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1. Introduction, and seepe of review

Orver the last 20 voars there has been o consideradle incresse in the wse of haavy-
metal ntcler in solotion-state WAMR spectroscopy applied 1o inorganic and organo-
voiattic chemistry T1-11]0 wnd, with the tecent developments i gh-roaolunion
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NMR techniques for solids [12- 217, there has been imcreasing interest in the solid-
state spectra of such nuoclei. Until recently, there were very few solid-stule NMR
stedies involving the magnctic mercury nuclei, but m the last few yeuars there lias
been a significant incrense in the number of such investigations, and 1 scems
appropriate at the present time to review the methods available for stedying these
systems and the results which have been obrained.

Naturally-occurring mercury contains two magnetic isotopes. "Hg and **'Hy.
whose propertics are listed in Table 1. Most studies have involved " Hg. which is
the only spin 7=1,2 isotone of mercury. With o veceptivity greater thas five times
that of 1*C. its potential Tor the charucterization of mercury compounds is consider-
able. and this poiential has been realized to some extent ihrough the interpretation
of chemical shift and spin-spin coupling data obtained from "*Hg solution-state
NMR studies {1, 3.8 10]. Also, the relatively high naturul abundance of " Hg alfows
the obscrvation of spin -spin coupling to other nuclet as satcliite peaks in the spectra
of the nuclei concerned (e.g. PP} [23.24). However. there are a number of dilficulties
associated with selution-state measurements which fimit the usefulness of the data
obtained from such studies. Thas. the relatively high lability of the ligands in mercury
comyplexes can result w the observation of fast-exchange spectra involving equilibria
between several spectes in sofution [1.5.8- 13,23}, Related 16 this is the fact that the
spectra can Be very solvent- andror temperature-dependent. possibly due to Lhe
iteraction of the compounds concerned with solvent molecules and also to the very
farge chemical slhift range and spin spin couphng constant values which are charac-
teristic of heavy-metal puclei 11.5.8 10]. Exchange reactions rarely occur in the
sohd state. so thuat the cffects of such processes are normaliy absent in solid-stute
NMR specira and so the spectra can be unambiguously assovinted with & particular
species. Thus, by studying complexes of kuown erystal struciure. corrclations can
be established between the NMR and structoral paramicters. [ should be ermphasized.
however, that “miedivm effests™ are not entirely removed from the spectra: the
extstence of molecular interacitons in the solid bas munilestalions in sohd-state
NMR speetra. bud these interactions are much more clearly detined in the solid than
i the solution state. so that their cllects can be studicd in much more detail. As
wel as providing the same kind of data (isotropic chemical shifts and scalar spin- spin
coupling constants) as are avalable from solution-siate studies, solid-state NMR
spectroscopy yields additional information (chemica! shift anisotropy and asymme-

Table 1
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trv. coupling constant anisotropy. dipolar coupling constuntsy which can be used Lo
probe the strncture and bonding in the molecules concerned,

The normal oxidation state of mercury in its complexes s + 24 there are consider-
ably smaller numbers of compounds in lower oxidation stales, the main ones involv-
ing complexes of the He-Hg bonded mercury (1) jon. Hegd ™ [26,27]. The struetural
chemistry of mercory{ [1) is characterized by 4 tendencey towards two-coordination.
bt the presence of secondary bonding mieractions often results in an expansion of
the mercury coordination sphere to give a higher effective cooniination humber [26-
31} This results i a rich and varied structural chemisiry. In recent vears an interest
in the interterence of mercury with biologica! systeins has provided an additional
incentive for a better understanding of mercury coordination chemisiry [10}1
Spectroscopic methods have played a signifcant role in the churacterization of
mereury complexes [31,321, but the closed-shell 5d' eleciron configuration of
He® ' precludes the use of several of the physical methods (c.g. paramagaetism, d d
transition spectra) which ave applicable 1o other transition meta? compounds. Thus.
the wse of NMR spectroscopy involving the magnetic Hg nuclei is particularly
alrgctive as g method lor investigating the structure and bonding in mercury
compounds. The present review covers studics involving solid-state NMR speciro-
scopy of mercury compounds. with the restrictton that the spectra concerned are
dependent on the presence ol interaciions invelving the magnetic nuclel "Hg or
e dn the nuclear spin Hamikonian, This includes all solid-state "*Hg and
g NMR studies. as well as solid-state NMR spectra of other nuclel where efieets
of coupling 10 "He or *'Hg are evident. Previous reviews an the solid-state NMR
of mets! nuclei have mctuded shoit sections on selid-state ™™g NMR spectro-
scopv (15,16

2, Theory
21 The shiclding tonsor

[n an NMR experiment the field B expenenced by o puclews 1 refaicd 1o the
applied field 8, by

B=By(i -5 i

where o 15 known as e shielding wnsor {i9] 11 o» o decond-rank wensor which 3
determined by the electronie disttibution aronnd the nueclens In geneoth the magnetic
field at the pudens depends on the orientation of the externul ma_neiic field relative
to the relevant maolecule or frogment, Lo the shielding 15 amisotrepic. Yhe principal
COMPORCILS 7. F11. 733 0f the shizlding tensor wre the divgoaa! clements of the
wensor i the principal axis system {the coordinate system in which all of the off-
diagonal chauents of the symmetrical part of the tensor are zoro}. For nuclel which
lie on crystallographic symmetry axes or plenes, the principal axes lie wlong the
symmetry axes andqor in the symmetry planes: in otlier cases the locations of these
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axcs can ondy be delermined by measurement or caleulution. A special case concerns
4 nuclcus at a site of axial symmetry, where the nucleus lics on an axis of thezefold
ot higher symmetry, In this case. the following notation is adopted

7 =dy; {2)

TL =Gy = (3
The isotropic. or scalur, shiclding constant @, is defined as

Fio ={1/3Ma 4602 + 7350 (4}

In order to permit unambigueus definition of the shiclding anisotropy and asymmetry
{sce below} the principal axes are novmally assigned accordmg 10 the convention
[22.33,34]

1623 = Oisal 2101 — Figg 1 2725 - gl {5)

Two parameters ive in common use in the Heratme to describe the anisoiropy of
the shielding tensor. Both are referred 1o as the “shiclding anisowropy™, but they
have different definitions {33341

Ag=a2,— 125, +033) {6}
£ T 03 Gisa (7
Using Eq. {4} it can be shown that

={23YAe (%)

Lt

o

50 the two parameters ave directly proportional to cach other. but care should be
tuken o specily which of them is betng used, 1n this review, wo will vse Ag exclusively
to describe the shiclding anisotropy. The depurture of the shielding teusor from
axial symmmetry is descitbed by the asymmetry parameter [33]. which is defincd as

e l6a =@ Yy — e b= (7 -6y 135 (9
With the axis-labeiling convention (Eg. £3)). 1t can be shown that
Osy=i A1ty

with 5 =0 correspouding to the case of axisl symmetry (6, =64} While i is always
posilive aceording 10 the above definitions, the anisotropy parameters Ae and [ may
be cither positive or negative.

The shiclding resudts n a chemical <Eift of the NMR signat so that it oceurs at a0
frequency v in the sumple compared with a reference signal @1 v, for the same isotope
in a refercnee substance. According Lo the TUPAC convemtion [35). the chemical
shift relative 1o the reference is definad us in Eg. (11). bui is usually quoted in ppm
{so that 10° may be incorporated into the definition).

d=fr-- v v, (i}
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The absotute shielding o which resuts rom the definition in Eg. {1} can be expressed
{again usuafly in ppm) in terms of the resonance freguency v in the sample and the
frequency v, of the bare nucleus

a=(v, —Viv, {12y
The relationship between the shift and the shieldine s

d={a --al{l~a,) {13
where s the is the isoiropic shiclding for the referenice substance. Thus

a—6, % — 48 {1

e, «l.

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

G=g;,—a, {133
with ihe principal axes ordered such that
71 S0 S0y {16}

{contrast Eq. {3)}. The span ts thus defined 10 be positive and is »~rially the modutus
of the diftference between the maximume and minimum principal values of the shiekd-
ing or chemical shift tensors. The skew of the shielding tensor has been proposed
as an aliernative to the asymmetry perameter {331 and is defined as

= Mo — 033):2 (n

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

—lgxg +1 (18)
with = 4 | corresponding 1o the special cuse of axial symmetry: v = -+ 1 -arresponds
to . >0, while k= — 1 corresponds to ¢, <4, {33} - sgain, no distincuon is made

beiween chemical shift and shielding tensors. These two siwuations k= 1 | boih vield
an asymmetsy parameter § =1}, but they are distinguished by the unisotropy parame-
ters Ag and [, which zre +ve and —ve for the cases 7, >4 and o, <o, respectively.
Most of the pupers on solid-state '™Hg NMR published to date have uwsed the
anisotropy and asvinmetry rather than the span and skow parameters. despite the
faet thut arguments in favour of the Iatier bave been published (331 Both sets of
paramerers will be given in the discussion of '™Hyg anisotropic shielding parameters
in Sectien 4.1. For @ and x we uvse the definitions of Ref. [33] in spite of our
misgivings over the confusion between chemical shift and shielding tensors.

The standard roference sample reconunended for *Hg NAMR spectroscopy i3
dimcthvimercury{11), HeMe,. However. this substance is highly toxic (as has recently
been tiagically highlighted by the death of an American chemisi - see Chem. Eng.
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News, June 16 1997 p. 12) and its use as a refercnce in experimental work presents
practical difficulties, so that secondary standards have been proposed. Mercury{!{}
acetate, 5(1%%Hg) = - 2497 ppm [36], was used in many of the carlier measurements,
but suffers from the disadvantage that its **Hg spectrum shows a large chemical
shift anisotropy of more than 1700 ppm. The best secondary standard proposed io
date appears to be bexakis{dimethylsuiphoxide)mercury(II) trifluoromethanesul-
phonate, {Hg{dmso} JCF .80}, 8{1"Hz)= - 2313 ppm [37]. The advantagcous
NMR properiies of this substance for its usc as a reference are its small chemical
shift anisotropy (due to the high-symmetry octahedrul coordination environment)
and a high 'H—-'""Hg polarization transfor efficiency {arising from the presence of
short H-Hg distances) [38].

