l l  - ai~oj-> 1a22 - Oi~o[ ( 5 

Two parameters are in common use in the literature to describe the anisotropy of 
the shielding tensor. Both are referred to as the "'shielding anisotropy", but they 
have different definitions [33,341 

Aa = o'33 - 1/'2(a:1 + cr22) (6) 

~=o.33 - % 0  (7) 

Using Eq. (4), it can be shown that 

~=(2/3)Ao. (8) 

so the two parameters are directly proportional 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 

~1 ~--~ {o'22 - -  f i l l  ) / (  G33 - -  Giso  ) = ( ¢7"22 - -  G l l  ) / 5  ( 9 

With the axis-labelling convention (Eq. (5)). it can be shown that 

0_<q_< 1 ( 10 

with ~I =0  corresponding to the case of axial symmetry (o~:= e°2_,). While ~1 is always 
positive according to the above definitions, the anisotropy parameters A~ and ~ may 
be either positive or negative. 

The shielding results in a chemical s!:ift of  the N M R  signal so that it occurs at a 
frequency v in the sample compared wi:h a reference signal ~t v,. for the same isotope 
in a reference substance. According to the IUPAC convention [35], the chemical 
shift relative to the reference is defined as in Eq. ( 11 ), but is usually quoted in pprn 
(so that 10 ~ may be incorporated into the definition). 

3 =(v- -  v,.)/v~ ( I I )  
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The absolute shielding 0- whicil results from the definition in Eq. ( l ) 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 

a=(v, -v) /vn  ( t2)  

The relationship between the shift and the shielding is 

6 =(0-r - c~)/( 1 -0-~) (13) 

where rr is the is the isotropic shielding for the reference substance. Thus 

a-a~.~ - b  ( t4)  

if 0-~<< 1. 
Another quantity which reflects the anisotropy of  the chemical shift or shielding 

tensor has been recently described [331. This is referred to as the span of the tensor 
and is defined as 

£2. = ~33 - r r ,  15) 

with the principal axes ordered such that 

all <<-022 ~0-s3 16) 

(contrast Eq. (5)). The span is thus defined to be positive and is :~'uaily 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 [33], and is defined as 

t,: = 3(0-is  o - -  0"22 ) / ~  ( ] 7 l 

with the principal axis labelling system (Eq. (16)). This results in 

- I_<~c_<+l  ( t8)  

with ic= ± ! corresponding to the special case of  a×ial symmetry: ~,-= + I :orresponds 
to 0"1i > ~:-, while ~; = - 1 corresponds to % < c~j_ [33] - again, no distinction is made 
between chemical shift and shielding tensors. These two situations ~c = ± t both yield 
an asymmetry parameter q--0,  but they are distinguished by the anisotropy parame- 
ters A0- and ~, which are + r e  and - v e  for the cases ~il >o-J- and 0-i~ <o-±, respectively. 
Most of  the papers on solid-state ~'~Hg NMR p~Ib!ished to date have used the 
anisotropy and asymmetry rather than the span a,~d skew parameters, despite the 
fact that arguments in favom- of  the latter have been published ~33]. Both sets of  
parameters will be given in the discussion of ~99Hg anisotropic shielding parameters 
in Section4.t .  For f2 and ~¢ we use the definitions of Ref, [33] in spite of  our 
misgivings over the confusion between chemical shift and shielding tensors. 

The standard reference sample recommended for t99Hg N M R  spectroscopy is 
dimethylmercury (II) ,  HgMe2. However, this substance is highly toxic (as has recently 
been tragically highlighted by the death of  an American chemist - see Chem, Eng. 
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News, June 16 1997 p. t2) and its use as a reference in experimental work presents 
practical difficulties, so that secondary standards have been proposed. Mercury(II) 
acetate, ~5('99Hg)= -2497  ppm [36], was used in many of the earlier measurements, 
but suffers from the disadvantage that its 199Hg spectrum shows a large chemical 
shift anisotropy of more than 1700 ppm. The best secondary standard proposed to 
date appears to be hexakis(dimethytsulphoxide)mercury(II) trifluoromethanesul-- 
phonate, [Hg(dmso)6][CF3SO3]2, ~(199Hg)=-2313ppm [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 octahedral coordination environment) 
and a high *H--+199Hg 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 199Hg 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 intermolecutar inter- 
actions. Theoretical models naturally start from a consideration of intramolecnlar 
factors. Quantum mechanical calculations of the nuclear shielding tensor are fi 'e- 
quently expressed in the formalism first developed by Ramsey [40], which involves 
a sum of diamagnetic (~d) and paramagnetic (~P) terms. 

¢ = o  d +,~P (19) 

This was extended by Pople to a form which was more amenable to molecular 
orbital calculations [41] 

a = ~d(loc)+ ~'a(nonloc)+ ad(Jnter)+-~rP(loc) + aP(nonioc) + aP (inter) (20) 

where ~r~(loc), ~P(Ioc) arise fl'om electronic currenls localized on the atom containing 
the nucleus of interest, ~d(nonloc L aP(nonloc) are derived from currents on neigh- 
bouring atoms, and ad(inter), eyP(inter) are interatomic terms involving currents 
which are not localized on a single atom, e.g. ring currents. While the nopMocal an.d 
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, exd(loc), ~P(]oc), involve a sum over s~ates which, in 
the case of tb.e paramagnetic term, includes unoccupied as well as occupied states. 
The terms in the latter case involve (Ek-E i}  -~ where.,,'° k refer to occupied and 
unoccupied states, respectively. Since the excitation energies E k - E j  are gene.~alty 
unknown, these are frequently replaced by a single average energy difference k£" in 
what is known as the average excitation energy (AEE) approximation [391. This is 
normally coupled with a restriction of' the molecular orbitals considered 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 tbr the principal components of 
the local paramagnetic shielding tensor for the case where the shielding is due to 
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the valence p orbita!s only are 

av( loc)~., = %(py~. + p.: - p-=p~.~. + p>.p::. ) (21 ) 

n P( loc)~, r = ap ( p~.~ + p= - p:.p.,.~ + p.~:p:., ) ( 22 ) 

aPl lot):: = r;p( p,.., + P3y - P-,~ Pr., + P.,-rP~-:, ) ( 23 ) 

where 

a v = - -  l l .o~'2h 2 (*" - 3),,p/4T-mekE (24) 

and/~o is the permeability constant, e is the electronic charge, m is the e!ectron rest 
m a s s ,  (r-3),ap is tile expectation value of r -a for the valence np electron, and the 
p~j are elements of  the charge density/bond order matrix [39,42]. Tile average, or 
isotropic, local paramagnetic shielding derived from the above is 

c~P(Ioc) = %(2p.~., + 2p~,~. + 2p= - p::p~.~. - p~.,p~.~. -- p=,p__._ 

+ p~.:p-~. + p~,.py~ + 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 !ocal para- 
magnetic term [42]. Thus, Eqs. (21) (25) may be used to interpret the shiddi ,~ 
parameters for heavier nuclei. Eq. (25) has often been empioyed to understand 
trends in isotropic chemical shifts obtained from solution-state NMR spectra of  
main-group element nuclei (e.g. ~gF) [43]. where d-orbital involvement in the bond- 
ing is unimportant. For tile heavier transition metal nuclei, the extended form of 
this equation involving d orbitals is generally required. However, for Group i2 
transition metal compounds which have a closed-shell d~° electron configuration, 
d-orbitaI involvement in the bonding is expected ~o be small, and Eq. (25) sbovdd 
be applicable. Thus, trends in the isotropic ~'~)Hg chemical shift in simple mercury( H ) 
compounds were interpreted by use of  this eqtmtion in some early studies [ I ], ~t~ougil 
recent reviews h~,ve concentrated more on empirical approaches which have been 
deve!oped to correlate the large body of chemical shil'~ data with structure and 
bonding [5,8 10]. Much of  the informatio~ about the electron distribution which 
is contained in Eqs. (21)~ (23) is lost when tl~e averaged form, Eq. (25). is used but 
this has been common hitherto because, by and large, only the isotropic shit'ts have 
been available. Since solid-state studies of'~,en yield the anisotropic shielding parame- 
ters as well, and since there has recently been a considerable i~crease in ~ite amount 
of  data on ~°~>Hg from such studies, it should now be possible to interpret these in 
terms of Eqs. (21)--(23}. it is somewhat surprising ~o find that there have been few 
attempts ~o do this to date, and this question will be examined in more detail in 
Section 4.i. Mercury compounds are particularly suitable for such an analysis. The 
simplification which results L-ore the non-involvement of the 5d orbitats in the 
bonding has already been mentioned above. In addition to this, mercury complexes 
display a range of  different coordination geometries ( linear two-coordinate, trigonat 
three-coordinate, tetrahedra! four-coordinate) each of  whM,. has a di~q~rmtt set of  
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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 crp 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 results have been reported 
to date for heavy-metal nuclei. One recent study described the calculation of the 
199Hg shielding constants in HgX2 (X =C1, Br, i ) [441. 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 
~99Hg shielding constants in a mercury compound by ab initio 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 HgX2 is relevant to the 
application of Eqs. (21)--(23): the main source of the large variation in the 199Hg 
shielding with change in the halogen X is the Fermi-contact tema. This is a diamag- 
netic shielding term which is neglected in the above equations but, since it is isotropic, 
it does not affect the values of the shielding anisotropy or asymmetry parameters. 

2,2. Dipoko" coupt#*g 

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

D = ( Ito/47t)TATx(h/27r)/r~x (26) 

where ?A, 7x are the magnetogyric ratios of the A and X nuclei, and rax 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- 
pied), In the presence of other interactions (indirect spin-spin coupling and shielding 
anisotropy) these sidebands become accentuated and may be analysed to yield 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 splitlings and line-broadening in the centreband transitio_~s even 
for fast MAS, which depend on both dipolar and quadrupotar coupling constants 
(see Sections 2.4 and 4.3 I. 

2.3. h',direct siMn- spin coup!O,g 

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 interactions can be 
mediated by three distinct mechanisms: namely, the Fermi-contact, spin orbital and 
spin dipolar mechanisms [45-47]. The indirect spin- spi~. coupling interaction is h~. 
general anisotropic, and is represented by a tensor J. Solution studies yield |he 
average (or isotropic) value, which is the trace of the J tensor. High-resoh.aion so!id- 
state NMR spectroscopy offers the opportunity to measure the anisotropy of the J 
tensor (though any asymmetry is usually ignored). Since ,~he Fermi-contact inter- 
action is purely isotropic [45], the anismropy in J gives direct evident,, concernh~g 
the existence of non-Fermi contact interactions. Examples of such studies involving 
1J(199Hg,31P) coupling wilt be discussed in Section 4.3. Due to the iow receptivity 
of v~'~Hg relative to 31p~ and the large shielding anisotropy affecting >"Hg spectra, 
tbe measurements are normally made by using the ~ H g  sate!lites in the spectra of 
the more abundant 3,.p nucleus. 

2.4. Nueh'ar quadrt~noh, <'oupliltg 

Nuclear quadrupole coupling involves the interaction of the electric qmtdrupole 
moment of the nucleus with tile electric field gradient at the nt~cleus. The electric 
lield gradient arises fl'om the distribution of electric churges (electrons. neighbouring 
nuclei) about the nucleus in question, and is represented by the tensor quamit)  ~n 
(eqij=~ 2 ~,'~.v~{~xj, where V is the electric potential at the nucleus, .v~, xj=.v, y, z). 
The principal axes of this tensor are often defined such that 

leq= t >- ]eq~.~.{ > lcq.,x I ( 27 } 

which is not consistent with convention ( Eq. { 5 }) for the shieIding tensor, Since the 
electric field gradient tensor is tracetess (eq,., + eq~.~ +cq= =0) .  it can be represented 
by just two parameters, the "~principal component" of the dectric field gradient 

eq = eq= ( 28 

and the field-gradient asymmetry parameter 

~I = (eqx., - eq~.)/e'q:: t 29 

U~.;.brtunately. tt~e symbol normally used for this latter quanti~.y is the same as fl~at 
use.t for the shielding tensor asymmetry parameter, Eq. (9 }. Tile nuctear quadrupote 
couplip.g constant z=e'-qQ//i  (in frequency units) is proportiomd to the product of 
the eiectric field gradient parameter eq with the nuclear quadrupo]e moment e@ 
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The field gradient tensor eq is strongly dependent on the coordination environment 
of the nucleus involved; perfect tetrahedral coordination results in eq--O, 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 1). 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 quadrupole coupling con- 
stants are generally large in magnitude. Nuclear quadrupote 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 between 
the ntlclear spin states which are split by the quadrupole interaction (in the absence 
of an applied magnetic field). In the case of 2°~Hg, which has spin 1=3'2, the 
quadrupole interaction produces a separation of the + 1/2 and +3/2 spin states, 
and the frequency of the transition between these is 

v(_+ 1/2+---+ +_3/2)=('/./2)( I -l- ~]2,"3 ) 1'2 (30) 

Very few Z°~Hg NQR studies have reported to date. In cme such study, the 2°~Hg 
fi-equencies for HgCt2 and the dioxan solvates HgXz.2dk)xan ( X = C k  Br) were 
measured, yielding the vahies 354.21, 323.38 and 313.23 MHz, respectively [49]. 
That report provides an estimate of the 2°~Hg quadrupote coupling constants in 
these coml_',ounds. The HgX2 molecules in the compounds concerned have an essen- 
tially linear, two-coordinate geometry for which the field gradient asymmetry param- 
eter ~l~0. Thus, from Eq. (30), the coupling constants 7. are approximately twice 
the resonance frequencies, and so are in the vicinity of 700 MHz. 