The factors which determine the values of the shielding lensor parameters for
heavy nuclel such as '"*?Hg are in principle the same as those for lighter nuclei. In
practice, the refative importance of some of these factors changes on passing from
Lighter t¢ heavier nuclei {39}, As wilh most molecular parameters deternmned in a
condensed phase, there will be conlnbutions from wira- ond intermolecular inler-
actions. Theorctical mode!ls naturally start from a consideration of intramolecular
factors. Quantum mechanical calculations of the nucleay shielding tensor are fre-
quently expressed in the formalism first developed by Ramsey [40], which involves
a sum of dinmagnetic (67} and paramagietic () wcrms.

g=a’ 4ga" {19}

This was extended by Pople o a {orm which was more amenable to mofeeular
orbital calewlations [41]

g=g{loc)+ g2 tnonios) + e inter) + a2 loc) + P (nonloc) + e (inler} (20}

whete 6 foe). 6"(loe) arise from clectronic currents focatized on the atom containing
the nuckeus of interest, s nonloc). eMaonioc) are derived from currents on noigh-
bouring atoms, and ¢®(inter). eflinter) are interatomic terms mvolving currents
which are not localized on a single atom, ¢.g. ring currents. While the noa-local and
interatomic terms may be tmportant for lighter nuelel, particularly for TH. they are
normally negligible tn the cuse of heavy nuciel {39 Molecular orbital expressions
for the ocal shielding 1erms, % loc). o™ loc), involve a sum over siales which, in
the case ol the paramagnetic torm. ncludes unoccupicd as well s occupicd states,
The terms in the katier case involve (B, — £} where j. b refer w0 occupied and
unoccupicd states. respectively. Since the excitation enevgies E, — £ are genevully
unknowa, these are fivquenty replaced by o single average eneryy diflerence A in
what is known as the average excitation encrgy {AEE} approximation {391 This is
nornally coupled with a restriction of the molecalay orbitils considerzd to those
involving the valence p and d orbilals centred on the nucieus of interesi. since it is
these orbitals which make the greatest contribulion to the paramagnetic shiclding.
Within thc AEE approximation. the expressions for the principaf components of
the local paramagnetic shielding lensor for the case where the shiclding is duc (o
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the vulence p orbitals only are
a’l IOC}“ = rT]::" e TP PPy T p_r:p:_r} {21}
AP (00), 7 OpiPy + P — PaePun + PraPia) (223
& ]UC):: Bk Jp{ s + Pov — F.up; v + Pus 4 { 33)
where
6= — gl e At AR (24)

and 15 the nermeability constant. ¢ is the electronic charge. s 13 the electron rest
Mass, (r'"},,p is the expectation value of r 77 For the valence #p clecron. and the
pi; are elements of the charge density ‘bond order matrix (39,43}, The average. or
isotropic. local paramuagaetie shielding devived {rom the aborve is

GP( }0(.'_] = t"r_!"( zp.u.\ + zp_l‘_l‘ - zpt: - p.—.:r’_r_r ol NN SN S N
PPy PGP Py {253

For atoms other than hydrogen. dilferences in the local dianmiagnetic ierm caused by
changes in chemical bonding are small compared with variptions in the local para-
magnetic term [42] Thus, Egs {21 (25) may oe used to interpret the shieldiog
parameters for heavier nuclei. Eq. (23} has often been emploved o undersiand
trends in isotropic cheniieal shifts obtained from solution-state NMR speeira of
main-group element nucled (e.g. "°F) [43), where d-orbital involvement in the bond-
ing is unimportant, For the heavier transition metid nuclel. the oxiended form of
this equation mvolving d orbitals s generally required, Howewer, for Group i2
transition metal compounds which have o closed-shell d™ clectron coniiguration,
d-orbital involvement tn the bondimg is expected (o be small. und Eqg. (25 should
be applicable. Thus. trends in the isotropic " Hg chemica] shift in simple mercury ()
compounds were interpreted by wse of this equation in some caily studies [1L though
recent reviews have concentruted mowe on emprical approaches which uve boen
developed 1o correlate the large body ol cheomteal shift duta with struclure and
bonding [3.8 107, Much of the information sbout the sleciron disrribution which
ix contained in Egs. (210123} is fost when the sveraged form. BEg. (233 15 oyed but
Lthis has been common hitherte becguse, by and barge, only the isotropie shifts have
been avatable. Since solid-state studies often vicld the anisotropic shiclding parame-
ters as well. and since there has recently been a considerabie werease i the amount
of data on P'Hye trom such studics. it should now be possible (0 interpret these o
torms of Egs. (2034230 1t is somewhat surprising 1o fimd ihad there have been fow
atiempts 10 do ihis 1o date. and this question will be examined i more detali in
Section 4.1, Mercury compounds are particelarly suitable for such an anaivsis. The
simplification which resulis from the non-bvelvement of the 5 orbitals in the
bonding has already been mentioned above. In addition o this, mercury complanes
display a runge of different coordination geomeiries { lincur (wo-ceordimite, trigonul
three-coordingic. tetrahedral four-coordinaie} each of which has a difforent 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 changss in the geometry of the
complexes. This contrasts with the situation for cadmium comniexes. for example,
where two-coordination does not oceur and three-coordination is rare.

The above analysis involves a number of approximations, and it 1s semi-cmpirical
because it involves guantities such as o, 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 initic guantom mechamical caiculations. Reeent advances
in quantum chemical methodology have allowed the development of procedures for
the calculation of shielding constants. However. very few resulls have been reported
to date for heavy-metal nuclei. One recent study described the ealculation of the
“M11g shielding constants in HgX, { X =Cl, Br. 1) [44]. This emphasized the impor-
tance of including refativistic effects in the calculation; without these, the experimen-
tal trends cannot be explained ev qualitatively. However, only the isotropic
shielding constants were reporled in that work. The calculation of the anisotropic
¥9He shielding constants in a mercury compound by ab initio methods is a challenge
which has vet 1o be taken up by theoreticians, Nevertheless. one of the resulis found
in the calculation of the isotropic shiclding constants in HgX, is relevant to the
application of Egs. {21}-(23): the main source of the large variation in the " Hg
shiclding with change in the halogen X is the Fermi-contact term. This is 2 diamag-
netic shiclding term which is neglected in the above equations but, since it is isotropic,
it does not aflect the values of the shielding anisotropy or asvmumetry parameters.

2.2 Dipodur coupling

Dpolar coupling botween two nuelei A and X %5 the direct, through-space inter-
action between the magnctic moments of the nuelei and is vepresenied in the spin
Hamiliopian by a tensor £, which can be expressed in 1orms of the dipolar coupling
constant

D =g dmyyayx (27 rs (26}

where .. vy are the miagnetogyric rtios of the A and X wuclet, and r,y i3 the
distance beiween the auclel. The dipotar interaction averages to zero in the solution
state. bui it results in severe line-broadening in the solid state due to the combine

eifects of dipolar splitting of the signal under observation caused by interactions
with the many neighbouring magnetic nuclei in (he solid. Fhis broadening 1s climi-
nuted in high-resolution solid-state NMR by a combination of technigues high-
power decoupling. magic-angle spinning ( MAS}, magnctic ditution) {14]. However.
if the MAS rate is mudegquate. spinning sidebands are seen to an extent which is
dependent on the magnitude of the dipolar interaction (when not specifically decou-
pled). In the presence of other interactions {(indirect spin spin coupiing and shielding
anisotropy) Lhese sidebands become accentuated and may be analysed to vicld data
on the interactions in question separately (see Scotions 3.4 and 4.3). Alse. the
presence of strong quadrupole coupling for nuclei dipolar-coupled to the observed
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nucleus will cause splittings and Ting-broadening in the contieband trunsiio. cven
for fast MAS. which depend on both dipotar and quadrupolar coupling constants
{see Sections 2.4 and 4.3).

2.2 ndivecs spin- spin coupling

Indireet nuclear spia- spin coupting. as opposed o divect or dipolar spin spin
coupimg, is an intramolecular interaction between nuclear spins which is conveyed
by the elecleons i the molecule. I s well known that such inicraciions can be
mcdiated by three distinet mechanisms: wainely. the Fermi-contaet. spin orbital and
spin dipolar mechanisms {45 47). The indirect spin- spin coupling interaction is i
general anisotropic. and s represented by a tensor J. Solution studies vield the
average {or isotropic) value. which iy the 1race of the J tensor. High-resolutian solid-
state NMR spectroscopy offers the opportunity to measure the anisotropy of the J
tensor {though any asymmetry is wsually ignored). Since the Fermi-contact inler-
action is purely isotropic [45]. the anisotropy in J gives direet evidene. concerning
the existence of nen-Fermi contact mteractions. Examples of such studies involviag
Y He MP) coupling will be discussed in Section 4.3, Due to the fow reeeptivity
ol " Hg relative to “'P. and the farge shielding unisotropy affeeting ™Hg spectra.
the measuremenis are norndly made by vsing the ™ Hg suielites in the spectra of
the more abundant *'P nucleas.

24 Nuclear guadrupole coupling

Nuclear guadrupole coupling involves the interaction of the cleetric guadrupole
moment of the nocleus with the electric field gradient at the nuclews, The alectric
Beld gradicnt arises from the distribution of electric charges telectrons. neighbouring
nuclei} cnbout the nucleus 1 question, and s represented by Uie tensor E.[Ld"“l\ off

(g =0 0x g where 1 s the efectrie potential at the nucicus. v, v
The principal axes of this tensor are ofien defired such tha
|{)q--i|‘Z!{J‘fni)!(q\\l {:?}

which Is not consistent with convention (Eq. 171 [ur the shictdhig tonsor. Since the
electric field gradient tensor is iraceloss {oy = 1% can b represented

Fh L

by just two parameters. the “pricipal component’ of the clectric field aradiemt

e, e

g e, (28}
and the field-gradient asymmetrs paraneter
M=, — 04, b ette: {29}

Unfortunately. the svmbol normally used for this latier quantiny 15 the sumc as ihat
used for the shielding tensor asynmmetry parameter, g (99, The awlewr guadiopole
couphing constant 7 =c G0 (in frequeney units) s proportional to the product of
the electric field gradicnt parameter c¢ with the nuclear quadrupole momant ¢Q.
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The figld gradient tensor eg is strongly dependent on the coordination environment
of the nuclens inveolved: perfect letrahedral coordination results in eg =4, but lincar
two-coordination and trigonal three-voordination vield non-zera eg.

Of the two magnetic isotopes of mercury, only 2" Hg possesses a quadrupole
momeiit { Table 1), The valoe of the quadrupole moment s quiie high and ths,
coupled with the fact that mercury compounds olten have structures in whicl the
mercury coordination number is low. means that *"'Hg quadrupole coupling con-
stants are gencradly farge in magmitude. Nuclear quadrupoele coupling constants can
he measured by a variety of methods [48). but for solid samples tnvolving large
guadrapole coupling constanls, nuciear quadrupole resonanee ( NQR) spectroscopy
15 still the best method. This involves the dircet measurement of transiiions beiween
the nuclear spin staies which are split by the guadrupole interaction {in the absence
of an applied magnetic field). In the case of ™ He. which has spin /=3 2, the
quadripole interaction produces a separation of the £ 172 and £3:2 spin states.
and the frequency of the {ransition between these is

HET 2o o 230 =20 L+ 2.3y (303

Very few 11 NOR studies have reported (o date. In onc such study, the 'y
frequencies for HeCl, and the dioxan sobvites HaXo 2dioxan (X =Cl. Br) were
measured, vielding the values 35421, 32338 and 313.23 MHz, respectively [49]
That report provides an estimate of the *"'He quadrupole coupling constants in
these compounds, The HeX, motecules i the compounds concerncd have an essen-
tialty linear. two-coordinate gecometry for which the field gradient asymmeury param-
eier ¥ 0. Thus. from Eq. {301 the coupling constants 7 are approsimately (wice
the resonance freguencies. snd so are in the vicinity of 700 MH=z.

The decrease in the *'Hg NQR frequency from HgCly o its solvate has been
mterpreted i terms of an increasc i the tonie character of the He € bund. and
this was supported by the observation of a corresponding decrease in the 7*CH NQR
frequency. The decrease in the "' Hg frequency from the X =Cl Lo the X = Br solvate
was found to be more diflicult to explain. An incrosse was expacted on the basts of
a bonding scheme tnvolving sp hybridization on the mercury lom. assuming that
bromide would be a stronger electron donor than chloride [49]. However, the
situation is analogous te ihat fouad for the ' Au quadrupele coupling constants in
the complexes [AuX,]™. which are tsoclectronic with HeX.. and the explanauon 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 chiloro-complex [50]. The etfect of this
expinsion s {0 reduce the field gradient prodoced by electron density in the 6p.
orbital, and this opposes the effect of the incrcased charge trunsier to this orbital
from bromide relaive 1o chionde. so thut the coupling constants for the two
compotnds are very similar.