The decrease in the -'°~Hg NQP, frequency from HgCI2 to its solvate has been 
interpreted il~ terms of an ii~crease in the ionic character of the Hg C1 bond, and 
this was supported by the observation of" a corresponding decrease in the 3~C1 NQR 
frequency. The decrease ili the -'°~Hg fiequency from the X = CI 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 electron donor than chloride [49]. However, the 
situatio~ is analogous to that found for the 1<~VAu 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- relative 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 to chloride, so that the coupling constants for the two 
compotmds are very similar. 

The large magnitude of z°q-tg quadrupole coupling constants is the main reason 
why the -'°~Hg nucleus is generally unsuitable for NMR studies. A large value fo~ 
the nuclear quadrupole coupling constant fiequently results in an efficient relaxatit;~ 
mechanism which in turn causes severe broadening of the NMR transitions. Only 
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one solid-state -'°~Hg NMR study of a mercury compound has been reported to 
date, involving the complex K2[Hg(CN)4]. In this compound, the mercury ties on 
a site of tetrahedral symmetry, so that the electric field gradient (and thus the 
-'°~Hg quadrupole coupling COl~stant) is in principle zero. The 2°~Hg signal was 
observed using several magnetic field strengths, and showed linewidths which were 
three to four times greater than those of the corresponding -")"Hg signaia {51 ]. This 
increase 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 
longer occupies a site of perfect T d symmetry, and the field gradient is non-zero. 
This aft'cots the -'°trig nucleus by introducing a non-zero nuclear quadrupole cou- 
pling, but not the ~9')Hg nucleus, which has no quadrupoie moment. 

The large magnitude of -'°trig quadrupole coupling constants silould also lead to 
the elimination of splittings due to spin spin couplings involving the -~°~Hg nucteus~ 
since rapid transitions between the 2°~Hg spin states which are induced by quadrnpo- 
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 K2[Hg(CN )~1, in which the mercury atom lies on a site of cubic symmetry, 
shows no sign of isotropic ~J(2°lHg, I3C) coupling in its s~alid-state ~aC NMR 
spectrum [52]. despite the fact that the Z"~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 attribmed to isotropic 
~J(2°~Hg,3*P) coupling have been observed in the solid-sta~e a'P spectra of the 
complexes [Hg(PPh3)X 1" (X=C!.  Br, I) [53,54]. and these are discussed in more 
detail in Section 4.2. The observation of coupling in such cases, which involves near- 
linear coordination of mercury, is unexpected, since the associated large ~'~*Hg 
quadrupole coupling wou!d normally result in elimination of {he spin -spin splitting. 
Clearly there are factors involved in the coupling of 2°~Hg to spin-l,,2 nuclei which 
require further clarification. 

3. Experimental methods and spectra! analysis 

3. ]. ~(LtIic tlI('~LYliFUI!t('H[.Y 

High-resolution solid-state NMR spectra of mercury compiexes have generally 
been carried out by using the technique of magic-angle spinning ~o improve th= 
sensitivity of detection and the resolution of the spectra (Section 3.2}, Howe~er, 
spectra of static samples have been reported in several cases. The.~.e studies ca:a be 
divided into two classes: those invoi~ing single crys~ais, and those ~asing poiycrystal- 
line (or powder) samples. 

Single-crystal studies are carried out very rarely, due part;y to the problems 
invoived in obtaining single crystals of sufficiently large size to produce detectable 
NMR signals. However, if this probiem can be overcome, ',here are distinc~ advan 
rages in using single crystals. The first of these is ~hat in some cases the principal 
axes of the nuclear si~ietding tensor for all correspondhig nuclei in the sample have 
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the same orientation relative to the external magnetic field direction (e.g. for low- 
symmetry space groups), so that all of the intensity of the signal occurs essentially 
at a single chemical shift lbr 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 tl> 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(I) compound Hg:( NO0a.2H,O [55!. 
This compound contains almost linear [H20- Hg-Hg-OH,]  2~ species (Hg Hg O =  
167.5 ) ,  and the shielding tensor was found {o be almost axially symmetric, with 
the unique element a3,~ 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 3~p NMR studies of some mercury(lI)  complexes containing tertiary 
phosphine ligands have been reported [56.57]. The ahn of these studies has been to 
measure the anisotropy of the indirect ~J(~'~Hg,3~P) coupling, as discussed in 
Section 2.2. Single-crystal methods are used in this case because the analysis of the 
coupling data is corapletely ii~dependent of the chemical shift interaction, unlike the 
situation for powder samples [56]. 

More frequently, however, static measurements are carried oul 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. 191. The main disadvan- 
tages of this method in *99Hg NMR studies are that: (i) the chemical shift anisolropy 
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 specificalIy decoupled t cause further broadening of the resonance 
band, As an example of a spectrum of a static powder sample, the *~Hg spectrum 
of Hg(OAc)2 is shown in Fig. 1. This clearly shows that the shielding is not exactly 
axially symmetric, despite the fact that analysis of the magic-angie spinmng specfrum 
yields i I =0  under some conditious [36]. 

3.2.  Magic-angh'.~7~OutitG~ 

Magic-angle spinning (MAS) involves rotation of the sample about an axis 
inclined at the :nagic-angle (0,~ = 54.74 ) with respect to {he direction of the external 
magnetic field Bo. This method is commonly used in solid-state NMR spectroscopy 
to remove the line-broadening which is caused by anisotropic inletactions such as 
shielding or heteronuciear dipolar coupling [I 2 20]. In the extxeme case where the 
spinning speed is muct~ greater than the width of the spectrum due to the anisotropy, 
MAS yields a single line at the isotropic shift for a single type of nuclear site. but 
ali inikmnation about the anisotropy is lost. However. if the spinning frequency is 
less than the anisotropic spectral width, sidebands form around the isotropic peak 
at ilttervals of the spinning freque,~cy. This is often the case for ~"Hg MAS NMR 
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Fig. I. 53.8 M Hz x*'Hg spectra of static mercur': l II } acetaze la } Experimem.a] spurt rum. cr<~>5 polarization 
with spin-echo. 20 ms contact time. 10 s re%cle delas. )470 transient,, f b} Comp,.tted spectr~am, usirtg 
¢~u = 1870, ¢..,= !968. e3)=3651 ppm. Ar~ : = I kHz. [reprod,:ced. ~ith pe~r..i:,sion. IYom Re!'. [36i]. 

spectra,  since the chemical  shift anJsot ropy is f f equendy  so large {!~a¢ it is impossible  
to spin the  sample  sufficiently rapidly  to remove it completely.  This  results in an  
eifective reduc t ion  in sensitivity,  smcc the intensi~y of  t ! e  s{gna, is dis~ribu¢ed a m o n g  
m a n y  peaks  in tim spec t rum.  This  is one  face.or ~ h i c h  resuhs in the sensitivity o f  
de tec t ion  for  19o[_[g N M R  spectra  ofle,~ be ing  Hess than  ti~at o f  "~:*C. despite  th,; fact 
tha t  the  receptivity of  ~OHg is more  ~.han five {lines gcea~er ( T a N e  i}. h has  be rn  
suggested that  it is advar~tageous to ob ta in  "9~'Hg spur'ira at  to 'a  eo~:temat mag~et ic  
f idd  s t rength ,  since the  f requency width  o f  the  spectr~am fc~r a give,; chemical  shift  
an i so t ropy  arid a symmet ry ,  ai~d hence the n u m b e r  o f  observed s idebands ,  is direcd5, 
p ropo r t i o n a l  to  Bo [58]. However .  the  signal in tensi ty  is also p r o p o r d o n a i  '..o ti-~e 
popu la t i on  difl;erence Ano be*.ween the 9: a,~d § spin sta{es of  d:e ~mcieus~ which  is 
in t u rn  p r o p o r t i o n a l  to  B o [14] 

k**o = ~ - u~ = N ' / h B o : 2 k T  ( 3 ! ) 
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and to o~her factors dependent on B0, thus substantially reducing (or perhaps even 
eliminating} the advant;.:ge of using lower field strengths, 

The importance o; {he accurate setting of the angle in MAS NMR spectroscopy 
has been ci,:a, ly demo:astrated in ~OgHg studies. The earliest published high-resolution 
solid-stme v'~'Ha spectrum was that of mercury(iI)  acetate, and this exhibited an 
extensive spi~, 3i~lg side}>~nd patteri3 in which each line showed a small doublet 
splitting [59; i h i s  :.pDting was initially attributed to site inequivalence or disorder 
in the s,.fiid 115.59j. b~:' ~t was subsequently si~own to be an artefact caused by a 
deviation of' the .~phmi:3g :~:,:is from the magic-angle, which easily happened with the 
Andrev -Bear, is design o ~ t;~tor [ t6, 60]. With the more accurate angle-setting capa- 
bilities oi" mode,,~ spa-c rometers, this is unlikely to be a common problem in future 
work. but the abow s~ttdie~ have clearly established the importance of accurate 
angle setting {to at i¢~ ,t +0.1 } in MAS experiments [36]. 

3.3.  C r o s s  poh; r i2 ,d i  ~ ;. 

C;oss poiariz~tion (CP~ has been used in combimltion with magic-angle spinning 
( MAS } i~a many >"aHg NMR ~,cdies. CP involves the transfer of polarization from 
an abunciant spL-, s,,~t?~n ~v.:'~:,.tly ~H ) to a dilute spin system (e.g. >~'~Hg), and this 
in pri~:ciple pr:Muces c sub~t,:ntL:: increase in sensitivity relative to the direct polar.- 
izatiou (singie-pul~c Bl.'c~, &.~ay) experiment, primarily for the following two 
reasons, FirsL 9-~: high ?,-o~o. g:';omagnetic ratio {;':0 leads to a large polarization 
of lhe proton bpitlb "!2J ~Ii.!~ can be transferred to the metal nuclei (X)  by 
simultaneous radiof::. /¢~e.."~c:. :.rrcdiation at the two resonance frequencies for a 
suitable contact i;r2e. T':~i "'orma!Iy requires that the radiofrequency magnetic field 
amplitudes B,,q and B,,  a~c adjusted experimm'tatiy to satist~s the Hartmann Hahn 
matching condition 

%~., -zT. Bm =;'x Bix ~" ~'Jlx (32) 

This results in equal precession frequencies for H and X {~,hH=O),x) about B~ in 
~i~.ei~ respective rotating reff~'ence frames, and allows polarization transfer from the 
protaz~;  to the meta~ nuctm. Fhe maximum theoretical increase in the signal intensity 
i s .  ;'~ = 4.85 for X = ~H~,, S<.cond. CP permits a shorter recycle delay and therefore 
~:,:orc rapid da 'a  acqmai~ion. In the direct polarization method, the recycle delay is 
deter'mined by the ,@n-D~t ic ' :  ~e!axatim~ time T, of the metal nucleus X. which can 
be very Iong i~a the soiid sta~e, tn the CP method, the recycle time is determined by 
~I3c proton Y~. which is invariably shorter than that of metal nuclei i~ solids. 

~:!:~rtm:a~eIy. the combination of CP and high-speed MAS has a drawback 
whic!~ ~eve~ ely hinders ~hc .<,.:@ of metal nuclei. Under high-speed MAS conditions. 
the CP ,efficiency is ;ow ~:,pd it is difficult to establish and maintain the exact 
Hartmann-.I lahn ma!:,:i~. The CP efficiency at difl~rent matching conditions can be 
presented as a plo{ o '  ,'ignal intensity versus A~o~. the difference between the H and 
X spindock frequencies. 
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Such a plot is referred to as a Hartmann Hahn matching profile. At iow MAS 
frequencies ~o~, 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 ¢oR becomes comparable to the H-H dipolar couplings, the matching 
profile is modulated by ~o~ and is broken up into a series of sharp peaks with 
maxima at Avh =mo~, where n=0,  ± t, ±2, etc. {6l t. This results in a situation 
where the maximum signal is very sensitive to the matching condition, and a small 
mismatch 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 B1 is varied linearly (or 
stepwise) with time during the contact period [63], generating multiple matching 
conditions (each one displaced relative to the others along ku) 0 within a single 
acquisition. This results in the reduction or removal of the oscillations in the 
matching profile, so that matching becomes far tess critical. The total signal intensky 
is then comparable to that obtained at low spinning rates, but it is concentrated in 
fewer spinning sidebands in the spectrum. A study of the application of this method 
~o the heavy-metal nuclei ~aSCd and J'~'~Hg has recently been reported [64]. The 
problems associated with the normal CP MAS method are well illustrated by the 
*'~'~Hg spectra of [NMe4][Hg(SiPr)3]. The spectra at spinning rates of 4. 8 and 12 kHz 
are shown in Fig. 2. The S/N ratio dec,eases with increasing spinning rate. despite 
t!le improved averaging of the chemical shift anisotropy. The Hartmann-Hahn 
matching ctlrves for this compound show that for exact matching (&o~ =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 timita'dons of sing!e-amplitude 
CP MAS discussed above. The curves also show a decrease in the total signal 
intensity with decreasing ,,£n.q. As a consequence of this, the most favourab!e match 
occurs at zX¢o~ =¢')R rather than at Av)~ =0. and it is suggested that for ~99Hg NMR, 
the matching condition should be centred in the vicinity of +('~'a- A discussion of 
the factors which de~ermine the optimum vaiues of the other variables in the VACP 
experiment is given, and it is suggested that for a system whose spectrum has not 
previously bee~ recorded, values of these parameters may be chosen on ~he basis of 
experience with ~'elated compounds [64]. However. it is no ~, yet clear to what extent 
the optimum experimental conditions va~ye iS-ore one compound to ano~P~er and, 
from a practical viewpoint, it may be better to obtain the spectra by using direct 
polarization, with the acquisition of a large number of tra~sients to increase the 
S/N ratio, rather than by spendi~g a lot of time optimizing the parameters for a CP 
experiment. This approach also eliminates m~certaindes in the anaiysis of ~he spectra 
which arise from possibte effects of CP on ,the inte~3skies of ~he spinning sidebands 
though it introduces other problems isee Section 3.4 }. 

3.4. Sphmhgg sideband amdysis 

While the presence of spiraling sidebands due to ci~emic~d shift anisotrc, py us~aIJ:~ 
results in a reduction in the sensitivity of detection of the lndivkkm! sigmds in the 
spectrum, it does allow measurement of i.i~e anisotropy parameters~ since the intensity 
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Fig. 2. 64.4 MHz rtg C_ MAS ,;pectra of [MeaNllHg(S'Pr)3I at spinning speeds of(a) 4, (b) 8 and (c) 
12 kl-lz [reproduced. with permission, from Ref. [54]]. The centreband is marked *. 

distribution in the spinning sideband manifold ix dependent o~. these parameters. 
The centreband ix readily identitied as the ba~d whose position rernains invariant 
as the spinning frequency is varied. A mmlber of pub!ications have discussed the 
calculation of the spinning sideband intensities, and also the inverse problem of 
determining the chemical shift or shielding tensor parameters from experimental 
sideband patterns [55--73]. The main methods which have been used for the latter 
problem are memcat analysis [65.67,73J. the sideband intensity ratio graphical 
method [66,69,73], or iterative calculations involving simulation of the intensity 
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distribution over tile full sideband manifoid !67, 70-73]. The k~st-mentioned method 
is currently considered to be the most reliable, aitheugh the other two may be usefu~ 
for providing approximate values of  the shieIding ter, sor parame*ers, which can t!~e~ 
be refined by means of  the iterative procedure [71,73]. One difficuhy vvi~h sidebanci 
analysis methods concerns the cases of  axial symmetry 0! = 0) or near-axial s3 ; ',me!:) 
(q v0 ) .  in such situations the anisotropy may be obtained with good accuracy, but 
the shnutated spectrum is very insensitive to the value of ~t. so ',hat this parameter 
is not very accurately determined [t7,34,67.701. This is well illustrated by the ca:;e 
of mercury( 11 ) acetate, where the static >~Hg spec|rum yields ~1-0.08. but sidebm~d 
analysis for several different spinning rates yields values in the range 0.00-(', 23 
[36]. By contrast, however, sideband analysis of the *~gHg spectrum for 
[NMea][Hg{Sipr)3], in which the mercury atom lies on a threefoJd symmetry axis. 
yielded ~1=0.00 as expected [64.74], showing that values for axial or near-?_×iai ~g 
can be determined in favourable cases. A number of  publications have co~sk{ered 
other factors which determine the accuracy of shielding tensor parameters ob:4~i~md 
from spinning sideband analysis [34.69.72.75]. including the effects of cross poiariza- 
tion [75], which are discussed in more detail below. 

One factor which may affect the accuracy of the parameters obtained by spinruing 
sideband analysis which has not been given much consideration to date is Ihe 
variation in the degree of polarization of the nuclei over ~,he 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 direct polarization. With !igh~.er nuclei which 
have smalt chemical shift anisotropies, the frequency ravage of the spectrum is smail 
in comparison with the frequency range of the pulse, so this probiem does not 
generally arise. For heavy-metal nuclei such as ~~PIg. houe~er, shielding anisotropies 
ka  = 5000 ppm or higher can occur, and the question of  whether nil of ~he _.nuclei in 
the sample are equally excited (or polarized) by the pulse needs to 1~c ~.or~sidered. 
The frequency distribution of  RF magnetic fieid amplitudes tak,:~ the i?)~~ 
sin Ire{ r -  r¢)rp[ =l r- N)zp (N = centre frequency- rp = pulse duratio,a ! tbr square- 
wave pulses so that a pulse of  duration rp has an associated spectrM rar~ge of @~e 
order of I r p  [ 14]. Since the signal strength is directly proportional ~o ~i~e strength 
of  the radiofrequency field used to bring about the polaiizafion, the dis*ribu~.ion of 
intensities in the spectrum should be modified by the sin _v.v i'~mcti<m hb, en above 
(though phasing complications also exist,~. The situation for lhe dh°ec~ p~.iarization 
spectrum of Hg(SCN )e is illustrated in Fig. 3. which shows the spectra obIained by 
using l ~.ts and 6 his pulses. While the spectra iook quite simiiar. ~.here a~e difl)re~ces 
in the integrated intensifies of  corresponding sidebands ir~_ ~A~e spectra This is 
indicated more cleariy in Fig. 4, which sirens ~he ratios of  ~he intensities of corre- 
sponding peaks in the spectra. A~so show~3 h~. ~his figure are ~he theoret.;caI ratios 
based on the sin [=(r-N}rr,] ~(r - '%}r  ~ fhmors for the two pa{se durabons. This 
shows, for example, that the exaltation of  the sideband in ~he most shidded region 
(sideband number .~ l ) by the 6 ~as pu!se is only about 309?: of' ~hat due ~.o the I ~is 
pulse. The intensity ratios from the lines in the spectrum si'ow ~he same get, oral 
trend as. the theoretical prediciion, but there are also considerable deviations, presum- 
a n y  due to measupement errors {either in the acquisitio~ or in~egratio~ proeess~.,} 
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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/_v excitation 
profile, and the effects of this on the calculated shielding tensor parameters are 
shown in Table 2. As expected, the anisotropy Aa and the asymmetry parameter *I 
increase after the correction is applied to the 6 gs spectrum; anything which reduces 
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the intensity of the outer sidebands in the spectrum relative ',o the ironer ones results 
in a spectrum which is closer to that for an isotropic system, for which Ar~=0; ,!= 
0. The e,q%cts of  {his correction for the ! ps pulse specta~m are negligible, since @e 
frequency range of  this pulse { 1/Tp = I MHz) is much grea~,er @an the spectral width 
due to the shiNding anisotropy (%.ka ~ 0.2 M Hz). For the 6 us sper-trum, d~,e effects 
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Table 2 
Calculated ~'gHg shielding tensor parameters lk)r Hg(SCN )2 

Conditions (all --or 0 (ppm) (~2z-. ~r 0 (ppm) (~3,--- a,.) (ppm) Aa (pDm) tl (~d2) "~ 

6~as, uncorr. 82(26) 445(23) 7372(301 3109(45) I).1812) 15 
6 ~s, corr.  42(13) 443(11) 3415(17) 3)72(25} 0.!9¢1) 4 
I .us, uncorr. 8t(23) 428(21 ) 3391(24) 3136(37t 0.1712) 10 
1 I.ts, corr.  75(19) 436117) 3388122) 3t33(33) 0.17(1) 8 

" d~difference between measured and calculated sideband in)ensilies. 

of  the correction are more significant, although the expectation that the parameters 
fi'om the corrected spectra for both pulse durations should be the same is not very 
closely realized due to the experimental errors in the sideband intensities which are 
evident in the deviations of  the intensity ratios fi'om their predicted values ( Fig. 4). 
Nevertheless, the results discussed here show that the pulse duration may have an 
influence on the shielding parameters obtained from spinning sideband analyses, 
and that it is important to state the pulse duratmn used to obtain spectra when 
reporting ~he results of such studies, so that the effects of this variable can be 
assessed. 

A further factor which can affect the accuracy of  the determination of the shielding 
tensor components from spinning sideband analysis of  MAS in the case of  CP MAS 
spectra is '~he efl?ct 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 direct 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 mismatch 
anisotropy, as well as the anisotropic CP rate, and the anisotropic relaxation rate 
of  the ~H spins in the rotating fiame. 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 to overcome this problem, The 
first is a modified pulse sequence called multiple-contact isotropic cross-polarization 
(MCI CP), while ~he second involves the use of an empirical intensity correction 
tkmction. 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 correclion of intensity deviatic~)~s 
caused by the finite duration of the excitatio,~ pulse in direct polarization expc,iments. 
see at, o-<}. A combination of  both of these is recommended to reduce the errors 
in¥olved -~ spinning sideband analyses of  CP MAS spectra [75]. T!!is approach 
does not appear to have been applied to the a:~alysis of :9~Hg CP MAS spectra. 
despite the fact thal the errors are expected tc~ increase wifl~ increasing chemical 
sifiii ani,~o~ropy [75i, and so should be most ~c~,ere in the case of nea,'y-metal 
nucleus NMR.  

Relatively few ~'~'~Hg MAS spectra have been reported which involve indirect 
spin-spin coe@ing to another spin-l/2 nucleus, such as 3~p. One such spectrum 
which has been descr)bed recently is the 19'>l-{g CP MAS NMR of 
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[Hg(PCyD(OAch ] [58]. This spectrum consists of a centreband at~d spinning side- 
bands, all of which are split into doublets by the iJ(199Hg,'~P} coupling. The 
spectrum was analyzed to yield an isotropic spin-spin coupling constaut, but no 
analysis for the anisotropic ~°gHg shielding tensor components was given. As dis- 
cussed in Section 2.3, the Id(199Hg,3JP) 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 ~9'~Hg shielding and anisotropic spin spin coupling, indeed, such an 
analysis is difficult for a powder sample without some assumption about the relative 
orientations of the principal axes of the shielding and coupling tensors. However. a 
discussion of the AX and linear AX 2 systems for the case where the a and d Lensors 
are axially symmetric and their principal axes lie along the relevant internuclear 
vector (and perpendicular to it) has been given [76 t. For the AX case, for example. 
it was shown that the two transitions for the A nucKus (one for each of the two 
possible spin states mx= ± 1/2 of the X nucleus) have associated sideband manitblds 
with effective anisotropies 

Acre[ r = k:;a - { 3D'/v ° )rex ( 34 ) 

where D ' =  D - A J / 3 ,  A J =  dl~- J L is the anisotropy in & and D is the AX dipolar 
coupling constant. Eq. ( 261. Analysis for each of the two sideband manifolds (assum- 
ing they are distinguishable through ./~,~o} thus yields A~, and D', ineiuding the si,~a 
of the latter if that of d~o is known. 

In most cases, the results of sideband analysis have been given without any 
rigorous analysis of the predsion of the derived parameters. Frequently, ~he shielding 
tensor components are quoted to a precision similar to that corresponding to the 
location of the NMR tine positions, but this approach would only be }ustified in a 
static-sample single<rystai study. In MAS studies, the intensities of the bands in 
the spinning sideband manifold exhibit deviations from the theoretical intensities, 
due to the presence of noise in the spectrum and other experi:nental errors, and this 
will resu}t in errors in the resuhing shielding tensor parameters. A procedure tbr 
cartying out a rigorous statistics! analysis of' such err;,r> has recently been published 
[77]. However. this undoubted!y underestimates the true errors, since there are 
no,q'n, ailv uncorrected systematic errors {see aboveL 

4. Survey of the data 

4. I. ,41~isotropi~ shfekli~(f co~.wtmL* 

Prior to the advent of high-resolution solid-sta~e N,\4R. anisotropic ~ H g  shield- 
i~g constants had been obtained for a few eompoun.ds from liquid-erys~ai spectra 
or from solution-state relaxatkm time measuremems. These results a~e summarised 
in Table 3. These studies provide use~A~ reference dma for compo~mds such as 
Hg(CH3L, which is not a solid under amNen~ conditions, and whose shielding 
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Table 3 
~9~Hg chemical shifts and shielding tensor parameters from liquid-crystaI spectra or solution-state 
relaxation time measurements 

Compound  (a~t--a~) (r~22- a ~) (aa3--a~} d .... ker (ppm) ;l Ref. 
(ppm)  (ppm) (ppm) (ppm)  

(Hg(CI- | .0 ,P  - 2a42 - 2 4 4 2  4883 I/ 7325±55 0 [78,79] 
Hg(CH~)CI ~ --1035 - !n'~5 450I~ 1155 5535+80  0 [78] 
Hg(CHa)Br"  - 9 0 8  - 9 0 8  4559 - 9 1 0  545522 t0O 0 [78] 
H g l C H a ) I "  - 7 4 0  - 740 4740 - !og5 5480__+300 0 [78] 
( H g l C N ) 2 )  u - 3 0  - 3 0  3770 - t240 3318Y 0 [80] 

~ From liquid-crystal spectra. 
b From solution-state relaxation t ime nleasuremenls. 

anisotropy is in any case too great to be readily determined by currently available 
solid-state N M R  techniques. They also prowde comparative data for compounds 
(e.g. Hg(CN)2) 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 slate 
is given in Table 4. 