The kirge mapnitude of *"'Hg quadrupole coupling constanis is the main reason
why the *'Hg nucleus is generally unsuitable for NMER studies. A large value fo-
Lthe nuclear quadrupale couplivg constant fregeently resutts in an efliciont eelaxuticn
mechanism which in turn causes severe broadening of the NMR transitions. Gn'y
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one solid-state " Heg NMR study of 1 mercury compound has been teported to
date. involving the complex K [Hg{CN )] In this compound. the mercury lics on
@ site of tetrahedral symmetry, so that the clectric feld gradient {and thus the
MHg quadrupole coupling constant} is fn principle zero, The ™ Hg signal was
chserved using several niagnctic ficld strenzths, and showed linewidths whicl were
three 1o four times greater than those of the corresponding "Hg signals [51). This
inercis? in Hnewidth i3 probably duc to the fact thal asymmetric vibrations of the
molecule cause an effective lowering of symmetry. o that the mercury alom no
Jonger oceupics 4 site of perfect Ty symmetry, and the lield gradienmt is non-zero.
This affects the ' Hy nuclens by introducing a non-zero nuclear quadrupole cou-
pling. but not the " Hg nucleus. which has no guadrupole moment,

The large magnitude of g quadrupole coupling constants shouid also lead 1o
the elimination of splittings due to spin spin couplings inveolving the *Hg racleus.
since rapid transitions between the * Hg spin states which are induced by quadrupe-
lar relaxation result 2 an averaging of the couphng interaction to rzero. This is
fornd 1o be the cuse i most NMR studies of mercury complexes. In fact, the
vompound K.{HgCON L] in which the mercury atom hies on w site of cubie symmetry,
shows no sign of isotrepic 'JOWHE Oy coupling in its selidwstaic ¢ NMR
spectrum [32]. despitc the faet that the *'Hg quadeupole coupling constami iy
sufficiently small to allow direct observation of a *Hg NMR signal. as discussed
above [531]. However, sateflites which have been anribuied 10 1sotropic
i1 H Py coupling huve been observed in the solid-state *'P spectra of the
compiexes [He PPh X ™ (X=CL Br, 1) {53.54]. and theve are discussed in move
detail in Scetion 4.2, The observation of couphing in such cuses. which invelves near-
bnear coovdination of mercury. 15 unexpected. sinee the asseciated large "Hg
auvedrupole coupling would normally result in climmaiion of the spin spin splibting.
Clearly there are factors imvolved i the couphing of *'He to spin-1.2 auckel which
vegaire furiher clarification.

3. Experimental methods und specival analysis

21 Swdic invastremiens

Ty

sensitivity of detection and ihe reselution of the spectia (Section 324 Howaver,

divided o two class
fine {or powder] samples.

Single-erystal studies are carried oul very rarehy. due party to the probloms
involved in obtoinimg single orystals of sufficlentiv large $ize 10 produce detectable
NMR signals. However, if this prablem cin be overcome, there are distinet advan
tages in ustng single orvstuls. The first of ilose is that iy some cases the orincipal

axes of 1he nuckedr shiclding tensor fov 2l} corresponding nucle in the sampls heve
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the samie orieniation relative 1o the external magnetic ficld divection {e.g. for low-
symmelry space groups}, so that all of the intensity of the signal occurs essentiadly
al a single chemical shift tor a given orientation of the crystal in the magnetic licld.
rather than being spread over the wholz range corresponding to the span of the
shiclding tensor, The second advamage is that (b directions of the principal axis
system relative o the molecule can be determuinsd il the crystal structure of the
compound concerned s known.

The only mereury complex for which a single-crystal **Hg NMR study has been
repotted is. (0 our knowledge, the dimercury(1} compound Hgf NG, 2HLO [35)
This compound contains atmost linear [H,0- Ha -Hg-O1,1* species { Hg Hg Q=
167.5 1. and the shiclding tensor was found 10 be almost axtally symmetrie, with
the unicue clement 53 approximately paraliel to the long axis of this ion. but lving
closer Lo the Hg - direction than 1o the Hg Hg divection.

Single-crystal *'P NMR studics of some mercuryf {1} complexes containing teriiary
phosphine liguads have been reported [56.57] The aim of these studies has heen o
measure the amisotropy of the ndircet “F('™Hg. M'P) coupling. as discussed in
Section 2.2, Single-crystal methods are used m this case because the analysis of the
coupiing data is compictely independent of the chiemicai shifl interaction. unlike the
sttuation for powder samples {36].

More frequentty. however., static tneasurements are carried owl on powder sumples.
Iz this case ihe sumple contains crystaflites whose principal axes are randomly
distribuled refative to the exiormal magnetic licld direction. and this results m a
“powder pattern”. The forts of these powder patlerns for the cases of axial and
non-axizl {or rhombic) svmmetry are well known [13.14.19). The mein disadvan-
tages of this methed in " Hg NMR studies are that: (1} the chemical shift anisotropy
ts often very large, so {he spectrum is spread over avery wide fregqueney range, with
a consequen toss in sensitivity: and {3} dipokar ar indireet coupling fnteractions
{other than those specifically decoupled ; cause furiher brosdening of the resonance
bund. As an example of  spectrws of o static powder sample. the "™ He specirum
ol Hg(GAc), 15 shows in Fig. 1. This clewrly shows that the shiclding 3 not ovactly
axtally symwetric. despite the fact that analvsis of the magic-unghe spinnmg spectrum
vields 4 =0 under some conditions {36}

220 Magic-angle spiniiing

Magic-angle spivning (MASY involves rotation of the sumple about it uxis
mefined at the mugic-angie {1, =34.74 y wil respect to the direction of the exiernad
mugnetic ficld B, This method is commondy used in solid-state NMR spectroscopy
to remove Lie Hine-broadening which i coused by anisotropic interactions such a3
shiclding or heteronuelesr dipolur coupling 112 20L In the extiome cuse where the
spinning speed is much greater thin the widih of the spectrum due 1o the anisotropy.
MAS vields @ single line ar the isotrope shift for o single type of nuclear site, but
ali information sbout the amsotropy 15 lost. However, if the spinning frequency 15
less than the antsotropic spectral widihe sidebands foins around the isotropic peak
at intervals of the spinning {requency. This is often the case Tor "Ha MAS NMR
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spectra. since the chemical shiit anisotropy 15 _ﬁ'cu_a'-"lih' 50 I‘-irgc that it ix impossible
to spin the samyple sufficientiv rapuliy 10 remove it Lmup crely. Thiy resvlts inoan
effective reduction 0 sensitovty, since the intensity of O R uun‘omw UL
many peaks in the spectrum, This is one factor w vivy of

S (icq}%te ine fucl
soeier { Tabie 130 11 has bamn

detection for "*"Hg NMR spectra often being loss 1i11:;3 that of
"He specinu at low exerral mugnstic

that the xccc;;t'w\ of "%g is more than Hve times

suguested thai it bs sdvantageous 1o oblain ™7

ficld strepgih. since the frequency -\"'d*h of the spectrum for g given chemival shift
snisolrapy and asynvmetrr. and hanee the nembor of obseried sidebuaads, ts directly
rroportional 1o B, [381. Hm\r’\c.. the signal inteusivy I= also proportionad Lo the
ropulation difference Aw, betwveen the ¥ and B spin states of the nuclews, which
in turn proportional to B {14]

Abg =1, —iig = NoAB, 2T 1317
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and 1o other factors dependent on B, thus substantially reducing {or perhaps even
ehiminating) e advant.ze of using lower tield strengths.

The imortenee o the accurate setting of the angle in MAS NMR spectroscopy
has been chos by demonstraed in PYHg studics. The earliest published high-resolution
solid-stutz PMHe spooteom was that of mercury(I1) acetate, and this exhibited an
extensive spiv tg siccend pailern in which cach lne showed a small doublet
splitting [3%, This -plating was inttindly atistbuted io site inequivalence or disorder
i (he solid [ES 5250 bor oot wis subsequently shown to be an artefuct caused by 4
deviittion of the \iJII‘}”'“a_ avis from the magic-angle. which easily happened with the
Andrey - Bearae ootar 30,607 With the move accurdte angle-setting capa-
bilities ¢ medai o speo venselers. this is unlikely to be a common problem in future
wark, i the gbowvs studies lueve earty established the importance of accurate
angle seiting {to al leo o3l Vin MAS experiments [36]

3.3 Cross poftrizaii.

Cioss polor EZ-\AUO'I {7y has been pnsed in combinatiion with mugic-angle spinning
(MASY i many TTHL ’\'MR sundtes. OF invelves the transler of polarization from
A ahBiGant SpLL 5 m --_;---==-|J!=- YH ) lo o dilute spin system (e.g. MHe), and this
m principle prodices o subaantad werease in sensitivity relative to the direet polar-
jzation (single-prda Blooe Ghoiay) evoerimoent. primacily for the following two
reasons. Viest, the high roioi grvomagnetic ratio £ feads o a large polarization
of the proton spivs 110y abio. can be transferred 1o the mictal nuclel (X)) by
simultaneous radiol:. jeency rrediation at the two resonance {requencies for o
suitable coniact e FLi -ormally requives that the radiofrequency magnetie field
ampiitudes 8, and 2. w0 adjusted experimentally 1o satisfy the Hartmann Hahn
matching condition

i - -
chn 2T B m xS F oy {3}

This resules in equal precession Pregquencies for Hoand X {ciy =004 about By in
tien respective retiating refvrence frames. and allows polarization transfer fron the
prates o the metal nuclen, The maximum theoretical ncrcase in the steual intensity
5,y = 585 dor X ="My Scond. CP permits a sherter recycle detay und therefore
aoore rapid dea acquistion, in the direct polarization method. the reovele delay is
detamiped hy the voin-kittie: celaxation time 77 of the metal nucleus X0 which can
Lo vory dung i the solid siuiz tn the CP method. the reevele time is detormined by
the proion V. which 18 invarisbly shorter than that of metal nucled in solids
Palannancdly, the combination of CP and high-speed MAS has o drawback

: hi G of metal nucler. Under lugh-speed 8 AS conditions,
the €I ~tifciency s wwy end iU is difficudt o ostablish and maintain the exact
Hartwana Hahn matea, The UP elfficieney an differenmt matching conditions can be
presefriced as o plot o steaal intensity versus Aro. the difference between the H and
X spineloek frogquencivs,

i ders o

Gy =ro g — ey {33}
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Such 4 piot &5 reforred to ws o Hartmann Hahn mmauching profle. At low MAS
lrequencies . the profile exhibits a broad plaiean due to strong proton dipolar
couplings. und the maximum signat is relatively insensivve 1o the matching condition.
However. when ra, becomes comparable to the H-H dipolar couplings. the matching
profile is modulaicd by g und s broken up inte a serics of sharp peaks with
maxima al Avyy = aen, where =80, £1. £2. cie. {61 This resuls in a stiuaiion
where the maximum signal is very sensitive to the matclung 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 pronosed o
overcome this problem {62, In this method the amplitude B, is varied tinearly (or
stepwise) with time during the contact period [62]. generating multiple mdrching
conditions {cach one dispiaced relative to the others along Ao} within a single
acquisition. This results It the reduction or removal of the osciilstions in the
matching profile. so that matching becomes far tess oritical. The total stenal intensiiy
15 then compaiable to that obtained 2t low spioning rates, but it is conceniratad in
fewer spinning sicebands i the specirum. A study of the spplication of this method
o the heavy-meial nuelei "2Cd and "“Hyg has recently been reported [64]. The
problems associated with the normal COF MAS method are vl iiluslml"d by the
M9 e specira of | NMey]j Ha{SPr),). The spectra at spinning rates of 4, 8 and 12 kHz
are shown in Fig 2. The /N ratic decreases with increusing spmnmg mic. despite
the improved aversging of the chenueal shift amsctropy., The Harmann . Habi
maiching carves Tor this commpound show that for exact matching {Ar, =03, under
the conditions used. the total signal for the 17 kHz spping rate s only one third
of that for the 4 kHz rate: a clear demonsivation of the limiwstions of single-ampliiude
CP MAS discussed above. The curves also show a decresse in the tota] signad
intensity with decreasing Aroy. As o consequence of this. the most favourable match
oceurs 4t Ay = e rather than at Aey, =0, and it is suggested that for ""He NMR.
the matching copdition should be centred in the vicinity of £y, A discussion of
the factors which derermine the optimum vaiwes of the other variables in the VACP
caperiment Is given. and i7 s suggested thet for a systen whose specirum has not
previousiy bes recorded. vatues of these parameters miay be chosen on the basis of
experience witit related compounds [64], However, il 15 not vel clear 1o what axient
the optimum expertnental conditions vary from one compound {0 anoiher and.
fram 2 practical vicwpoint. i may be better 1o obiain the spetid by using direct
polarization. with the sequisition of a large number of wransionts W bicrease the
3 N ratio. rather than by spending ¢ ot of tme opimizing the parameters fora OF
expeniment. This approach also ehnumates uncertainties W the unalysis of the speetra
which arise from possible cffects of CF on the fatensities of the spinning shichunds
though it introducss other problems isee Sectan 2.4

o

24 Spinning sbdeband aredvai

While the prescnce of spinning sidebends du2 fo chomicad shift anbotreny e
uits in 2 redoction i the sensiivity o detection oF she mdvdual 2
spectrin, It doas allow measuroment of the anisotropy puramelers, sinee
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Fig. 2. 654 MHz "Ha OF MAS spectrn of e N Hg P2 i spiniting speeds of . eha 8 and (o)
12 ke [reproducsd, wiih permision. from Ref. [641].

Vv contreband is ed

distribution in the spiuning sideband manifold is dependent on these paramelers,
The centreband s readily identilicd as the band whose position remains invariumt
s the spinming {requency s varied. A number of publications have discussed the
caleuiation of the spiuning sideband intensities. and alse ihe inverse problem of
determining the chemical shift or shiclding tensor parameters from cxperimental
sidchand patterns [65- 73] The main methods which have been used for the latter
problem are micmeal unalysis [65.67.73]. the sidebund inmensitv rutic graplical
methed [66.69.73]. or iterative caleulatious nvolving simulation of the intensity
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distributtan over the fuil sideband mandlond 167,70 -73). The List-montioned method
is cwrrently considered 1o he the most reliable, althiongh the other taa may b wselut
for providing approsimaic values of the shiclding tensor parameters. wiich can then
be refined by means of the verative procedure {7172 One diffficulty with sideban:d
anatysts methods coneerns the cases of axtal sywmmetey (5 =1 or near-uxial &
(0% {e sach situations the anisolropy may he obtained with cond accuraey, o
the stimulated spectrum is very msensitive 1o the value of . so that this parameter
s 1ot very decurately determined [17. "H 67701, This s well ustrated by the case
of mercury (1) acctate, where the static ™ Hg spectrum yields =008, but sidebun
anatvsis for several differcat spinning rates vields values in the range 000 &
{36]. By contrast. however, sideband analyus of the ™Hg spectrum  for
[NMe JHe(S'Prisl. in which the mercury atom lies en a threefold symmetry axis.
viclded i = (100 as expecied [64.73]. showing that values for axial or near-asial
can be determined in favourable cuses. A number of puhlicmions have consdared
other faviors which detevmine the accuvscy of shickiing ensor parameters abliined
from spinping sideband anabysis 3469, 72,751, ncluding the effects of cross nedariza-
tion |75], which we discussed in more detail below.

One factor which may adtect the accuracy of the purgineters ebtinied in spinning
sideband analdysis which has not been ghen mouch copsideration to dawe 1y (e
variution in the degree of pelarization of the nuclei over the full frequency manae of
the spectrum us a resull of ihe fnite width of the pulse used in =i D ERCILHEION Process.,
lor example in spectra oblained by divect polarization. With bighter nuclet which
tave small chemical shifi anosotropies. the freguency raonge of the speciram is smil
in comparison with the {requency range of the pulse. se 1hi- probiem does no
generadly urise. For heavyv-motat nucled such as ¥ Hg. however. shiclding anisotrapizs
A6 = 5000 ppm or higher can oceur. and the question of whather alt of the nuclket in
the swimple are equally excited tov polarized) by the polse needs to b . onsidered.
The fregueney distribution of RE magnetic fieid ampiitudes ¢ the form
st [y - vdrh mve dr B =eentre {requeneyt 1, SUIETe-
wave pulses so that a pulse of duration ©, has an asscclated spectrad range of the
order of 1 ¢, {13} Since the signaf strength s directly proporionat o the strenglh
af the mclml‘iuaumcy ficld used 1o bring ahout the polarization. the disivibution of
intensitizs in the specivem should e modified by the sin v v funa ven above
fthough phasing compliceiions also existy The sinuation for the dires i
specirum of HafSOUN . s lustrated in Fig, 3. witieh shows iz specira of
using 1 ps and 6 ps pulses. While the spectra jock quine similur. there are
in the integratad intensitics of corresponding sidebands 111 the spociie %
mdicated mere cleaviv m Fig, 4, which shows vhe ratios of ihe smensttes of corre-
sponding peaks in the spectra. Also shown inoshis Sgore are tiw theeretien] ratlos
bued on the s frly - v frt ofv—rar, factors for the two pubse durstions. This
shows, for cxample. that the excitation of the »
tstdeband mumber T1) by the 6 us pulse Is only .
ruise. The imtendty rato? irom the lines in the speclium : noru]
trend a5 the theoretica] prediction. bui there are also consi deviations, presuml-
ably due to measurement errors (elibor 1w the acquisition o imggraion proegsses)

el
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and:or 1w the noie Wevels In the speare. The intensities can be partially correcied
by dividing the individual stdeband intensives by the appropriaie sin vy excitation
profile. and the effects of this on the catculated shiclding tensor parameters are
shown in Table 2. As expected. the anisotropy As and the asymmetry parameter i
incrcase after the correction i3 applicd 1o the £ ws spectrum: anything which reduces
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Fra. 4 Batie of the intenssiies of corresporl itk 1 the &g and b speinac i e 30 TR vostitues

Ise slons the theoratieid retio hased i the Jilferent ewiidtian prodiles Jan the Lo pulae daraions.

the intensity of the cuter sidebands it the spectrusm redative to the inner ones resahts
g=0Fn=

in a specirum which is closer to thut {or an wolropic sysiem. for which
£, The flects of this correction for the 1y pulse spectrum are neghigible, sinee the
frequency range of this pulse §1:7,= 1 MHz2) 15 much greater than the speciral width
due to the shiclding anisoiropy (ve.As 2 0.2 MEz). For the 6 s spectrum, the effects
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Table 3
Calewlaied "™ Hg shielding weasor perameters for HaiSCN 1,
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* = difference hatwaen measered and cofeulited sideband mtemsatics.

of the correction we mare significant. although the expectation that the parameters
from the corrected spoetra for both pulse durstions shootd be the seme is not very
closely reatized due to the cxperimental crrors in the sideband inlensities which are
evident m the deviations of the intensity ratios from ther predicled values {Fig. 43,
Nevertheless, the resubts discussed here show that the pulse duration may have an
influence on the shietding parumeters obtained from spinning sideband wnalyses.
and that 11 is Important 1o state the pulse duration used to oblain speetra when
reporting the results of sach studies. so that the eifects of this variable can be
asscssed.

A funher factor which can aftect the accuracey of the determinition of the shiciding
tensar components frem spinning sidebund analysis of MAS in the case of CP MAS
spectra is the effect of CP on the miensities of the spinning sidebands. It has been
shown that CP MAS spectra show deviations from the imensity distiibution of the
sideband patterit in comparison with the direct polarization spectra [ 75]. The evalua-
tion of the principal components of the shielding tensor by sideband anulvsis thus
involves o systematic error, The reason {or the sideband intenstiy deviations is the
antsolropic magnetization of the X spins coused by the Hartmann. Habhn mismatch
anisotropy. as well as the antsotropic CP rate. and the anisotropic relaxation rate
of the 'H spins in the rowuting trame. ‘These effects result in a progressive reduction
in the intensity of the sidebands with increasing distance of the sideband from the
point of irradiation. Two methods were proposed 1o avercome this problem. The
first 15 @ miodified pulse sequence called muitiple-contact isolropic cross-polarization
(MClL CPy. while the sccond involves the use of an empirical intensity corrcction
functien. The best correction function was found to be of the form sin vy {note
that this ts the same as the function reguired for the covrection of ntensity deviatinns
caused by the intte duration of the excilaiion pulse in direet polarization cape: linents.
see xbove). A combination of both of these by recommended to reduce the errors
involved " spinning sideband analyses of CP MAS speeira [75). This approach
does not appear te have been applied o the woulysis of g CP MAS spectra.
despite the fuct thatl the errors are expected o ncrease with increasing chemical
shiit amsotropy [¥5]. and so should be most severe in the case of neary-meial
nucleus NMER.

Relutively few "™Hg MAS spectry have been reporied which invelve indirect
spin-spin coupling 1o another spin-1.2 nueleus. such as S'P. Qre such spectram
which has  been  desertbed  recently 3 the "Hg CP MAS NMR  of
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FHg(PCy;(0OAc):] {58]. This spectrum: consisis of a centreband and spinning side-
bands, all of which are split into doublets by the 'J("™Hg ' P) coupling. TFhe
spectrum was anzlvzed (o vield an isotropic spin-spin coupling constant. but ao
analysis for the anisotropic ""*Hg shiclding tensor components was siven. As dis-
cussed in Section 2.3, the """ Hg M Py coupling would in generul be expected to be
anisolropic in the solid state, but none of the programs for spinsine sideband
analysis described above are divectly applicable 10 the generad case of combined
antsotropic *'Hg shielding and anisotropic spin spin coupling. Indeed. such an
analysis is difficult for a powder sample without some assumpiion about the relative
orientations of the principal axgs of the shiclding and coupling lensors. However. 2
discussion of the AX and linear AX. sysiems for the case where the ¢ and J (znsors
are axially symmetric and thelr principal axes lie along the relevant internucicar
vector {and perpendicuiar to it} has been given [767. For the AX case, for example.
it was shown that the two trunsitrons for the A nucleus {one Tor each of the two
possible spin states o = + 12 of the X nucleus) have associated sideband manifolds
with clfective anisotropics

Astl = Ag, — 03D g {3

where =D -AS3 Af=J —J is the anisolropy @ Joad 0 55 the AX dipolar
coupling constant. Eq. (26}, Analysis for cach of the tvo sideband munifoids fassum-
ing thoy are distinguishable through J. thus yields Aey and 270 including the sigo
of the latter i that of Ji, 18 kbown,

{n most cases, the resudis of sideband analysis have been given without any
rigorous ainalysis of the precision of ihe derived parameters, Frequently. the shiclding
tensor components are gusted to a precision similar o that corresponding 1o the
locaiion of the NMR line positions. but this approach would ouly be justified 1 a
static-sample single-crystal study. In MAS siedics. the intensitios of the tuuds in
the spinning sideband manifold exhibit deviations from the theoretical intensities.
due to the prosence of noise in the spectrum and other experimental errors. and this
will resalt in errors in the resulting shielding 1ensor narameters. A procedure for
CAITYIRG Oul 4 rigorous statisiical analysis of such error- has recenily been published
{77). However. this undoubiedly underestimates the Grue orrors. since there arc
noimaty uncorrected systematic errors {see aboven

4. Survey of the dala

S 10 Anisorropic sfiekding consians

Prior to the advent of high-resolution solid-state NAR. aniorronie " Hyg shisld-
ing constants had been obtumed for 2 [ow compounds frem houdeorystal specirg
oy Trom solution-stute relexation Wine measwements. These rosulis ure suntmarised
in Table 3. These studie: provide usefu! roference dain for compounds such as
Hg(CH.i, which is pot a solid ender arbient conditions. and whose shickding
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Tahle 3
"UHa chemical shifts and shiclding feasor pormmeters from lguid-crvsid spectia or solulion-state
refiXatien Hine medsueImens

Compound {oryy — 4 (RPN [T A [t A {ppan} 7 Ref.
{ppmi) (P { P} { prmt

{Ee(Ci ). B EEY —2442 4883 0 Ti23 s A8 G {78.79]

HufCH 01 - Miis Tt 4500 1155 R R it tTE)

HptCH B - ooy — 908 SLEn -t S350 1400 it %)

Lt CH MY — i) - TG 4740 - MIRE S3R0 E 2D 1 [7H]

(HptCN® -3 - % 7 — 1240 s 6 Pt

* Fromi Hquid-crystal spectra.
B Front solution-siate relexation He meusuremen s,

anisotropy is in any case loo great Lo be readily determined by currently available
solid-state NMR technigues. They also previde comparative data for compounds
(c.g. Hg{CN),) which have also been studied in the solid state. A summary of the
resulls available to date Tor compounds which have heen studied in the solid staie
is given in Table 4.