As discussed in Section 2.1, no ab initio cakzulations of  anisotropic ~-VHg 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 Dr 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 wilt be given to possible semi-empirical 
analyses based on Eqs. ( 2 t ) ( 2 3 ) .  The various structure types to be considered are 
illustrated in Fig. 5, and t'or these it can be shown that p u = 0  for i¢ j ,  so that 
Eqs. (2I)-(23)  can be written in the simpler lbrm 

(f xx  ~-(Hy -~ H z - l lytQ l(7 p 

6~, x ~ ( f I . :  4- tg: - -  J'l.x-IF: )tip 

(Yz: ~"(Flx -]- Hy - -  HxHy }~  p 

(35) 

(36) 

(37) 

where n, = p.~.~, n;. = p,;.. ;1= = p=, are the populations of  the Hg 6p:~, 6p,.. 6p__ orbitals, 
respectively (these populations can take values in tt~e range 0 {o 2), and the notations 
designating these as the local paramagnetic contributions to ,~ have been omitted 
tbr clarity. 

For linear two-coordinate compoueds HgX2 involving the ~-donor (non =-donor) 
tigand X, the bonding is influenced b) electron donation from the a-donor  orbital 
of  X (or X - if HgX 2 is a neutral complex) into the Hg 6p= orbital (the --axis tying 
along the Hg-X bond direction), and the only non-zero orbital population in 
Eqs. (35)--(37) is that of  the 6p. orbital, n... This yieid s cr~.~ = a~. x --I1:%; .,r.= = 0. Since 
% is negative, Eq. (24), this yields ~:..~ GXX ~-- fTyy. l f i t  is assumed that the diamagnetic 
contributions to the shielding are isotropic, and so contribute equally to al! three 



G.A. Bowmaker el aL ' Coord&ation Chemisto" Reriews 167 (1997~ 49-94 71 

principal components of the shielding tensor, the above relationship shov3d also 
hold for the total shie!ding constant, i.e. c~33 > a1i= %> Inspection of the results for 
HgX2 species such as ttg(CH3) > Hg(CN )2. HgCl2 in Tables 3 and 4 shows that the 
experimental results correspond closely to this relationship; the small deviatio:~s 
from equality of a~ and az2 are due to slight departures from axial symmetry in 
the solid state. 

According to the above analysis, the shielding anisotropy Aa (Eq. (6)) for linear 
HgX_, is given by Ae,=-t~:ap. Since % is negative, Aa is positive. Thus, k~ is 
propoctionat to the 6p: population ,7: which, in turn, is proportional to the c~-donor 
strength of the iigand. Therefore, a strong or-donor ligand, such as CH;- will result 
in a greater n: than will a weaker ~-donor. such as C) -, and so z~c, is predicted to 
be greater for Hg(CHa), than fo:, HgCI,. The resuits in Tables 3 and 4 show that 
this prediction is confirmed. However, ~.he large observed di{l'erence between the k~r 
values for these two compounds may also be partly due to diffe,ences in secondar5 
bonding interacfio:~_s, as will be discussed below. 

The above discussion applies ¢sscntial!y unchanged to linear mixed-ligand com- 
plexes HgXY. The only difference is that the Hg 6p: orbital population con~.ains 
contributions fi'om both the X and Y ligands, so that k~ for HgXY wilt be 
intermediate between the values for HaX, and HgY> Comparison of the results for 
Hg(CH3) > HgCI 2 and Hg(CH.s)C1 in ".Cables 3 and 4 shows that this relationship is 
observed experimentally. In fact the zX.¢ value for Hg(CH3)CI is very close to the 
arithmetic mean of those for Hg(C~sL, and HgCI2, and the above analysis gives a 
physica! basis for this otherwise empirical observation. It is perhaps st~rprising. 
therefore, that the Aa values reported for Hg(CHOX {X=CL Br, t) ere all equal 
within experimental error tTable 3): an increase along this series might have been 
expected due to the increased o-donor strength of X - (as a result of the decrease 
in electronegativity from Ci to t } [81]. This effect is probably related to a similar 
one involving the ?'°~Hg nuclear quadrupole couplit~g co:astants in HgX:. which 
show little variation wi{h X {Section 2.4). The quadrupole coupling constant is 
proportional to the electric field gradient e~ the Hg nucleus and, for a bonding 
model of the type discussed above, this is ,.,.iven by eq=,~Qeqp where eqp is {he fidd 
gradient due to a single 6p: electron. The fact that the quadrapole coupD,~.g in ~inear 
MX2 species is re!atively independent of X, despi~e the increase in the G-donor 
strength of X - with decreasing etectronegativity of X. ?tas bee~ shown to be due to 
an expansion of the 6p: orbita! fi'om X =CI to ! [50]. ]his results in a decrease in 
e%, since this quantity is proportional to ,(r-'~),,p. whici~_ compensates for tb, e increase 
in ~.,_ so that eq remains essentially independent of X. Basically ihe same situation 
is expected for the shielding ai~_isotropy A~---**:%, since % is also proportio,~aI 
to ( r -  3)~,p, Eq. { 24), thus providing a possible explanation for the apparent indepen- 
dence of k~ on X in Hg(CH3)X. 

The type of analysis described above for linear HgXe species catl also be applied 
to planar three-coordinate HgX3 compounds. For the case in whic!~ ali three Hg-X 
bonds are symmetrieatiy eq~aivalent, the Hg6p orbi~a! pop~Aafio~;s are 
n:~=n,.; n . = 0  (the x, y axes lie in the HgX~ plane: : is per~endic~dar to this plane). 
Substitution into Eqs.(35)--{37} yields %~=~.~.=~,%; % . = ( 2 ~ - ~ ) % .  The 
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X-Hg-X x . . . x  X-Hg-X H~ 
I 

x 

(a) (b) (c) 

¥ Y 

' : .Z X-H-"~ Xvg,-, X-H'~-X XTHg:X 
Z" y 

9 Y 

(d) (e) (~ 

Fig. 5. Coordhmtion environments ht some Inercm}tIl) c~m~plc'~e>: (~H lineal (b~ lrlgona! pianar, tcl 
distorted trigonal planar, (dJ [inem wiih ~ o  pcrpendiculm ~cc~mdar 3 bonding interactions, {el linear 
with four nlt~ttlai]y perpendicular secondm.x bonding imel~Iv'tim>. {I) psctido-lctrabcdraL 

shielding anisotropy is thus k,,r, = ~t.,( t - t~d%. U~flike the linear two>coordinate case, 
for which k~ is always positive. Aa for tile trigonat planar case may be positive ~r 
negative depending on whether ~. ~=Jt~) is greater or less lhan 1, The only complex 
having a perfecdy h'igonal pianar mercury environment tBr which shielding anisof  
ropy data ace available is [Hg(SiPr).~] (Table 4) [64.74]. For this complex. ~er is 
negative, implying that n, (= J~.) < i, This is chemically reasonable: t>r pure covalent 
meml--tigand bonding involving sp e hybrid orbitals on mercury. *L, = !t,r = t. bu~. these 
populations are expected to be less than this limiting value in practice because (a) 
the degree of ligand-t~.~-metal charge transfer will ge:~eralty be less than that required 
for a pure covalent bond. and (b l  the Hg6s orbital is lo*,',er 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 th,." basis of ideal sp-' hybridizaticn 
This is demonstrated in the closely rela,'ed system [AuCt2] (isoelectronic with 
HgClz), for which the 6s aI~d 6p: orbital populations have been calculated to be 
{),86 and 0.33 respectively [50]. compared with equal populations predicted by the 
sp hybridization model, There is thus a distinc: and diagnostic difference between 
the l-tg shielding anisotropies h~r linear and mgonal  coo:'dinatiom A~r should nor- 
malty be positive for the ~inear HgXe geometry and negative for ti~e trigonal planar 
HgX~ geometry, in good agreement with the experimental observations. Thus. for 
example. _AG for [Hg(S-2.4.6-iPr3CaH2)z] (linear HgS~ coordination) is positive. 
whereas that for [Hg(S~Pr)3] - (trigonal planar HgS 3 coordination} is negative 
( ' l~ble 4) [64.74]. 

Exact trigonal planar llgX:~ coordination is rare. and [Hg(S~Pr)~] - is the only 
case for which ~WHg shielding anisotropy data are availabJe, There are, however. 
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several  e×ampies  of  d i s tor ted  t r igonal  p l ana r  coo r d ina t i oa  h~ which one of  the X 
!igands is more  weakly b o n d e d  than  !t~e o ther  two. b~ order  to invest igate  fl~e 
consequences  o f  such a d i s to r t ion  on  the shieMing parameters ,  caicuh~fions based 
on a s imple model  have been carr ied out .  In this mode! the HgX~ trait lies in ,l~e vv  
plane,  w h h  one o f  the  HgX b o n d s  lying a long  ti~e y-axis. The  popu la t ions  of  *he 
f lg  6p.,. and  6p.,. orbi ta ts  in the  symmetr ica l  HgXs case :'..re equal,  and  are set to n. 
The  d i s to r t ion  involv ing  a weaken ing  of  the  F i g  X b o n d  a long  the v di rect ion is 
represep.ted by a reduct ion  m the p o p u l a t i o n  o f  the 6p~. orb i ta l  by a lhc tor  r. so 
tha t  it is rn. Subs t i tu t ion  of  ~he popu la t ions  into E q s . ( 3 5 i  {37} ,,iekis 
~,.~: = rmr~,: a,~. = n % :  ,r:: = (n + rn -- rn e)a v. Accord ing  to the defini t ion ( Eq. { 5 )}. 
a ,~  = a , , :  r,2~ = a~. : ~:L~ = %:  i\~r r >  t ( 2  - i* t .  The  resul t ing express ions  t\~r the shield- 
ing an i so l ropy  and  asymmel ry  pa ramete r s  are 

A ~  = (n  2 )[rt I - 2 h i  + I ] a  e ( 3 8  ) 

-~- 3( I r) I ! + r - -2rH) !39)  

For  r <  i ¢ 2 - n L  the def ini t ion (Eq.  {5)) yields ~ = a : . :  %z = a , , :  a . ~ = ~ , , ,  so tha t  

, ' \a  = (n 2 j[r{ I + n} - 2 }erp (40 i 

q = 3 r ( I - - n  (2-r----r t~t  141t 

~ hc depc*ade.qce of  A~r and  q on r accord ing  zo Eqs. ( 3.8 ~ (4 i  !br  the case ~ = 0 . 5  
is shown in Fig. 6. A geomet ry  change  is associa ted with the change  i.~? r. The  region 
near  r =  i co r re sponds  to a small  d is t~r t ion  o f  t r igomd P~gX~ ~,ov~ards a C >  
Xe t lg  X s t ructure:  a decrease  m ,. co r re sponds  to an  increa:~e in the degree of  
dis, or t ion .  Associa ted with this  dis~ortio,~ is an increase in the X i-~g X angie of  
the XeHe  unit  so tha t  this angle  bec, ,mes I80 v, hen r = 0 .  The  change  i,~ the io rm 
o f  the > " H g  spec t rum with change  in r is i l!uslra!ed in Fig. 7. 

An  i m p o r t a n t  aspect  of  {kl  {3';,~ is hs  relative indepe~de~ce  on r. ba thor. for a 
pop~.dafion n = 0 . 5 .  Art is c,~mpleteiy h~depe~dent  of  r. The  results in Fig. 6 sh.~;~ 
that  in ~his region Aa is qui te  insensit ive to the degree of  dis~.ortion f rom the lrigomfl 
s tsuctere ,  whereas  ~! is s t rongly  atfec~.cd b, e it. This  appe:~.rs ~.o corresF, ond  v, ell \Qth 
exper imenta l  obse rva t ions  for  d is tor ted  th ree -coord ina te  compounds .  Thus .  
for  example,  0~e con-|p[ex [Hg(S-2.3.5.6-Me~,C,,H }~] o ,vmc,* " *- com~dns an ~.gS:~ co- 
o r d i n a t i o n  enviromnen'~ d is tor ted  in the sense described a "~,,," ~" ~i"?0}- vie{ds A #  v 

- - { 4 0 0 p p m  and  ~ v O . 9  {tLq:,le4. L B5 colorfast, tile closet?-reIa~ed compiex  
[.~e(So.a,4,6 - ~ , 3 ~ . H :  ~} which  has  aqmost perI~ci ..... e, .q ~>[anar ~,,R. c,;>ordina- 
t ion [60]. also yields k~, z - ! 4 0 0  ppm.  bttt  gives a cons iderably  lower as3n 'meU} 
p a r a m e t e r  q ~. 0.3 ~ ~ab~e 4 ~. Thus .  the  predic t ion  f rom Fig. (i that ~ is a ~luch ~tofe 
seas!t i re  ind ica tor  of  disu~rtio~ f rom trigomfl p~anar coordimuiop,  tha~ A~ ~-~ppears 
to  be borne  ou t  by exper iment•  Fig. ,6 also predicts  tha t  beyond  a cer ta in  poi.q~ in 
the  d i s to r t ion  ~ ' = 2  3 h: d~is examp}et ~he sign of  Ao s'ai~ci~es f rom nee~ti~e to 
positive,  wl~le ~ remains  c~ose ~o I. This  appea r s  ~.o occ~,w i~, ~.he case ..'~f the complex  
{Hv{SPh)~]-~ ~hich sao~.s a s i~f~!y grea ter  degree o~ d i s to r t ion  than  tha t  in 
[HgtS-2.3 ,5 .6-Me4C~,H'  ~-- ~" ' , ' ~-~'~ -; ,3~ [o{}, a~m vA~icb, yields k a  ~ ~273 ppm. ~, ,. , , .  ? ~ ( T a N e  4 } 
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The s~ b.ch h-~ !he -<i!:n of ,~  mighl <uggcst a~ ~irs~ sig!,~ a r~thcr dramatic difference 

is 1~0~ titC C.u>,C. [']t~ })ii|~Cip~] C¢~P, pOBCl'dS o[" !he shJe[dh]g  t e n s o r  c]lat]ge co l l t [ r luous ly  
v, h h  r. bt~I ~d ~[lc p~,im ~ h e r e  file re la t ive  m a g n i t u d e s  o f  ,'r, - (ris o a | l d  f7. :  .-~ Ois o a re  
r e ' < r s c d .  %~ a n d  ,r<, ~u¢ in~_erchany.ed ~ c c o r d i n g  ~.o Eel, { 5 } a n d  a n  ap~,al'Ol~J, d i s c o n , i -  
m~hy in eke- ~ccu~'< wh ic h  is an ar[cRw.t oF d~c dclinil ion:~ o f  the  sh i e ld ing  c o m p o n c m s .  