As discussed in Section 2.1, no ab initio caleulations of anisotropic '™ He shielding
paramelers in mercury compounds appear to have been reported to date, Thus. the
interpretation of these parameters rerams largely empirical. The discussions which
have been published so Far are based on essentially qualitative correlations between
the shiclding parameters and aspects of the mercury coardination environmment. such
as the meroury coordination mumber. These correlations will be considered in further
detail below. First, however. consideration will be given o pessible semi-cmpirical
analyses based on Eqs (21} (23). The various structure tynes 1o be considered are
ilustrated in Fig 5, and for (hese it can be shown that p;=0 for i/ so thal
Egs. (21)- (23) can be writien 1 the simpler form

HE

G =40, 0, — 3010, £35)

G =0+ R =0 )G {36
vy + - SRS A

G ={1, +H, - e, {37}

where 1, = p.,. B, = py. ito=p... are the populations of the Hy 6p,. 6p,. 6p. arbitals,
respectively {these popubations can take values in the range ¢ 10 2}, and the notaiions
designating these as the local paramagnetic coniribudons to & have been omitied
for clariy,

For lincar two-coordinate compourds HeX, involving the g-donor (non a-donor}
ligand X. the bonding is mflvenced by cleciron donation from the o-donor orbital
of X tor X7 if HgX; is a neutral complex) into the Hg 6p_ orbital (the z-axis Iving
along the Hg-X bond dircction). and the only non-zero orbital populaticn in
Eqs. (35337} 1s that of the 6p, orbital .. This yicids ¢, = a,, =1.5,7 5, =0, Since
@, is negative, Eq. (24} this yields 0., > o, =7,,. It is assuined that the diamupnetic
contribations o the shielding are isotrepic, and so contribute equally Lo all three
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principal components of the shielding tensor, the above refationship shouid also
hold lor the (otal shiclding constant, Le. a,,>6,, =, Inspection of the resuits for
HaX, species such as Hg(CH,),, HalCON ), HeCl in Tables 3 and 4 shows that the
experimental resuls correspond closely to this relationship; the small deviations
from equality of a4y, and ., are due 1o slight depariures from axial symmetry in
the solid state.

According to the above analysis, the shielding anisotropy As (Eg. (6} for Hnear
HgX, is given by Ae= —n.r,. Since g, is negative. As is positive. Thus, As is
proportional {o the 6p, population »- which. in turn. is propertional to the o-donor
strength of the ligand. Thercfore, & strong o-donor ligand. such as CT; wiil result
in o greater . than will & weaker o-donor. such as Ci 7. and so Ag s predicted 1o
be greaier for Hg(CTH:): than for HgCl,. The resulty in Tables 3 and 4 show that
this prediction s confirmed. However, the large observed difivrence between the As
vaiues for these two compounds may also be partly due te differences in secondary
bonding mteraciions. as will be dl‘\(.Li\ﬁCd betow.

The above discussion appiies essentially unchanged to linear mixed-fizand com-
plexes HgXY. The only difference s [hdl the He 6p. orbilul populatien contains
contributions from both the X and Y bgands. so that As for HgXY will be
intermediate between the values for HeX; and HeY,. Compartson of the reselts for
HetCH,), HaCl, and HgtCHLICT in Tables 3 and 4 shows that this relationship is
observed experimentally, In fact the Ag value for Hg(CH O is vory close to ihe
arithmetic mean of those for Hg{{ H ), and HegCl. and the above analysis gives a
physica) basis lor this otherwise vapirical observation, It 1s perhaps surprising.
therefore, that the Ae values reported for Heg{CH X (X =CL Br. [y are all cqual
within experimental error (Table 3): an ncrease along this series might have been
experted due to the increased a-donor strength of X7 {as # result of the dacresse
in electronegativity from Ci to 1Y [81]. This effect is probably relutcd to o simbar
onz mmvolving the ™' Hg nuclear gquadrupole coupling constanis in HgX,. which
show ltle vanation with X {Section 2.4, The quadrupole coupiing constant is
propottional to the electric ficld gradient 2t the Hp nuclevs and. for & bonding
model of the type discussed above. this is siven by e¢=nrg, where o, i% ihe field

aradient duoc 16 a single 6. eleciron. Thc fuct that the quat.rmnk coupling in binear
MX, species is refatively mdepcnc'wt of X, desplic the increase in the g-donor
strength of X 7 with decreasing clectronegativity of Xo has been shown te he due to
an expansion of the ép. orbital rom X =Cl o F{30] This resulls in « afecrcars».: mn
¢y since this quantily is proportional to <r ™1, which compensates for (e incrense
m 1 sa that vg remainy essentinlly mdependesi of X. Baseally e same situation
s expected for the shiclding anisotiopy Ag=--n_r. sinwe 7 &= also propordonat
0 ™ . Eq. 1241, thus providing a possible explanution {or the apparent indepen-
dance of Az on X in He(TH K,

The type of anelysis described above for lineur Hg-,"_« SPCies Con also by anplind
1o planat three-coordinaie HeX,; compounds, For ihe cese in which all three Hg-X
bonds  are  symmetricaily  eguivalent, the Heglp  orbital ﬁt"pL:]?Tt ops - are
iz 0, =0 (the oy axes Jie in the HgX; plune: perpendiculas 10 ¢
Substitution inte Eqs. 135}-(37) vields s, =0, =05, o=4In, —u
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X‘- /x — -
X—~Hg~X Hg X-pg-X
f h
X X
(a) {h) {c}
e N
i . e
. L= oy
K ~Hg-X X7HgX *-g X
: gt .
v Y Y
(d) (e} ]

shanar. (o
distoricd emgomad phonar, ) imen with o pespendioabn secvmdary honshing isoractions, Lo lsear

Fig S Cannd imgbon e are it v seamie meroies 8 E oooyplenes et T 0 trmese

with Four mutuaily perpendicular secoadary bombmg mtoiectnss 1] paodo-fesralivdia

shielding snisotropy is \us Ag =a (1 - 1 Unbike the Bncar two-coordinate case.
for which Ae is ulways positive, Ad for 1he wigonal planar cise muy be posilive oy
negaiive depending on whethey w2, £ = ) 15 grester or less than b The only cowaplex
having a perfecty trrgonal plinar mercury cimvironment for which shrelding anisot-
ropy data wre available is [Hg{SPry]  {Table 41 [64.74]). For this complex. An s
negattve, implying that 1, (=np 3 <] This i chemicliy reasonable: for pure covalent
mictal- ligand bonding mvolving sp? hivbrid orbitids on mereury. s, =2, = 1. bui these
populationis are expecied to be loss thon this Bmivng value 1n praciice because (o
the degres of hgand-ic-metal churge vansier will senerally he ess than that teguived
for o pure covilent bond. and {(by the Hg 8 orbitad is lower in energy than the
Ha 6p orbitals. so that mare cleciron density will voside in the s orbtiad than in ihe
p orbitals. compared with the vilues predicted on the hasis of ideal sp® hvbridization.
This s demnnstrated I the closely rekved aysttm [AuCl]  (soclectronic with
HaCl,y, for which the s and 8p, orbital populadons have been calenlned (o be
0.86 and 0.33 vespectively (50, compared with equal populations pradicied by the
sp hvbridization model There i thus o distine and diagnostic difference between
the Hg shiclding anisotropies {or Tinear and vizond coordination: Ag should nor-
mally Be positive for the near HeX, geometry and negative for the trigonal planar
HpeX, geometry. in good agreement with the experimenial observutions, This. for
example. A for [Hg(S-2.4.6-PryC H L] (linear HeS, ceordination) is positive.
whercas that for [Ha(8'Pr,)" firigonat planer HeS, coordination) is tegative
{Table 4} [64.74}.

Exact trigonal planar HeX, coordination s rare, und {Ha(SPr),] is ihe only

1y . ‘i\ ¥ : I.\' --~. i - ; v - iy oyt rerrlond =y R "y, H . T
case for which ™ Hg shiciding unisotropy duta are avaiable. There are. however,
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A

several exwmiples of distoried trigonal planar coordination in which onc of the X
Heands is mare weakly bonded thun the other two. It order 10 Investigus the
couseguences of such o distortion on the shivlding parpmotors, caloutations bused
o i simple model have been careied out. In this moded the HaX, unit ies i the v
plane. with one ol the HeX bonds fving aleng the veaxis. The populittons of the
Hy o, and 6p, orbitals in the symametriead HeX, case mre equal andd are set 1o o,
The distortion involving a4 weakening of the Hy X bond wlong the v direction is
represenied by o reduction m the porulation of the op, orbital by w lictor 7 so
Ut it ds o Substitation  of the populations dato Egs 0355 1375 yiekds

TN ={r+ra—-ratie,. According 1o the definiuon i Eq i35

EXH IR -
T s A g Torr = T2 —a The vesuliing expressions for the slueld-

ing nsciropy and assmmetey paraniciers are

Ar={n 250t 2+ e, {353

L I N N N I ) 139}

For s 12 < qy the definmion (Eg (30 adelds =60 gan =6, 0 a2 4 w0 that
Ag = Dbt ey - 2 [ 18]

T T o IS I BLE ARy T {413

w dependence of Ag and i o s according w Egs (383 (438 Tar the case =003
veshawn i Fig, 60 A peometry change s asacted with the change 1n v, The region
iwear r=1 corresponds 1o g smadl distortion of tngenal HaX

wwrds o O

distortion. Associated with this distortion s an wcrcase in the X s X @
the X.bHig nit so that this angle becosines 18 when r=0. The chonge in the form
of the *phe spectvimn with chunge inoe s ifustrared W Yig. 7.