A n  ahurl~:it i \ 'c ~va?, *qdc:,cribilb~ th<: ;mi>~l rop ic  t ' "~ ig  sh i ek l i ng  p ; | r amci .c r s  is via 
the  >,pa*~ ~u,d ,,kc'~:. II!q,~ ( [5)and {17)L  ,r. d c s c r i b c d  cadic~ ia lhi:s review.  F h c  
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ts i ) 1  A ~ /, g ~['o,J tlittl~'N!s/(,~H') 7 .,,J! /~ i ; i# { '~ lk . / / , *¢ /Of )7 ! i , / f }  ~.',I 

C~!.'~C:> o f  i i l i¢; i r  ;rod ideal tN:.'.~mal cool 'd i lmtJon J) l ' t  h i v o h e  a x M  syltttlrtctrv (q =: 0).  
o : == = ~ l l ] ( ~ t ] t~  stud these vk;tld '£7 i,'\<*[ ~nci s, t t f h e; r) o r  I:.: I f~rTmmal }. For  t i l t; . . . .  o f  

l.ftt: ('<.~ d is io I tcd  K,[! t  '. ": . . . . .  ,.t <,<I t lc lui  <' dbccI>e<td a t 'ovc, lNc d,..:Imitbn 4 K q  ( i 6 )} i.;(:lFi-cs~ 
p~,ials t~ +~, :.: ,J. .  c%,: = c, .,; ;r~.~ .-. ~ r  l}~r al l 7' (o  7;r  :7_- I ), and t t,~c eqtlatR)ris corre-  
~ff~olltJiilT) Io [kls, { u S )  ( . t l )  ~ l e  ;.~ f % l l o ~ s  

S 2 : = , i r . -  i )%,  142) 

~,,: = ( I -- 2r + rst) ( 1 - -  r n )  ( 4 3  ) 

<~J']lO V~+ifialioi! '.'~[" tilt? t411 t~ c Ill.' t121}:~of "?Ol l lpOl!di} ! - ;  +; l i .  c;72. r;3.~ i,lild thc pill'alltCt¢l'S 
"}' ~lp:] & t'tu" @c case ~s 0 4 arc ~hown Jt! ~se - ~I~ls show:, t imt  C) chal lgos 
col t l i l l t lOt is ly i'l't:ll~i 0,5¢sp lbt' ]iilCilt' coc) rdh ia thm t~} {L25~7t> l\~t" l r i gona l  coordJna- 
{ lol l ,  ,,chile. N ci :,ll!.~t;s COlHi i ] t lOl ,  lSly ['i"ott1 ~- 1 ~".)r I Fi.;tr ct)oi'ti]natJOrl Io .... [ 1~)! 
[li~{l)ili!l,_ c )t ird . . . . . . .  tli~,~1 N~.lt . . . . .  rail'.=;, ll,~o ,.:hanee~ il"l I]1U ,ik!¢t Of I, OC~,'ItFS i.iildCl' cxac' i ly 
'.t~0 .,;a~r.: co~sdhion~ ~ts the d]a i l t ]c  iN ~dT.t~ o i  ,%; ~<, ) l l ' l r c  Fipc, 6b and 8c. This  is 
illb;t) t'\ k lct l t  ] ro i t l  ( i lc %.it]tlc!~ o f  lhcs12 p l l l i lmCl0 i ' ,  i ,  ~l:c t:!: l]  o,f Ihc co l l l pou i l ds  Nstod 
m lab112 -i. 

[ inel i l "  lwo-c,,~ordir i l t lc compk 'xcs  } l g X -  ofic'n show secondary boiHJil l  7 inter-  
acl i , .m, to> Hgan,.ts wh ich tie pcrpend icu la r  {o lhc X i117 X axJ.~ { the :.-axis). For  the 
ca,%' o f  aii h~icraciion ~i th  a in~oTle ~: , ,~b<md Y wh ich  lies on a t w o f o l d  axis passing 
lhrou{,.h lho ! fg a l om  (@e .r-axis). lho 0pc o rb i l a l  Ira<; a p o p u l a t i o n  a, due to  bond ing  
w i lh  the two X ligancls, at-ld the 67~. orb i ta l  has a sm~tf popt~talh;n due to bond ing  
~ i l h  the Y lip:rot`t. I f  @e ( p .  popu  af io~ is ~e! equal  lo r~l. /hen lhis s i tua t ion  
co-,,-cmo, ~ds ~o @c eric alre;sdv, discussed above For the ,.,<l~ )n~.ly- d is to r ted  l l i£ol la l .  
COOl'(Jilliltk)fl cpsc. wh]c l l  icsLlks il l Eqs. {40)  an/_! ( 41 ). The isola!ed l i t lcar  |-tI~/X> 
case correspond:,  to  r = 0. and thb; results hl a large posit ive/~.m a i id  ~l = 0 as c×pcc112d 
({ : i  U. 6L  }'(A" %cilk ]I]Icrllcl.k)l/~., w i fh  the th i rd  li,<amd Y. r.+< 1. and (his resli l ts hl ii 

t . . . . .  occlc,i~c il,' Afs and an incrc;tse in q (F ig ,  0L  N~ R~ lilts con l ras t  w i l h  !he cilse o f  
di!;l<.)rtitm o f  }]#JX~ !rofn ~')q, sylY no:try O % i L x~. hcrcz\,<; i<.; qu i te  iliscii~4ilivc fo t i le 
degree o f  d is tor l io r l .  The  ~inaiysis for  the ca~c ,~t a llnt`!ar l-tgX> tl|t i! h l vo lvcd  hi 
:4ccondary bondh ig  to  l,,vo lip:roots Y which li~7 ~'.~ ibe >ax i s  i l l ld  ot1 oppos i le  sides 
o f  thc {{~g at~m~ i:,i c,~12tl¢ially ihc qlp,~c as i] ic 'a,o, ;dre~ldy dlsctl<.~st'd above  [o;' t i le 
i ; l l  "a'ti q wi~ll ~i ~iii~Ic Ng',md Y. and solk i  l h z ! < " < ~  <. .. be,. ,+ ): may I:)c considered as i l l l  
cxamp!c of  {i.,>b.; ~imalhm. The p!mmry l~o_ndinQ h=,,~olvcs {we stro~g, coll incar Hg So 
bonds,, bt.ll tI>:rc ati%" lwo  seconda iy  t I g  S,~: ip, t .craclkms peq~endicuh~r to lhe l l )g l i t l  

. . . . . .  ;6 ppl'l~, "1 = 0.50 (Table 4). This can be Se ~I~; Sc ulm {g3I. Tl~is r12sulis in A~r ~4" 
co_nq,-arecl whh  @.c case o f  H g ( S ( ' N  h, h~ ',chich there are no secortdary }Ig S 
interactions [83]. al~d whicl~ }ields A,; = 313(~ ppm,  ~/= 0.17 (Table 4 ). The  dect'c:~.se 
i~ LR; arid the increase in ~l restilti~,:, !+~om ~,i~: sc;condar}. }-tg So in!erac/iot~s in 
}ti~ Se( 'N i arc enln,.: ly conslslen{ :,, +itc: p lcd ic f io t ts  7t<~ ~,'' , , ~.. 6. The sl lualion lbr 
{ l i t }  a b }',C i \Vt )  C()!t!!)¢~II!IL]S {'4 C'.)!i1!)]&'Rii2!.J !4] ig l t l ] }"  l )y  l h c  ])l '{tSCilCe o f  H g  N i l l ! ]cT- 
acth.m~, 7tl b<)@ case,, b~,l these arc coi~i,.}->~cd to be weaker  l ] ]{:t l ]  t h e  ~'{g 812 
7tm:ractR;n>~ i83 ], ;uKt arc neglc<vlc=d i l l  thb, dJ~. ~v~,,km, 

in scvcrltl ¢ast.'s o1" li l leai- H g X  7 c o o r d h m l i o i l  hm~!*ving secondary bol lding., Ihe 
i t .sy ! ! l l l iO l ! 'y  p ; !Y i lmOlOl '  t ' c ro i l i ! ] s  C]O~;12 tO z e r o  t]tlt;" tO *lit,' filcl | h ; t {  1'o111" ]i~,~;;ll/d,,i ;tlt~' 
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i~wo!vc, l hi thc ,a.~,:o~ldary bonding. ~y*nnlc,~rk:all3 • disposed abo~it the X }Ig X axis. 
This simalivn c;in b<: m~>dci~ed by u linear [IgXe unh aloag ihe ;:-axis whh seconda U 
bo~.~dmg ~o ~i)ur tigap.ds Y symmetrically placed akmg d~e .v- and y- axes. The on]y 
modification requh'ed 1o {he above treatment is tba~ both the 6p.~ and 61%. orbitals 
have poptdadons m. This yields 

A~r = - n{ l , r}( 1 - ,vz)% (44) 

Ae- import:mr feature of [hb; equati 'm i~ its qtmdratic dependence on r. In I&c~ A~ 
gs approximaic!y prc, porlkmat to {[ r) e and this m e a n s  I~al,  for sn~al[ r, gO' 
decreases rapidly wiih r. dm rate of decrease being approxhnatdy twice Ihat wNch 
wcmld o-cur if the dependence on r were linear. This means l}tat ,~,9 is tltltlsu~tlly 
sensitive to ihc prcsc~cc of secondary mler~ctions of this type, an observation which 
has been made before l:;ttI b4s hithcr~.o not bc{m c×plamcd 110]. The origin of the 
quadratk: dependence o f  g,v on r is the presence of the binary terms involving 
products of  orbital populations (ndg. etc.) in Eqs. (35) ( 37 ). Other physical proper- 
tics do not display :;ucl ~, a high sensitivity t,.-~ fl~e secondary bonding interactions. 
For exampic, the eml{g quadrupolc coupling constant, like the local paramagnctic 
shiekling, depends on d~e I{g6p orbital populations, and equations similar Jo 
E q s ,  ( 3 5 }  ( 3 7 }  can be writ~.en for the electric field gradient tensor components. 
ih,wcver, these equations contain no cross terms involving the orbital popu[ations, 
~xp.d the quadrupole c,mp!ing constant is predk:led to show only a linear dependence 
on ( i - r) ,  

Or~e med?od of  assessing the eft;eels of secondary bonding in &e solid state on 
d~c " [ ~ g  shieidh~g parameters is to compare the parameters I;~r a particular com- 
pound h~ the solid and sotudon states. So tar, the only compotmds for which such 
data are av~!iklbte me Hgi( 'N} e [g0.g2] and lJg{( 'J i0[  [7g,g6J. [ii both cases a 
decrease in A~ is observed from the solution !o the solid state {Tables 3 and 41, 
implyh~g that secomLtary bonding interactions in die solid a~e stronger than those in 
aoJution. Contirmadc, n of  this conclusion in the ca.se of H g ( C H 0 |  can be oblaincd 
{)ore Ram;u~ measurements, whk:h show Ihal the ~,( HgX ) and , 4  ~gv ; ~.~t liltion~b 
modes occur at lower Frequency in the sojhi thai; in solutions c,f this colnp{.lul~ld il] 
a rmgc ,>f diik, rcul solvcnt.~ [g9 i. 