An bnportant aspeet of Ba 3% b s relative independency on e Be fact Tora
poplation # =035 Ar 1 complotely independent of v The reselis i Fig 6 show
thaet 1t this region &s i3 quite ifsweisiive to the dearee ol distortion froas Ure trigonad
stieciure, whereas i is strongly aticcwd by it This sppoars to correspond woll wih
ayperimental  observations for dstonied  three-coandi

toy example. the complex [Hg! 8- 3.3 56-Me U H

ate eompounds, Thin.
e oan Hedoco-

bl conga

crdinglion enviremuent distorted in the wnde dese
=100 pem and =08 (Table . By ocontrast, the closeho-selaied complen
[ He(S-2.4 6P 0 H D L whack bas almost perfoct trigonad plawa HgS
von [69], also vields Ads = - VG ppve. b : i
patametsr 23 (Table 44, Thus, the pradiction [
sepsiive indicuter of distortion Srom 1 S 1
W be bome aul by experinem, 6 ulse predices that bovond o
the distertion (=23 iy this example the sien of Ag swilvhes Trom he
positive, while » rematas Liose 10 b This apnesrs (o oecur Gy e gz of the vompday
THgdSPhY;| 7. which shows a stightly gresrer degroe of distortion than tha in
PHeiS-2.0 0000 CH LT 160 and which vields Ar 2 12373 ppm. o 2 657 {Tahle a1

ad mlane (M) viclds Asx

L cnogiling

Chthat g

soatad planar ¢on
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Argleenrone conhisiraticas gy thew vwa compouinds, but this

The swiich i b
betveen i

ol L s

R R
Lo poineip coamponents ol the shiclding tlensor chitnge continuously
aF g, - m, amd @, -a,, are

ot where the refutive magninads
ey rnd @ care interchanped according 1o Eg. (33 and an apoarend diseonti-
nuits i AF occuin which e an ariefuctof he defimtion s of i shickding conmpoienigs.

A oai ihe

\l-

A uiernatnee s desortbing the anisotrapae Yy shiclding pavameters is viz
e span and skew s (A end CE7 1 o deseribed cirtics in this review, The
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svapeh whead tronad coordintion dodbh oeveboe axid ﬁ_\ EHICEY a7 T,
and beese vichd £ Beiomb o  Frhneoarror we ) davpenad ) Far the adel of
tha €, dbdoriod Nt Nostretaee disenaad above te skedmition 4 g (101 corress
tr bt et and e cquutions corre-

It

L |E‘ E‘:“L.‘

prakicls e e w

spomding ta B
2 miri - 1)a, t42)
wo={ fray b s {43}

@y and the paripncten
shives that £ chanpes

The vidntion of the <hiclding tensor components s,

Lned i Por e vase w0 003 gre shown in Faals
coltrineshy Mror 25 for bngar coordingtion i 0255, Tor ngonal coordima-
ton. while w0 chinees comtinuously Trom + 3 for Saear coordinaton o 1 Gor
ok vatorally o dhe chosge in (he of woceurs wmder exactly
g Ohand Be, This s
Al or the compounds listed

tinomd coarding
e s condifions as the change o sz of A
also evident From the values ol these paramicicr 8w
i Table d

Liveur two-coordinate compleses [N olien show scoondary Bonding imter-
actions ty eads whick e perpendendary o the X g X avis (the s-uxas), For the
acise of aninteractien with o sieele fppand ¥ owhich ties onoa dwolold axis passing
trrotais dhe Hg atom (rthe peasis) the opo orboial bos ;'i('l;)l.!liilitl."l i due to bouding
sath the two N dizands, aod the 60 arbitad bas o =il population due 1o bonding
with the Y !ig'.mx_r. W othe Gp, ,)l)pllidl!i)tl toset cuund toopae then this situption
sds fo the one adready discussed above for the strongly distorted trigonal
coordination crses which sesuits i Bgs 403 and 1 41, The isofated linear FleX,
Cilser Correspoad o Ul i this resubts e foae ;umw ¢ Ar' and g s B as expected
b G for ek dngerpctions with ahe thaed digand Y. s boand this wesults in g
i A oand anomereise oy P 0n Note thy L\}ilii';i\l with the cuse of
distortion of Pl fram Dy senumetry 2 P oahiore Ad s guite Hisensifive to the
depree ol distortion. The asuissis for bhe cose 1 lnear HaX . umit jnvolved
mds ¥ owhich He o ll @ r-itsds and on opposite sides
of diwe T v s cssentidly the spme ws the vaw adv dincussed sibove for the
Baned ¥, and sedad Ha ScON 1 muy e considered i an
seohves two strong. collinear Hy Se
dctions perpetdicular o the main
. i = M (Tabiz 4 This can be
ieh there ore no secondoary Hp 5
fable 4), The decie:
dneonevondury By \k miu.nlim'» n
svdieticns 1 e 6, The sitvation for
frbily B the presenes o Tl Nointer-
wohian- bl o tu be wesker than the Hg Se
inersctions PR3 amd ave neglegted it dis Ot

i neverad cases of Toear FleX, coordinion mvolving secondary bonding, the
WEFHREC LY praamcder romns close toozere due Lo the et thal Ton

A

[N
LI

seconlary hondmg wo two iy

Hdargetion with o

NI H Y
50N,

I 1iw Su HI]l[\’f H!
i_t)llsln.h_t_l wrtht fhe cise of Hyg

ok [N and which uelds Ad = 11 S, g =007
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l'til.lu
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Ag and fne morease oy resaltise
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fomding to our limunds ¥ sympneerivaly ploced mlong the vomd - axes. The only
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modiication requirod o tie above treatment b than both the op, and G, orbituls
bave popatlations e Fhs vickds

Ag=mai ] i d - {44

Al mpui-.mi Tertuie of tiis cguition iy ity quadratie dependence on e e fact Ag
: i propodionad o {1 07 and this means that, Tor sinall ro Ag
'I”IL”\« with r. the rat: of decroase being approaimately pwice that which

mm.d cecur 1 1he dependenee on rowere Biear, This mcans tiai A s unwsually
st Lo e preserve of seeondary arioracimons of this type, an observation which
s born mude Defore g bos hitherto not been expladned 1101 The ovigm of the
guadratic dependence of As or robothe prosence ol thie Binury terms involving
prenlucts ol orbited pepulations {2 2, cte wr Bas 0355 {370 Other physical proper-
ties e not display suck o high sensttivity 1o the secondaiy Ponding interactions.
Por cxampic, the ™' He quadrapole coupting constant, like the focal puamagmetic
sitfcfding. depends o the He op orbital popudations, snd equations similar (6
Eqe. 135 L3 ean be written Tor the clectrie ficld gradient leosor componants.
Hovever, These cquatianis contyn no cross toons involving the orbitad popukittions,
aad e guuekeipole coupling constant s predicted to show only o linear dependene?
onflorh

One method off assewing he cficcis of secondiry bonding me Lhe solid state on
e "™ =hivlding pareniciers is to compare the parameiers [oF a purticular com-
poemd e solid sk soluton satex, So G e only companids for which such
dala are wvatlabbe wee FIotODN oy [RO0E2] amed BlgtCUH 7R850 In both cases
dovieane 11 A b observed trom the sobetion e the solid state CTables 3 and 45
snplyiog i secondiry bonding interactons i the solied arve stronger than those in
sefitan, Contirmion of this conclosion i Uie e of HafCTE can be oblined
et Faanan memsaioien s, which show thad the o 3TeX 0 and o HgO ) wbrationd
ol ceen w dosver fregueney in thye solid s in solutions of this compound in

ST

a range oF difterens aalvonis fEVL

The case of dedd tetrahedral HoX, coordination oo purticatarly sinple ong; 1he
puniiations g, o, are all egual e this case, wnd Egs. (33} (373 show that ol
theoe princtpal comrponents of the shielding tensor shouid be the samue. so that Ag =
g0 The enly cases reported we daie which show po detecluble depariure Srom
olropic T e shiclding are for PHe0ON L complexes in which the [z atoms
vecnpy crestiloseaphic sites of cobic symmetry [RS8 However, Ag vahues Tor
al complexes of the bvpe [Hel o (1= S-denes Yigaad ) he in e ranse - 241
L {;r Hep (Table 4. These non-zore As vitlues must anse from distoertions of the
covaronent from edeal fefrahedea] grometey, In faey, ddead T, syiametry s
ipriibhe wath the nom-bnear He 5 O seomelry which ocours i these com-
A the Jow vabeie o Aa Tound fop K JHRCSOR L] shows that this s not the
prinay itnse of e rebtbvely Tarpge Ac vatoes i the othor complexes with Hgs,

R

pleses.
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coordinaion enviromuents [E3L T appeaes hal Ae and oy are deteemined primarily
by the arcangement of the wloms dircetly bonded to the Hg atom, awd that the
position of the other atoms w the hpands plins 4 relatively minoes role. In
FRe{S'Bula, the Hp atoms are present in a distorted HeS, coordination cnvirenment,
the Hg wtoms being linked wr one-dimenswonad chains by pairs of doubly-briduing
thiokale Nigands, The Ae value for this cise Bes within the svpe gnoted ahave for
HeS, coordinaton, The povalues vary over the wide range 0 €5 B the ahove
axamples invobving distorted TS, coordinanion, cad there s no staple relationship
Borween the A amd gy valnes, This s nob unexpectad, since o vaviety of dittorent
Kinds of distertion from Uw ideal tetralicdral e, enviromuent arve possitic, and
fe aktempt s yer been made to correlue these with the shiclding wisotropy and
ASYIRNICIrY Paknelers.

A somewhunt Lirger distorhon rom tetrthodea coordination peoinetey ocours in
{He 8P L i which cach mercury atom s bowwd 1o fwo teeninad and two
brickgiing thiohue ligands, and this s redlected o the Jarger Ae valug of abow
HEOD ppm [ 74 The distortion s such that the § Hg 5 ungie involving the wrainal
thiokate Binds (132 3 is considerably greater thaa the ictrabedral angle (11 3, The
structure can be considered to be intermedete bobween one imvolving idea! 1etrahe-
drut coordination at the Hg atoms and one bnvolving two incarly coordinaied Hg
atamms in which only the wrminal thioleie tigands remain bound, the two bridging
Hpands having been removed from the coovdimtion eovironment. It has been noted
that the antsotropy parameier Ae provides ¢ mueesare of the extent of the distortion
Sroay ideal ietrabedral coordination {741 The As valoe is 27% of that for the lincar
two-coordinale complex {HefS-2.4.6-8r O H,LL whereos the 8§ Hy 8§ bond angle
L1323 1w grealer dhan the tetrabedrnd anghe by 22 which i about 309 of the total
mcrcase of T LG Lo 1RO ) mvedved i the trmestlion Tromy tetrbedrad o hacar
coordination,

The complexes [HgtMeSL] d JHe{ES LD (i 3 5 dimethylnymzol
L-yhyhydroboratel are exumples of jour-coorcunie complones involving mixed
Bands, The ligand L provides three N-danor sitzs, and dhe fourcth coordination site
iy oveupicd by the thiokale (S-donor) lisand, An NyHeS cocrdination eavivonment
of local C; symmaetry was proposed on the basis of the soliklstute "™ NMR
sosubts [S8]0 Some koo of the Factors which dutermine the maephiude el sipn of
thy shictding anisotrony can be obbmmed by mcass of an anabysis bised on B, {35)
{37y and o simphlied moded of the bouding in the X;HeY satt, This model mvolbves
four sp* hybrid orbitads, three of which bave an oveupation @ due o the Hp X
hondinan, aod one of which hos an occupation b due o the He ¥ boud, The Hyp 6p

orbitial pupelations are n, =w = al i ta - 3004 vicldog
Mg 3ty by - n’)rrn i13)

Since g, is negaitive, A s positive i1 b= o This will be the case i[TY W a stronger
evedonor than X0 as & cxpedted 0 be the oase for the mixed pymzobylhorae thiolate
{ N8 coordinaiion) compleses diseussed shove, siree mercusy b o partivakarly
sreng alfingly for Uaolute Hgands [26,271 This 35 consisient sith the favge positive
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A ovabres observad T these cotapheses The abose preapmuent axsuemes that o of
the sipbes diy e snedel XOEe Y st e egnal wo the teirabedral arehe, F this
?':.’xl:it:iu’] [ iit'tut! while mi! prnzaiming e averioh O sypunctry, by serting Wl
thice X e X asries cquab ooz then Lhe onby ofaeee e the Dctor 32 0n
Uy (453 1= reploced by - 3eon = 01 cos x) Vhis Bictor will ranam positive uniess
the disiordon from tetrebedral geometry is xutioently seeat (o reduce 2 to o valie
loss than 9 .