'The case of Meal tr,:I.rahedrai HgX4 cooidinathm is a particularly simple one; the 
pop~.iiai.ions n~, %, n: are all equa! in this case, and Eqs. (35) (37) show that all 
three principal componen,,s of the shielding tensor should be the same, so thai A,', =:: 

0; *~ ={t. The O~!lJ cases  reported to date which show no detcctable departure ~'rom 
isotropic "~vIJ!{ shielding are for [ [ lg(( 'N t41 :~' complexes in which the [-ig atoms 
occupy crystallographic siics of cubic sjnlillel |y [g5,87 I. ~-towcver, At/ v;41t~es for 
several complexes of th,a type [t-lgL4] 2 (! ..... S-donor ligand} lie in the range -241 
to 0(}6 ppm (Table 4). These non-zero k~r values must arise from distortions of the 
llgS 4 environment from ideal tetrahedrat ~eometry. In fact, ideal "F~ symmetry is 
v, ot c~,.mpa'dbie whh lhc non-ihmar i lg S C geometry which occurs in dmsc con> 
plexc~';. Laat the low vMuc of k~; limnd for Ka[i lglSCN )41 sM~ws that d'ds is no{ li~e 
prhna~y cause {4 ~he relatively tal-gc A~- values in lhe other complexes with HgS4 
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coordim~tion environme,~ts [83t. It appears that ,%~-and ~I a r e  delermined prhnarity 
by the arrangeme~t of the aloms directly bonded to the fig atom+ m~d that the 
position of the other atoms in the tigands pta2s a relatively minor role. In 
[Ig(StBu),, the Hg atoms arc present in a distorted HgS+ coordination cnviromnent, 
the Hg atoms being linked in one-dimensional cltains by pairs of douMy-brklging 
thiotalc ]igands. The Aa value for this case lies ,~ithin the range quoted above ti~r 
l-lgS~ coordim~tion. The q values vary ow:r the wide rm~gc 0 0.9 in the above 
examples invoh.,mg distorted I IgS,~ coordination. ;1nO fltcre is m) simple relationship 
between the A,~ and Sl values. This is m~t unexpmccted, since a variety of di)~k:rent 
kinds of dist<qion from the ideal letrahedral [t~S.~ enviromnent are possibie, and 
no attempt has yet been made to corretale tlmse with 0te shielding anisotropy altd 
asymmetry parameters;. 

A somewhat larger distortkm i¥om teIrahedra~ coordim~lion gcomc~ry oectm~ in 
[Hga(SPh)~,]" , in which each mercury atont is botlild Io two tertllh~al attd ~wo 
bridging flliolalc ligands, and this is reflected in Q~c larger Ao value of about 
I160 ppm [74]. '|'~e distortion is such that the S Hg S angie in volvil~g the ternfinal 
thiotate ligands ( 132 ) is consideraMy greater than the tetrahedral af@e ( I t0 ). The 
structure can be considered to be imermediate between oae hwolving ideal letrahc- 
drai coordination at ll~e Hg atoms and one iw, oDing two linearly coordinated Hg 
atoms in whicl~ only the terminal thiolatc ligands remain botmd, the two bridging 
]igands having been removed from the coordinatioI~ environment. It has bee)~ noted 
tha~ ihe anisotropy parameter A~ provides a measure of the extcm of the distortion 
/rein ideal iemd~cdral coordination [74]. The An value is 27% of that for the linear 
two-coordinate complex [Hg(S-2,4.6-ipr3C~H,)~], whereas the S fig S bond angle 
( 132 ) is grcaler than the tetrabedrai angle by 2.! which is aboul 30% of the ~ota) 
ii~crease of 70 ( l l0 to IS0 } involved in the mmsition from ¢etrahcdra) io lineau • 
coordhmtion. 

The complexes [llg( MeN }I,] amt (Hg( EIS)L] { L = lri~ ~, 3.5-dimc~hylpyr~z'~?b 
l-yl)hydroborate) are examples of tbur-coordinate complexes invoDing mixed 
ligands. The ligand L provides three N-donor sites, ~,,~'J the fourth eoordilmtion site 
is occupied by the fifio)nte (S-donor) tigand. ,~m N3HgS coordination ew~,ironment 
of local (73 symmetry was proposed on the basis of ~lie solid-state i,~flg NMR 
rcsulb; [8SJ. Some idea of the flatters which determine the magl;ilb, de and .~,ig|l of 
the shielding anisotropy can be oblaiaed by mcar~s of a~ analysis based on Eq:,. ( 35 ) 
(37) and a simplified model of ti~e bonding h~ ~.he X3t|gY vmit. This model involves 
[i)tH" sp 3 hybrid orbitals, three of which have an occupation (~ d~c ~.o lhe Hg-X 
bonding, trod one of which has an occupation b due to the Hg Y bond. Jhe  IHt~ 6p 
orbital populations are ~.~ = n,. = a; ~- = (a + 3h) '4. yielding 

Aa=  3/4(a -b)( t -- a)% (451 

Sir~cc % b; negative, A(r is positive if k>a .  This will be the case JfY is a stronger 
<~<~onor than X, as is expected to be ~he case ik)r ~he mixed pyrazolylbora~e/ttm>late 
( N:~.l-tgS coordination) complexes discvs~;ed above, sir~ee mercury has a par~.icularty 
strong affinity fbr @iolale ligands [26,27[. This is consistem wilh the large positive 
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/\,:~ v~dtles ob:,~el'vcd tof {hese o~mplcxcs. ~_'he above treaimcr~I assume:4 ih;.iL all oI 
u~? t~lt~tiC:>i i]~ {}{e m o d e l  X d l a ~ '  ~<ysit.~}l ;H-e t2qlL:i] {o lilt,: l e i r ahcd r a}  m~i~]c, l ]  !his  
!'gs[[JciioH iS ii~'fCd whi lc  s[ii{ l|!t!{II{¢~,{lliil} , lilt: -I}VUFI{]I ('~ :,ymmeiry, by selling a]l 
three X l t g  X ltll$1cs equal lo :< thcr~ ti~c otdy change is It'~tli ~[hc !~lctor 3: a ill 
Eq. {45)is replaced by .... 3 cos :~ (l---cos ~), This !hcfor will remain positive mfiess 
the distortion from tetrahedmt geometry is sut~iciemty great {o. reduce :~ ~o a value 
tess than 90 . 

Ctearly the ~malyses described above, based on Eqs. (351 137). contain several 
approximatk~ns and assumptions. The rm~st severe iimitafi<m involved in these 
equation, s ~s the ~txcrage exci~a~.ion er~crgy approximNion, and {he success of  the 
pFesellt ;i]}]'}l{'~}c}] sHggtltS{s thlti  /~,*: d~,e;, m~t ,,ary ll~_t!ch ['}~2[weell the  co~npiexes 
center+led+ }:ul+ther v, ork is reqtdred to establisil whether this is the case. ~flowever, 
the ihct that so many of the expcr[mcmai observations can be ration'dized by means 
of tiffs approach lends r;upporl lo ihc hypothesis {hail ~he :ddclding ani:-,otropy and 
asymmetry parameters arc dominated by variaiio~s in the orbilad popuiafion fac~.ors 
of the total pars.magnetic terms, m~d suggests that al teas{ a semi-quantitalive 
approach to the inte[prctation of lhesc parameters; is possible, resulting in useful 
insights, Several more empirical discussions of the corretalk'm belween ~he anise- 
tropic v,,q~g shielding parameters a~d the structures of mercury complexes, mostly 
dealing with complexes involving S-donor iigands, haw_' been reported in the past 
[10,60,84]. A mmd~er of the points co~ered in ~l~e aboxe treatmea!, are inherent in 
th~sc corrckmons, e.g. the decrease in the magnitude of k~r from fimaar MX 2 throt~gh 
t~igomfl phmar MX,, 2) tcirahedrat MXa coordination. However, lhere are inconsist- 
encies in the ~;igr conventions tbr Aa between differe~t ~;tudics which tend to obscure 
importam pomt~, such as the cim,ugc m .qge, which occurs in this quanti~.y (as detined 
herdn} in g:,ir~g from lh~ear {o ~rigonat plainer geometry. On the o|her hand. lhe 
main c,.,I~ch.l'tkm from these c~,rfeh~tio'~s, m,.mciy that ~he anise(topic "~'q-tg shielding 
[ ~ ' t ~ i C {  C] "el ;~ ({I) ({] ~)[l {)~¢ {}]" yieMmg h}fiwmatio~ ;ihott{ ,~{r{~c{llr{~ atlid bondhlg ill 
mere!sty eomtdc~e~, is cerlain]y ~alid a~H i,s I'ttither :,tq~[}ori :d by the more dctaik,'d 
amdyses presented in the i-dcser~t rcvie\~. 

4.2. l~,¢roFic xkhqdhtg ~ ol>,gt#11.~ 

Acct~rdh~g f.o !k]< { ~5 } / 2,7 ). ~he isotropic sbhqding due to 0~," local pal amagnetic 
term is 

The main idev_iised structu~°e type,~ and a';sociatcd 6p orbital popuhtti{ms ;qormally 
CiiCOUI~{[QFed il~ 1T}CYU{IFV COII)]2.}CXCS tIFCZ [iliCHr t ]~,X 2 {ll,t ;:= l}y 7-: O, It: =: tl): [ | ' igonlIt  
pkmar ~[gX~ (i~, = n, ~t1'. ~t: ::-0}; and lci.rahcdra] i ]gX,) {,q., = n x = H: = n). Substi- 
tatkm into Kq. {46} yieMx the following relationships %r 0 < n <  I: 
,ri~o{ HgXe} >> a,~o{ ~{gX3)> .,r,,~,.{ i{gX,,} with the hitter two becoming equal for popula- 
,,ions ~t = I. The prediction *&al linear HgX 2 complexes will ~;how the greaiest isotropic 
shielding is weI~ borne out by the results in Tabh." 4~ but the isotropic shieldiags for 
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! IgX,~ q:~ecics are generally greatm' than fl~o~e ibr I IgX~. This i~ prohably due to the 
Ihct that., as the ~iel'Ctl|'y coofdiltatioil l l l imbc l  ° ihcre~tses, tile I t s  X boE~d5 t~ec()trle 
weaker, so that the populations ~ deerease with increasiilg coordination mm'fl~cr l b r  
a given ligand lype X. Since tile predicted isotropic shieidings [br HgX~ and HgX~ 
are not very different for , > 0 , 5 ,  it is possible that the decrease in #~ from HgX~ 
and IlgX,l is sut/icient to reverse the order of  a~o for these cases, resulting in the 
experimentally observed order ai~<,( tlgX ~) y;, c*i.~J HgX:0 < cq,.,,(HgX4). This i elation- 
ship is more likely to be lbllowed in series of complexes wifli closely rehlted 
~iganda. The complex,~:~ [ [lg~,S-2A,O..iPr~(',,ii,A2j, [ gtg{S-2,4,6~JPrf,,it;0,d and 
[Hg(S-2-Ph('~,H<t),,] ~ (o'i,,< , - ¢~, = t i l l  5, 267 arid 433 ppilt respectively. 'l'hblc 4) pr<> 
vide a good example of this. 

In comparing .shiektilt/:} cm~stanls for conlplexcs invoh4ng signilicantly dill'ereal 
ligands, eorJsideration tI1L.ISi be given to lhe t'{~et that these constants depend on the 
nalure of tile ligand through the t_lg 6p cM~ital populalioi,s. This is Irue for the 
isotropie COltSianl (Eq. (46)) as well :is I'or the anisolropk: COl'l:;talitS (t'klS. (35) 
(37)). For the linear I-IgX, corse, It!it. (46) yield.~ %:<, :::: {2 i '~) , :%,  compared with the 
corresponding expres.~itm fnr tile shieldh~g anis,,~lrc)py ka' = -~ ll:op, so I l l ; I t  11 plo1 o f  
Ao VS. ~ri.,,--ri" r shotlld he !htear, wi lh ,i slope, of  - 1.5. Such a plol fbr a ral+lge of 
HgXe :.llld HgXY conlpotltlds in 'Fables 3 m~d 4 is shown in Fig. 9. A reasollabiy 
lirlcar relationship is indeed observed, but the slope is - 2,2, soi°newha|, more negative 
than the predicted value of -- 1.5. One possible reas',m tbr this more negative slope 
is tile presence oF secondary bonding. It was shown ,,bore that such interactions 
lead to a reducth)n ill Ao (Eq. (44)L and a similar anai;,sis using Eq. (46t shows 
that ai,,> should decrease as welt. This would result in ii~e displaeernent o f  points 
towards lower/},r~ and o~,o. Since the degree of :;econdary boliditlg increases with 
decreasing es.-donor s(rength of tlae ligands X and Y involved in the le)iimary X I-tg Y 
b'mding (see above), this effect would result ir~ a more negative slope lot the line in 
I.ig. 9. However, it seems likely that differences in the details <~l" lhe scco~dary 
bonding would lead to deviations i?om tim l inear retalioilslLip. ~,tlicl this mt~y be the 
rca:->o!~ i'~r sy:aemtttic de\'iafions which appear Io occur {'or lh¢ N ": IqCN COliipotlltds 
arid, it) a Iessei cxtellL for fl~e X = C N  eompoulids. 