Clearly the analvses deseribed above, bised on Egs, 135y (375, contain severad
pprosimations and Geempeons. Fhe mewt severe iimitation wvolved o these
egitions s the averups ewelagon cRorgy approskntion. and the suceess of the
prosoid anproach stmets dhat A8 doos ot vary el besween the compleses

conceried Fertier work boreonived 1o estabbish whetler this i the chse. However,
the fuct that semay of the experimental observations cai be rabiondized by awans
of thin approach fonds supparr to the Bypotheses that The shiciding anisotropy and
HsyTRInetry prranieiers e dominsied by vieaiemns in the orhital popuiation faciors
of the loval paramagnetic terme, and sugacsts that ol east a seini-guantitative
approsch o the mteipretation of these parnmcters is possible, resulitng in useful
iasiglits. Severad more cinproical discussions ol tie correlation between the aniso-
tropic Py shickling parameters and e structuees of mercury complexes. mostly
deating with compicaes wvolving S«<donor hgands, have been reporied i the past
Fin otk S48 A numsber of the points covered 1n the anowe treatiment are inhercit in
thyse correlations, e.o tiwe deereare in the maugnitede of Aer from Huowr MX; throeph
tramonal pliir .~.1,x\ o totrahediad MM coordinanon, However. there wie tnconsisi-
saces u b sige convenitions for Aa betwoon dilferent studies whaeh tend Lo obscure
tmportaot posnes such as the chitned o size which: cecurs inthis quantity {as delined
kereind sopeong fvom Iienr o brisonal plangy peometry. On the other Band, ihe

Autn congh Tty

thieswe correlutions el that the anisedropic P g shicldmg
marwiiets o ceosbie o veeliny information ahoat sreciare and bondimg m
mereury corprhedos s cortrin®i vatid wad I it sepporisd by dhie tore dutaiked

spiyses preseuted B HRC Presem roviewn.

J2 Baviepic vhseliding s

Acvonding 1o Ty 3y {370 e betropic shicldimg due Go the Jocad pornsgnetic
term s
=0 M| 2m, v 2o s Dae oo, om o, - ey {40}

~
e K

The main ideniised strecture 1ypos i arsociaiod bnorbiiad pepulations normally
cheatitioied Bnmercury complenes wren boear Xy (o, = e, ) trigonal
planpay X (o e cnon U and Geivabodead HpX == o=, Subsii-
teion ko B0 viekds  the following relitionships for O=net-
b o X, }ﬂr,,, CHeX >, fepRGr witl the latter swo beeoming egual lor populi-
dons s 1 The predickion S T TEgX, compluses widh show the greatestUsotropic
shivtding i.x well horne cat by the resuits fir Toble 40 b e sotropie shicldings for
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11X spreien wre geoerally wreaier du those For BleX . This i probably due to the
et that, ax the merenry coordination sinaber nevcases, the Hp X boands becomg
weiker, so i the populadions o decrense with mercastug coordinition number lor
@ given Hgand type X, Since the predieled jsotropie shichdings for X, and HeX,
are ot very dilrerent for #z 05, o s possible that the decrease in 1 lrom HgX,
and HeX s swificien! o reverse the order of 4, for these cases. resulting in the
cxperinenially observed ovder o HeX b oo 0 HeX 0 < n, (HeX G This cehiion-
ship is more likely to be followed 0 series of comploxes with closely reluted
Lgands, The complones i S- 26800070, M), [igd S 2bo P by and
THES2-Phe MY (@, o, = 10013, 207 and 433 ppme respeetively, Fabte 43 pro-
vide o nood example af 1his,

by comparing shiclding copsamts for compleses involving significantly diflerent
lipands. consideration must b givent o the fror that these constunts depend on (the
meture of the Heand thraugh whe g 6p orbitad populintions. This i true Tor the
sotrapie consianl { B, (ady as well g for the anisolropic constints (s £35)
{375 Tor the dmear HeX coses B o) yvickds o, -0 2 0o compared withi the
corresponding expression for ihe shiclding anisotropy Aa = e 0 that o plot of
AT vy, - e shosdd by lnear, witll o slop~ of - 1.5 Soach a plot for a roange of
HeX, und HgXY compounds in Tables 3 and 4 is shows in Fig 9. A reasonably
linear relationship s indeed observed. but the stope ix - 2.2, somewhat more negative
than the predicted value of -- 13 One possible reason For this more nepative slope
is the presence of seeondary bonding. It was shown obove that such interactions
Jead o reduction in Ag LB (440 amd o simdar anairsis using B (400 shows
that e, should decrcase as wetl, This would resoll tn the Maplacement of poinis
towurds fower As and g, Since the degree of secondory honding nereases will
decreasing a-donor strennth ol the ligands X and Y oinvolved in the piinuy X He ¥
Bandie tsee aboved. this effect would vesalt in w more negative slope Tor the line in
Fie. 9. However, 1 scans Bkely that ddlerences in the detatds of the seeondary
bonding would Jewd o devinions feam the Bncar relaiionship, and this may be fhe
rewsae Yor systentiae deviitions which appear to occur Tor the X - RON comonnds
agish, wo g esser cntout, dor the X ON componmls,

Another possible reon for the imeretsed negative stope of the line n Fig. 9 s
that there are eoniributions 1o n, frem terms other than the locd paramagnetic
ones. Thus, Wrms such ax those arising from the Fermi-comtact mweraction, which
are deternined B oclectren dendty in the Ha G5 ool conuibute equally (o the
anisotrepic siiebling pardmeters oL a,- 6 and so do not contribute st all o As,
The contribulion of such termis 1o g, should be proportionat jo the Hg On orbita)
popoittion. which bs expected {0 moeese il e Hyg 6p popsiavon, Thos, the
addiniona! shacidine avising frow such terms will be greater Tor HaMe, than for
HeCl,, Tor example, implyieg that the duta in Fig. v are displaced 1o the vght by
this oflzer, aad that the extem of s displacement decreases with mereasing oy,
This would s exploin the mercase in the aepativi slope of this graph relatise to
Hut orvdicted by the modet ivelsing locwd puramigneiie s only,

I net posdable ot this stage 1o determing which of the above clliets is more
Enporien 1 aeouniing for e observed deviation in the slope from the predicied
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il shieilor ilery i o otpe cxphiiidion sucl oo brenkdown of he
VIR CACKNION SRy apPTeamibe R, oF 0 varialion e e average oxcilalion
eneray ot one compiss e anntbor, This can probably oaly be determined by
theoreneat celenkiions of the shicldine paramueters. Howoever, the faet thae the
relitionship in M 9 corresponds reasenably well 1o e predictions based on con-
sideratiog al fecal paranageelic effects alone supports the view that soch elbeets

gl s dominant vole i e satropie ad annotropie shielding,
Sinee the fsotropie "' chenswend Shif can by casily insd accurately mesisured in

titl sodairore and o soinlbatale specteas and fs s

sinve bo the e coordiniion
civironment, this paramcter provides o means of detecimg changes o struciure
Porween those Do stetes, One eample of tis invelves the comples [Hz (SPhF

which bibs o brisdged dimerie stracrore wivh o disterted forr-coordinate cmviironment

ad the mereery ators b dhe sobid <tne, There inoworediction i, Teomy 368 poay in

the solid ro 206 pomy o dimethy Bosiphosice woluion, and s B been aitrtbuied

B
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to . disseeiation of the dinwy iato {DEtS8Phiy|  monower species in solution [#4].
A rekated example fovobees the compound Hp{S'Bu}, tinlinie polymesic; Tous-
courdinale Helo which shows an increase 1 gy, - o, lrom 665 ppim in the solid o
793 ppiw i chlorolorm solution. This increase was altributed 1o & dissoclation into
a species involving Bnear HeS, coordimation T8 The complex {Hg{SCH,CHLE
tlour-coordinate Hg) shows an invrease oy o, —a, tom 485 ppm in the solid to
369 ppmin dimethybodphoxide solation. The prosence of a dissockdtion renclion
involving loss of thiolate Hgand was demonstraled Ly the fer that dw shickdig,
decrcases when excess thiolate i wddad to the sohttion [IG]L The inerense v o,
ppoi dissalation s sorowhad surprishig, os dissoctation of one thioliie ligand would
kaud 1o the three-coordinute JHp(SCHCEL) T spectes, Tor which 2 seduction in
shiclding is expected. This result sugeests that the dissoclation proceeds Durther o
give the neutral twoe-coordinete {Hzt SCHLCH,LTE compoud, and that the salation
shiclding constant is an average nvelving specics with two-, three and possibly
four-coordinate  mercury. The  "Hp shiclding  constani prmsaved Tor
{HafSOCPH), i solution to,, g = T30 ppm) s aech farger than that o
JHe{SR) 7 (4, < 350 ppan o the sohd state), cven thoogh both fypes of complex
have planar HeS, sheletons in the solid state, and this was sitributed o an interaction
of the wmercury atom with oxygen atoms in [Hg(SOCPR)] - [90]. However. this
interaciion is quite weak. judging by the long Hz O diztance observed in the crvsiad
structore of the [PPhy] ' salt, and by analogy with the resuls discussed in the
previous example above, it seems likely that the high shiclding in soluiion is due
partiad dissociation o two-coordinane fHaiSGOFhLE The above reslits iustrale
how data obliined Tor well-chareeterizad species in the solid state con be of use in
imerpreting sotution-state NMR daun

4.3 Kpin spivr canpling

Suhd-atate NMR sttios of mercury copounds i which spin spin conpling (o
meriny is observed appear to be restricied o the cases of coupling with PO, 4P
and Se. Most investigations have dealt with the case of Wi{(HeP) coupling. and
these will be considered first

Single-cryslut VP NMR  sindies have been reporied  for the componnds
et Py WONG L3 130T and Had PPRULENOL), (571 These hove allowed the derernii-
mation of the "PHg 0 S tensor for the Hy P bonds in these compleses. These
spectra shaw an apsebropic sphitting of the ™ Hyp satelibes. and the orientation-
dependenve of this splitting v be analyzed (o vield the " He 2P direct (dipolan
widd idirect GF) coupling tensors, The satellite line spacing Av b then given by

av=d- DEicon -1 (47}

where 07 oo the effective dipoluy coupling constant 5= AL Dw the
M T dipokar coupling consiant HEQ- 02600 and Ad =T - s the anisotropy
i ENoe that any sesymmeisy in J s geacrally znoved | The sotropic, or sealar,
conphing constent J s weasured Troae the 2P MAS spectram of the comples. ond
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FH b witdesehaled Frees ghe Pl T Boped fenathy ebdained fronn the M- ovystal strohes
shonbation of o f ed hoine from Uy soleopie coupling /. the
principal compononis JFoaed Jool F enn by t'h'ri\'u! T cube Ltlii}n'l reglilres
hiwledes of the stgn of owlich hos been shown te be posstive 911
of these § cters ehigtngd for the Two compivres montiangd nhm'c e
Fauble 3, together witly some cariees reaults chraned Tom 71 WNMR nw
an sl powder sapies 191 9310 50 s clewr Prom the duta that the anisotrepy in
the indireut ~:pii'a span caunding i substmrind This vesolt imdicates gt diadivecy
spin apdiz conphing neeoninisis i addiiion o he e 'u\,,u Fermi-eontact mechonizm
e ognemietaves Thete s oseme andation oo tee vidues o Tande S v bath S and
soowith Dneraasing Ty B homd strongth e mdicated by He P bond lenaeh
o the clectronsdonating ahilite of the phospianes dosor feand s, but 100 fow dats
reodetailad correlition beineen A and ihe