Allother possible re~,isoL1 tk)l" tile illcreased ~teg;i~ive slope t',f tile line in Fig. 9 is 
that '&ere tire contributions io %~<. from terms other theft the local paramagnetic 
ones. Thus, terms such as those :~r:,ahlg froni the Fermi-conlad interaction, which 
are determined b" electron density ilt the Hg 6s orbital ,  eonlr ibute eqtially 1o ti le 
a n i s o l r o p i c  s h i e l d i n g  p;it°{l lLie{ers fT,x, $r,', (Q:" al ld  so d o  itoL coitl, r i b t i i e  at  a l l  to , ,~,  
The contributior~ of such terip.:s to ui~ o should be proportional to the l lg 6s orbital 
popu',afion~ which is expected to mcrca.,c with lhe Hg 6p popukttion. Thus, the 
additional siucidi:~.g arising From such tel~ms wilt be greater for HgMe, than for 
HgCI> for example, implyi~g th'>.i lhe data hi Fig. 9 are disphiced to the right by 
this etl~et, and that the extent oF this displacement decreases with increasing a~o. 
This wonld also explain the increase in the negative sk)f:>e of this graph relative to 
that predicted by tile model inw)lving local paramagnel, ie terms only. 

h is i~ol possible at this stage to delermine which of lhe above eflL'cts is more 
imporlarlt iu ~lccounting for the observed deviation m the a!ope ~'rom the predicted 
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v0ai4c, cxcJ[;tticdl CI~Cf~W. :q'}proxiltt¢itk~lL Or :t \'arialioll itl the a~cra<,e~ cxcilatioi'~ 

cncrg? [rc, m one comp:ex h~ anmhcr. This c'm probably only be determined by 
thcorctica~ c;[]culauons oI" the shielding p::rameters, However. the fact !haI the 
rehdJonship h3 i-"~g, 9 corresponds reasonably well to the prediction.,; based on con-. 
sk!eradon of local pzw~m:agnelic ci[~cts alone supporls the view that stlch efl~zcts 
play a dornh~ant tole in the asotropic trod anixotropJc >+hJctdb.% 

Shlcc/he isotropic t'";}ig them:ca[ :sh}ft can be easily and accurately lll¢{:sulcd in 
holh solution., and ,,.oUd--su:tc spectra, and is scn:Jtivc to the }fg coordh:alion 
C+lviro!lrllt2lll.. t h i s  {:,::i"iIIIL~ICi" provides u nlC}.tns o f  d e t c c l i l i g  cIKII-Hget~ it3 StIUCILtFC 
bc{wcen thcxc two ~;tatcx. One cx:m:pie <'d" thi~; involves the complex I Hg2tSPhh+] 2 . 

which has :: bri:Ig,:t dimeric slruch.uc whh a div:tortcd J+cmr-coordinalc c,ivironmcnt 

a: d:c mercury ::ion: in lhc -~:4k: sl:He. ":'here is a reduction in oi~:, from 560 ppm h~ 

the soti:: h+ q0I ppm +ll dimL'thyl,,tiipho×idc soh.ttiOl:, amJ this has {:cell attributctl 
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to a dissociatio,~ of the dimer into [llgtSl>hl.d - momm~er species in solution [74], 
A related example fi~votves the comp~mnd l lg lS 'Bu)  e (intiilite polymeric; tbtm, 
coordinate Hg), which shows an il~c~vase in ~i.,,, ~~ ~r~ from 665 ppm i~a the solid to 
793 ppm in chlorofornl solution, This increase was attributed to a dissociation into 
a species involving linear HgS, coordination [ 10]. The complex [I-tg(SC(,H4Ct )41 >-` 
(four-coordinate Hg) shows an increase in %o--a~ from 485 ppm in the solid ~o 
569 ppm in dimethy!sulphoxide solution. The presm~ce of a dissociation reaeti,an 
involving loss of thiotate ligand was demonstrated by the fact theft the shieldiag 
decreases when excess thiolate is add'ed to lhe solution [10l, The increase m r~i,~,~ 
upmi dissolution is somewhal surprisi ,g, as dis~-~ociatio~l of one Ihiotate tigand woukl 
lead to the three-coordinate [Itg(SC~,HaCI)s] species, ll)r which a reduction in 
shielding is expected. This result suggests that the dissociation proceeds further to 
give the ~.eutral two-coordinate [Hg(SC~,|][4C!)z] compound, and thai the sohlliOll 
shielding construct is an average involving species wilh iwo,o, thrcE~ and pt:tssibly 
ikmr-coordinate mercury, The u~"llg shicldir~g ccmstam measm-ed for 
[Hg(SOCPh)d in solutiou (a~.~,,..-o~.=750ppm) is much larger than that in 
[Hg( S R ) s ]  (ai,~o < 350 ppm in the solid state), eve~a though both types o[" complex 
have planar HgSs skdetons in the solid state, and this was attribated to an interaction 
of the mercury atom with oxygen atoms in [Hg(SOCPI-,)s] [90]. However, this 
interaction is quite weak, judging by the long H g  O distance observed in the crystal 
structure of the [PPhs] ~ salt, and by analog> with the results discussed in the 
previous c,mmpie above, it seems l ikdy ~hat the high shidding in solution is due to 
partial dissociation to two-coordilmte [ tJg(gOCPh):j .  The above results illustrate 
how data obtained for wetbcharac~erized species in the solid state can be of use in 
imerpreling solution-state N M R data. 

4.3. ,~pin spitl cmq~lin~ 

Solid-state NMR studies of mercury compounds i~, which spin spin coupling to 
merctny is observed appear to bE restricled to the cases of coupling with ~aC, :~lp 
amt "~TSe. Most investigations have dealt with the case of tJ (HgP) coupling, and 
these will be considered first. 

Single-crystal ,~Ep NMR studies have been reported R)r the compounds 
Ilg( PCYs)( NO.;);, [56] and Hg( PPh.~)2( NO-.,},. [57 I. These have allowed the determi~ 
nation o[ the u)%lg "~IP g tensor for the Hg P bonds in these complexes. These 
spectra :-,how an anisolropic splitting of the *';~f-~g satellites, and the orientatiof~- 
dependence of this splitting can be analyzed to yield the u'~Ftg aJl~ direct (dipolar) 
and indirect 1,t) coupling tensors, The satellh, e line spacing Av is then give~ by 

k,v = J - D ' (  3 cos ~' (~- 1 ) (47) 

where D' is the efl\:ctive dipolar coe,14ing constant ,~)'=:/)~.oA.I/3, D is the 
v~,t,~g :u p dipolar coupling conslan~ (Eq. (26~)o and A ] = l ~ -  I~ is ~hc amsotropy 
i~1 J. [Note tha~ any asymmelry i~ ,I is generally ignored]. The iso{ropic, or scalar., 
couplirJg constant 7 is measured from the 3tp MAS spectrum of the complex, and 



D i>. c;flc~l:tlcd H'-tm ~hr ~!.L: p ho~d k:ng.th (,~b~ahicd ti',.~m !he X-.ray .';rys~al slruc- 
Hne). This ati~,,vs w.@ut~ifion of <t,./;rod hc~cc, from ihc isoH°op}u c~;upling ,i, ~hc 
prmcip~fl c~,mpo~cm~ 7, ami d of ,i cam be derived. i hc calculation requkes 
knowledge of  ~he sign oF Z which i~:~s bem~ si_,ow,~ te bc posHivc !91 ]. The values 
of  these parameters obtained for ~,he iwo complexes mesfioncd above are givcn h~ 
"]'~b!e 5. together wi~h some cadktr results ubi;fined from -~P NMR measurements 
on slafic powder samples [91 93]. H is cIear f rom !he data that the anismropy h~ 
{h.e indirccl spin sphl coupling is subs~an!i,fi. This rcsuJl h~dk:atcs tha~ indhect 
spi~ spin coupling medi:mi:m]s b] ~,,~ddifion to lhe it, oHoi;ic l::crnli..contac'l mc;chani:~rn 
ate op~,.ra~ivc. 'i l'~tc is ?,omc mdk:alion fr,.nr~ lhe vaIues in {;ibk: 5 {J~itl both ,I amd 
&,l htcre'4,~zc w{th Mcr<:ash~g |LY P bond >4rength (as mdk!ated by fig P bond [en,Zlh 
or ff,'c dccUon-.du~hating abiN U oF l}~c phc,.-.l':,ho"us d,m,ar ligand }, but l,.:,o few dam 
i}f¢ av;.liJ~ibie {o da{c {o ;iiit~\; at rm)rc dci;iiJ~d cc~rl'cJaiJoll beJtv~2c'll A,I ititd {hi: 
muruury coordht4fio~ cns ;r,,um!cnL 

h~ prm,cipic, {he ,/-,m]!,~lropv can ~fist~ bc m.vesiigaicd by ,ddebund nnaiysis of 
t<'"Ilg MAS NMR s D,;c|ra of conlpL?xcs which show l'"'Hg 31P coupling 
(Section 3.4£ "FI-w ~ccessar> theory has been published For AX and linear AXe 
systems l~,r the ,-;,.su 'ailcrc {he ~ a~:d ,/ {c~}sors a~e axiaiiy symmetric mid lhcir 
prindpat axes iic alone fi~c ~ck:v;mi mlcrttuclcar vector (alid perpendicular to it} 
[76]. Vet)ie~,~ >'<'i]g MAS spectn~ h;a~e been repo,,,Icd which revolve indirect spin 
5pM coupJmL_' U~ a.m~thcr /;.: ! 2 nucleus, and none have yet been published for 
compt unds witt~ ~|,_,,, P. or .'cod!ira;at P Hg P bunds in an axia!bi+ svmn]elric, environ- 
mcitt. The only compound in Tablc4 which involves coupling u~ .up is 
[iiL-'{ P ( ' y _ O ( ( ) A c ) e ) :  the  >~>tig ( ' P  M A S  N M R  s p e c t r u m  o f  this complex cons|sis ~l" 
a ccnH-cbaiid and spinnieg sideband>,, all of wldch arc split into doublcls by the 
L/(>'qJg."~P} co~miing. The iso~ropic ~,pin spin coupling ~xme.aan{ .i-.. g226 l lz is 
readily ~d}{ah~cd from lhc scnurali~m {q' {i~c Iv, r, cct~trcb;uMs, but m~ ar'~lysis lk~r ihc 
a~ {]i ' ;Or  ~r{} i'~iC t '~{}~ ~ LZ > ~ ~CJ(t + ~g [{[~ ~'(} +i ,:or4ptmciHS V, dS at{tropical j>:~l. 'Ih¢ cryslal 
~4/l'tlCiill'12 {.)I" this complex s i~ws ltT:tt it cM:ats 4>; ~. doub ly  acct / t lc-br idged d imer  hi 
ilt~.: si~litl static, v,i!h ;i di>~l~ll_c-d lctri lhcchxil ()~t IgP coordi i t~t l io i}  env i ronment  1941. 
I f  lhi~ coolc!iuatitu~ auraitgcmciH had ( ,  >;}l l i l l lclr}:. l l lel] lhc col<ldititH} oFcohic iden l  

fMqc 5 
i,i*;![g ~!}I JJit{ll'v't.! , !IH ',~HI~ CLHt[SiHt~2 {C!1'~O[ t~tll}ptIItC111', {k~J / )  I)}}i{IH]e~.~ J!W]ti 'si)!lt.i-'-{~t{{2 II} N M R  
e~ p,2rilT}cil { ~ 

('ompound J .1 .t, \7 Ret 

t Jt2fP(';~!tN()~l:J s~l 1t 7 6 2  5.g (911 
j i i F r P ( , , , l l N < ) ~ ) : i  x 2  1! i ~; 6 4  5.4 !561 
{!Ig{ PPh de{ ."g(),}j 55  <,42 4 2 4.0 [5", 1 
j]lg;P(~,-'J'oJ),{[ N()d:j:  9( ,6  I ~ i t  7,~4 5.17 [92] 
{ t l !~ '~PioH() l : ! l : [ i ( i t4 ' ( ) , } i  i t  ~ 12 4 i < i  2 7  [gt I 
j i !g~P((}} i ( ) l{t i  ',I!<( ~,, i] t21 1t n t ¢ 2 t( ,  Iv3] 
jt {g:t'{Oi{()kt):.;~ I 126 121 I:~, t.5 19~j 
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~x and ,t prh~cm;d ~txes mentio~ed abm.'e would be met, i)e~q~ite lhe h~w~r symmetry 
i,~ ~he present ~omplex, ~ear coh~cidence ol  d~,ese axes nfib?h~ bc exi'c~qed ~l* d~e Hg P 
bonding is slr(t~ger than the Hg 0 bonding, cau,~ing near axkd ,~ymmetry of the 
~°"t-|g shielding tensor, the principal axi,~; lying close {o the H g  P bond dh'ection. 
This would ma~fifcsi itself in a rehliively large posRive Ac, and a small .'1 value (see 
discussion in Section 4.1 ). Analysis of the specirtm'~ by fl~e previously published 
method (Section 3./.I) [76] yiekls k a = 2 3 4 7 p p m ,  ,i,:./t.f6 and A,/:.5.1 kllz, The 
e.~pcc{ations discussed above COIlCCt'alill~! /~¢Y iI,ld ~/life {hl.,s Illcl; Ihe va,]~.!e,,; o f  lhes~2 
parameters are m l'aet v~xy similiu l('t |hose f~}~ [IIg( g.S)l~l (R :.. Me. El; I.:,-:: 
t~'is{ 3.5.dinmthytpyrazol-l..yl }hydmborale; 't't~blc 4) which have am N~IIgS coordi- 
m~lh.m e1~viromnent i~ which {he Hg S b,mding b; domimmi ( Section 4. t ). "l"hL,¢ 
ie,|,_i~ support !o lhe hypothesis of s|rong H g  P bolldhig illitd the ~_Ic, MillaJ~d hltluence 
of this bonding on !he ~'#"Hg ~' tensor ii" 1he prese,,{ comple'< The AJ v;dt~e is qi.iitc 
sh'nilar to {hose oblamed from .up NMR :q~ecm~ ~ff ,ekitcd complexes f'l°;fl',~c 5 L 
demonslralh~g th~,t such hfformathm is obtainable from slmming sidebam) mmly.~is 
of :'~'~llg speclra as wall a~s from ~I '~ NMR spcc{ra. Ih~wever, ~he accu|'acy of *he 
aua!ysis depends hwtvHy on the qmdity of lhc spectra. 

Solid-state - 'P  NMR spectra have been reporled lb|' a range ol ~ merctlryll l)  
complexes with phosphine lig'mds. The resulls of these studies arc summarized it, 
Table 6. and these demonstrate how such speclra can yield m*brmathm o~ the 
structure of complexes in the solid s~.ale. This is well illusm~,ted by ',he ~ p  CP MAS 
results lbr l:l :rod 2:1 complexes of pht~sphine ligands with ,qlefcury (11) hat|des 
t95.96]. The 2: I complexes all have m~mcmuctear [l.ettgX:: 1 structures. }lom.'~.er. 
the NMR spectra dearly distinguish be{ween {he cases m whici~ lhc [wo phosphmes 
ligands are crystallographically equivak?nt and d~ose in which tl|ey ;~re not cquivale~t 
h, the sc..lid, ip, lhe case where they are equiwtlen!, the ~"*~tfg sa,id!i!cs simply co,>ist 
of a douhk:t which is the A part of an /\.,X spin system, e.g. [lig(PEl~).,Cl:] 
(Table 6). When the two ligat~ds are ,mr cry:-;{a!h}gra~phic;dty cquivalem, im /\BX 

* / pal{ern is {mscr,,ed. e.g. [fig( PEt.0e!~rel (Table 6). h~ >inch cases, lhc mequivalc,~,ce 
of the lwo phosphorus atorr, s allows lhc ob:~crvafion of e,l{ PP) coupling as well as 
~./(HgP) coupling. There are u number of difl'erent possible structures tbr {he 
1:[ complexes. One is the dimeric, doubly haioge~.-brkiged ¢,ruelure 
[L( X )Hgt~.I-X ):,Hg|.,( X)]. a~d the NMR spectra allow a dislincficm to be ~ade 
beD.¥ee| l  ce~ID'OSyllilllelFiC ;.Hld t ~ o l l - c e l l l r o s y m l l l e l r i c  ['~:~ Ills O1' ~his slruciure, hi ~h¢ 
ccnm~symmetric !\>~ln, the Iwo Hg P bo:~ds are equiva~er~L :|ud the ~"llg sniellhes 
consist of a simple doublet which is the A pa|t  ~l" ,two equi"<'!en~ AX spin sys*etp.q. 
which display |~o magnetic interacthm with each ~d~cr (dlc cotlpling via !i~c hah~gcn 
bridges is negligible), e.g. [l~igJPPlb.)eCla] (Table 6L h~ {he non.-ce~mc, symmeLric 
case. two doublets are observed, as the two Hg P bonds are uo h:mger equi~atenL 
e.g. l~-!ge(PPh.0eBra] (Table 6). A dif~'erem kind of dimcric suucturc is the lower 
symmetry [L:~ [g(~i-X )e| IgXe] tirrartgemenl. This i~lso ~...'ives rise 1o ,~~ ABX p~,/tern., 

tin, case Ihc .,,p.ec{rmt~ is t'urthcr complicated by e~, [I|g,(PBu,,F,|,~] (Table6L hi ' s  
• t . > ,  . . . . . . ,  

the presence ~t" two crysiallographicaily iaequiv-alem directs h~ Ihc asymmetric uniL 
so thai !wo ABX pa*{e:'ns are observed. These obscrva{kms allow tl~e determinalhm 
of s~ruclural information for compte×es whose ct'ysiat struclures have not bee~, 
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constant D =(,*~o/'4=}(,'e;'M/r3}'J~e2,r) Cr= the M-P bond tengtil) and the indirect spin- 
spin coupling constant d. The ~b~,n of the spectrmn depends on the ratio R = D/J 
of the dipolar to the indirect co~tpqng co~;stant and on the dimensionless parameter 

K =  - 3 L , 4 t ( 2 1 -  1 )Z ~ (48) 

which is proportioJ~al to the ratio of the metal quadrupole coupling constant to the 
metal nuclear Zeeman term. The analysis has been presented t\~r three cases: where 
the spil~, t/2o.:,pin 32  interaction is purely dipolar, where it is purely scaiar, and 
where mixed dipolar,scaiar imeractions exist [97]. The last-mentioned case occurs 
in the 3~p CP MAS NMR spectra of compounds containing Cu-P  bonds, where 
asymmetriv quartets are aormally observed due to coupling of 3~p |o the quadru- 
polar "36sCu nuclei ( i=3/2) .  hi ttl; ~- case R lies in the range 0.5 to 1.0 and K 
lies in the range 0 to 0.5 so the obse, red spectra consis~ of asymmetric qtmvtets [97]. 
For [Hg(PPha)X ]+ R is much sma~!er than for the ('3'6SCu,:3~P case. and the situation 
corresponds more closely to the purely scalar coupling case for which a symmetric 
quartet, with line spacings equa! to d, is predicted for !he case K ~ 0  (corresponding 
to cubic symmetry at the Hg atom). For complexes involving linear two-coordinate 
Hg. however, the quadrupole coupting constant is expected to be much larger. For 
a a°~Hg quadrupo!e coupling constant l)_q=700 MHz. and a 2mHg Zeeman inter- 
action Z =  19.8 MHz (B= 7.05 T), K~9 .  Eq. (48). It has been shown that for K>  10 
the spectrum should consist of  two tines with a spacing of about 1.65,/ [53.54]. 
Since lj(~,~,~ HgP ):~d( z~'}Hg:,; ) = ;'( z0~ Hg); ' (  v~gHg ) = 0.369, the spacing of the _,ol Hg 
satellites shouId be 1.65 × f~.396 LI(V)gHgP/=0.61 ~J(~'~'}HgPL which agrees well with 
the observed spacing of the pair of lines assigned as the -'°~Hg satellites, shown in 
Fig. 10. The compounds [Hg( PPh3IX]NO~ remain the only ones to date for which 
scalar coupling 1o >1rig i~as bce~ observed, although do~.~hlct splittlngs in 
[Au( PPh~)X ] (isoekctronic with [ ftg( PPh~)X ]- } and [Au(PMe3)X ] which have 
been attributed to ~d( ~-AuP} coupling have also c;een reported [ 103.104]. A theoreti- 
cal treatment of quadrupole effects on MAS NMR spectra of I =  1/2 nuclei in the 
limit of large quadrupote coupling constants has been presented, and the line 
positions and powder !inesimpes for coupling to an t =  3=2 nucleus wi~h parameters 
similar to those observed for [{ PPi~3}HgX]NO3 have been calculated [54}. These 
agree wei~ with the experimental observations for these compounds. 

There have been relatively fe.w reports of the obser:ation of scalar coupling 
between >"fig and *'~C in the so!id state. The data are summarized in Table 7. The 
L!(*~'*Hg~aC) values observed 15or organomercury compounds are similar to those 
t~ported for the same compounds in solution [ I05.106]. In these reports, comment 
is made on the uncertainty of the ro~e of Z°~Hg in the spectra, since the ratio of the 
cep-trcband intenshy (d',:e to non-magnetic isotopes of mercuryt to the ~'*'Hg satetli~.e 
intensities is sometiraes less than expected. The more recent results on the role of 
~°:llg in the 3~p MAS NMR spectra of compounds with Hg-P bonds lsee above) 
may be relevant in this connection. 

Perhaps the most remarkable result in Table 7 is the very large value of 
~J{~'~"Hg~3C) in [Hg(CO}_q e+ which is unprecedented ia organomercury chemistry 
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Table 7 
Solid-state ~3C N M R  pa!umeters l\~r some nlercur5 complexe,  

Hg(CF3}~? 282ti [105] 
[g {CI [~)CI 8,31 1S07 [ 1 I)6] 

i tg(Ctt_~;OAc 0.09 ~ ~47 [ I06] 
Hg~'('lt.0 S_-.CO( H ~ 9.07 Id45 [ 10a} 
Ke[Hg~CN 14i 153 } [ 540 [52] 
|tg~CN L, 149.5 1315 {82 i 
[ Hg (( Ohl[Sb ., F ~ 6~';. ", 5219 [ ! {)7} 
[ tfg,tCO h][Sb,F~ ~_, t b;8.7 3350 85I] .* 'J  l [ i~}7! 
HgfOAc )_~ 18{t9 I I S ~-'g t { 1~la] 

t7(;.8 156 {z]} 
247 176 l~J} 
2.4.3 !95 { '.,' } 

[|g(SCN K)a.c 18{)J6 I 1 {.) I'J. OAt2) [g2 t 
2? a 143 ~U. ()Ac~ 

[107]. This  coupl ing  could not  be observed in so!mion,  p resumably  due  to l igand 
exchange  processes [107]. This  i l lustrates the va]ue o f  h igh-reso lu t ion  so~id-sta~e 
N M R  in p rov id ing  da ta  tb r  unusual  and  highly reactive species. 

The  ~3C C P  M A S  N M R  speck, rum of  mercury t  !I } acetate,  H g ( O A c } >  shows tb.e 
inequiva!ence o f  the  two ace ta te  groups  [108]. which was subsequent ly  verified by 
an X-ray  s t ruc ture  de t e rmina t ion  [109]. The  spec t rum also shows -'J{>"~Hg~-~C) 
satelli tes on the  ca rbonyl  c a r b o n  sigiaals, and  - ' J ( ~ H g ~ 3 C  ' ) satellites o~ the meth?!  
ca rbon  signals, This  coupl ing  is no t  evident  in the so !mien-s ta te  spectrum,  despke  
the na r rower  lines, because o f  d~e occ~arrence of  ! igand exchange  processes in so lmion  
[108]. Simiiar  long- range  coupl ings  ha~e subsequent ly  been seea in o the r  ,me~vury 
complexes  involving an ace ta te  i igand [82t, bu.,. no t  in aIt such comp!exes whie5 
have  been studied [82,106].  tt appea r s  tha t  such coup!ings  are a*, ~he limit of the 
resolut ion current ly  avai lable  in sol id-state M A S  N M R  spectra.  

Two studies  of  c o m p o u n d s  with H g - S e  bcmds by - 'Se  M A S  N M R  spect roscopy 
have  been repor ted  [83. | ! 0 f  I~. H g ( S e C N  }> }~,i{ >~Hg-Se~]  = 9 6 5  ';{z. P, would  be 
difficult to measure  this  quan t i t y  in so lu t iom due to the Iow soiubi lky o f  this  
c o m p o u a d ,  and  ils ins tabi l i ty  i!~ solut ion.  Whi le  ~he *g( *~)~'b~g--Se} coupi ing  is dea r ly  
resolved m the  7:Se M A S  N M R  spect rum,  i~_ is not  visible at  ;dl in the  co r respond ing  
t'~ul~ig spec t rum,  because of  the g;ea, ter t inewidlhs  i~ this spec t rum [83]. in  
[Me.~NMPIg{Se.je] .  in which  the Hg a tom is aetrahedra~ly coord ina ted  by two 
chela t ing  tetrasele~fide (Sc~-)  i igands,  separa te  signals with associa~.ed spinni~,g 
s ideband  mani fo lds  are seen t\~r a!I e ight  Se atoms!  ~*~Hg sa~el~i~es are reso}ved on 
all but  one  o f  these signals,  yielding {~&>>Hg- :Se? i=1220-1480  Hz and  
!zd(v~:'HgVVSe}l'~330Hz [1!0] .  This  can be  c o m p a r e d  'e,'it!~ tt~e soiutio~> 
state spect rum,  in which  there  are  only  ~ ,wo signais: me t a l -bound  
(i~at~'~Hg~VSe,q = I265 Hz) and  r ing (~o ~"~Hg satellites ~eporta l}  [ I i  l ], 
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5. Conclusion 

Five years ago a review of  the applications of  soiid-state N M R  spectroscopy of  
metal nuclei in organometallic and coordination chemistry quoted only three refer- 
ences on mercuo ~ comp.ounds [15]. The present review shows the greatly increased 
activity which has occurred in the las~ five years, and demonstrates that more 
quantitative interpretations of the data are now possible. Although this review is 
restricted to mercury compounds, the methods and priacip[c-; involved are of wider 
applicability in the analysis of solid-state NMR spectroscopy of metal complexes~ 
and it is expected that further deveiopmems will continue to enhance the utility o f  
this area of  spectroscopy in coordination chemistry. 
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