Ty, Vbl a0

SHFCTIL I EY

AT

are satlahic to dite o oadow oon
Lonrthinttie chy g annt,
yopraneiple the Jomisotropy can s b Hnvestianted By sedeband asudvsis of
THg MAS O ONMR spectta ol compiexes wiich show Mg Y coupling
; The vevossury theory has hum published for AX and Jincar AX,
Bor the caae wiere the g aind F oo are axduily symmetric aned ther
i adony e el intereuckear vector fand perpendicubar to i
MAS seoetrs Laisg been reported which invebve tndivect spin
Spia coupiing o gundber s 02 puelors wsd pote bave yet heen published for
compantsicl. weth fle Toor collinear P g P bonds inan axiably symimetcic caviron-
aent The anly compeund in Tabicd which imvabes coupling o P
DL POy HOAC B the P e CP MAS NOWR speetrinm of this compics consists of
a centrehad pnd spunnine stdefuids, sifl of which are spliv ivto doubleis by the
VAT Ty eonphing, The notiopie spin spl couphing consdant o 8220 12 b

weasdily obtzmcd fronn the sepuralion of he tae

in

culrebinds. hot ro peesivads for the
ansetrepie HE Cuekding e components was atlompted {550 e el

vosiees Uil esists ss o doubly acetare-brideed dimer in
e serdied suites with s detoreed wetrnbiadrat O el coordination envirsament §asd ],
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e S princaad axcs wentionad ihove woakl be st Despite the bower symowetry
i the present comples, near cotncidence of these aes might be expected f the 11p B
bonding iy stecnger than Uwe He O bostdsayg, cousing near axind cvmmctry of the
Mg shiclding 1ensor, the princtpal asis lying close (o the g £ hond divection.
This would mantfest isell i a relotively krge positive A and & snall g valee (see
discussion in Sectton 4.3} Amalysits of the spectrum by the previewsiy pablisdied
method (Seetion 343 176] yvickds Ao = 2347 ppoy, 0000 and AS 50 LNz The
cxpectations discissed above coneeping Ao g oare thts et the vaboes of ey
paeelers are e Bwtovery st e those Tor JEler RS 010 - Me, B f-
fersd ASadmetbylpyrazob- ByDibydvobocate: Table Ay wineh have s MG Tes coondi-
wstion environmend in which the Flp 5 bonding 5 domvticet (Seetion 4 1), This
tends support to the hypothesis of strong He P bonding and the dominant influcoce
of (his boading on ihe ™ Hp & wensor i dhe present comples. The A valie s quilg
simiiar 1o those obinped Gom P NBE spectoo of ackated compleses (Tahhe 51,
demonsirating that such wformation is obtainabie Iromy spmvioy adeband snalyais
of "™Ep speetra s welf ag rom PEONMR speetra. Hosvever, thie accuracy of the
anslysis depends veviby o the quadity of the spectee,

Solid-stre ' MR spectra bave been reported for o mmge of merearvi 1)
compleaes with phosphine igands, The results of these studics e sunmiunzad in
Table 6. and these domonstrate how sech spectra can viekd information on tie
strucivre of compleses in the sofid stade, This is well Hlustrated by he VP CP MAS
results for T and 201 compleacs of pliosphine Bgands with saorcury ¢ 11 hatiles
195,901 The 20 complexnes off have mononoclear [LH2X ] sbructures, Bowaern
the NMR spectra elearly distiiguish between the cases i which the twe phospinges
ligands are erystaliographically couivalent and those b which they e pot equivalont
frthe selid In the cuse where they are eyivalent, te ™™g soloiines siniphy consis
of o doublet which s the A part ol an ALK spin ssstemn e [ PR L0
thable 03 Wihen the two Tigands are not ceysteflozraphicath, equivabent, an AN
pattern by observed, e, fHge PGB CHabhe 600 Lo sueh cises, the sncguivithenee
of the twe phosphorus atomy slows the observation of 2002 coupling as well us
LACEePY coupling. There wre o number of different possibic struciures for the
B compleaes. One v the dimcvie. dowbly  halogen-brdued  sbreture
[LE MO Hep-X He LX) and the MMR spocira allow o disiinerion e be s wde
Breiween cemtrosynumetrie and aon-cenirosynumersic foone of this strnetsre, T the
cenbrosymmelric fonm, the twe He 1 bonds are eguivident. amd the " Hg iR
cotrgist ol astple doublet which s the A part of fwo cqadn cfleint AN spin systons,
which display no magnhetic mteretion with cael other (die coupling via the halogen
bridaes is oegligible), cg (He A PPhyLCL] (Table 61 B ibe non-ceatrossmmednie
case. two deublets are observed. as the two Hg P bonds are po longer cqunalent,
coz [He PRRLBE) (Table 630 A ditferent kind of dimerie strocure is the lower
symmetry Lo Hp(e-X LHeX0rrnngement, This also gives mise 1o ARX patten,
et P PR Chable 63 B this cuse the spectram is Durther compiivatueed by
the prescace of Lwo crvsiallograplieally inequivaden dinzers in e dsyimmetrie it
st i bwo ARX patterns sre observed. These obscrvations aflow the determinaton
ol slructural information tor complexes whose orystal structures Lwve not been
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In addition to the sunellites aiddel vicld the W™ el conpling comdaniy fistod
in Table 6, the 1P O MAS NMR spectn of It PPE NSO E8 L, 1)
alsor show brooder saleflites wlitch ove Deew witnbaded S 0" Ml eonuphag |22
T speviewms of the fodide is shown dn Fig B These compornds display essentally
Lnewr P Hp X woordiaton, Toy which ke Hy quadrep e conpling constanis
= 00 MMz are expected {Section 243, The splittioe pateerns i the MAS NAMR
spectra of an =1 2 nncleas coupled tooan £ B 2 nuclens have heen discessed by
ntiiher of authors [97 T02] Meoeer and Yeeman e repoiied caleulations ol il
line positions I the spectrim ol an 4 < 7 nocleos coupled dooan /108 2 nocleres i
ivrms of the vindens coupiinge Cuvstans involved J97] Bor b vime where g spin
Fo1 ) packeus o T the aeadirapnbor aaviers e nietad o SE e oot
paiicieds e e meiab vaclear Zooman sdeenon A g8 U eesd nachor
auadpupoly coupling condit Ty the phosphioris el dipolin eoapling
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comstant B=1{ i, 4ui{ ey 7 hife o ie = the M- P bond lenging znd the indirect spin -
spin coupling consiant J. The latm of the spectrinm depends on the ratio R=D+J
of the dipolar io the indivedt coupiing constant and on the dimenstontess parameter

K= w3paH2— 117 (4%)

which # properiional to the vatio of the metal quadrupele coupling constant to the
raetal nuctear Zeoman term. The analysis has been presented For three cases: where
the spin 1. 2..pin 3 2 bGieraction s purcly dipoler. where it is purely scalar, and
where mixed dipolar scalar imeractions exist [97]. The last-mentioned case ocours
in the P CP MAS NMR spectra of compounds containing Cu-P bonds. where
asvmunetrie uartets we aormally observed due io coupling of P io the quadru-
polar ****Cu nuclel {(F/=32). In thi= case R lies in the range 0.5 to 1.0 and K
Yicy 11 the range 0 to (15 so the observed spoctra consist of asymmetric guartets [977.
For [Hei PPh I X1 R is much smaber than for the P49°Cu *'P case. and the situation
corresponds ware closely 1o the purely scaler coupling case for which o symmetric
guartet. with ine spaciings cqual to /. is predicted for the case =0 (corresponding
t0 cubic syrmmetry at the Hg atom). For complexes involving lincar iwo-coordinate
Hg. however, the guadrupole coupling constan! is expected 10 be much larger. For
# *'Hg quadrupote coupling constant [y1=700 MHz and u “*'Hg Zeeman inter-
action Z= 198 MHztB=7.03T). K =9, Eq. (481 It has been shown that for K> 10
the spectrum should consist of two jines with a spacing of about 1.63J {33.54]
Since J{MIiaPy U gl =" He) (™ He1 =0.369. the spacing ol the *Hg
satellites shouid be 165 » 1396 LI HgPy = 0.01 L™ HeP). which agrees well with
the observed spacing of the pair of lines assianed as the **'Hg satcllites. shown in
Fig, 10, The compounds THg{ PPh X NG vemun the only ones to date {ur which
scalal coupling 1o *Hye lus bren observed. although doublet splittings i
fARPPR )X | (isoelictronic with [He(PPhaX V) and {AutPMe X1 which have
been attvibuied to LU AUPS coupling ave also veen reporied [ 103 104]. A theoreti
cal ircatment of quadrupote effects on MAS NMR gpectra of =12 nuclal in the
fimit of large quadrupole coupling constants hus been presented. and the line
positions und powder lineshapes for coupling to an f=3 2 nucleus with parameters
similur to those cbserved for FPPh HeX ING, have been calculsted 154] These
agree well with the exportmental observations for these compounds,

There have heen relatively fow reports of the obseraation of scalar coupling
hetwesn MMy and O in the solid state. The data are summarized in Table 7. The
LI ETC) values observed Tor organomercury compounds are similar to those
reporicd for the same compounds in solution [103.106]. In these reports, comment
is made on the uncertainty of the rele of ' Hg in the spectra, sinve the ratio of the
ceptrebund tensity (due o non-magnetic sotopes of wercary) to the 7y sateliite
iniensthes is somatiioes less tinn expecied. The more recent resalis on the role of
e iy the P MAS NMR spectra of compounds with Hy - P bonds (see above)
may be refevant i this connection.

Perbiups the most remarkable result in Table 7 45 the very large value of
VI HeBC) in [He{COLE™ which s unprecedented v orguromercury chemistry
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F107], This coupling could not be observed o solution, presumably due o lound
exchiange processes [107] This Hustrates the vahie of high-resalution selid-stae
‘\JWR in providing dota for unusual and highly reaactive '\m\:f’

¢ P CP MAS NMR spectrum of mercuryi 1) acetale. HetGAch s ihe
incqui\'aienc: of the two acelate groups [T08) which wus subseguently verified by
an M-ray struclure determination [HW] The spectrum alse shows 20" He™ 0
sateliites on the carbony!t carbon signals, and - J{“"']LIWT 'y satellites on e methivl
carbon signals. This coupling 1s not evident i the solution-stote speotrum. despite
the murrower Bnes, because of the oceurrence of ligatd exchango processes i sohition
[ 1R} Shintlur jong-runge couphmgs ikne subsoguenidy baen seen 19 other mercury
complexes involving an acotate ligand [82] but not in ol such complexes wineh
have been studied (82 106]. B appoars that such couplings are w the i of the
resolution currently available in solid-state MAS \.,w.R SPeCiu.

Two studies of compounds with Hg Se ms“d«, by Ne AN NMR speoroscopy
have been reported {83 110] In HetSeCW L R He  Serf =983 D320 B would be
difticidt to measure this guantity in selution. due 10 the low solubitity of this
compauad, and its instabifity in solution. While the (™ Hg ™ So) coupiing is chearly
resotved i the 7 Se MAS NMR spectrum, 1 is not visibic auull in the corresponding
P Hg spectruni, becsuse of the sooster Hnewidihs jn this spevtrum (83) in
[Mic,NLiHegiSehi i xhich the Hg atom i dctrohedradly coordinuied By two
chelating tetrisetenide 180377 figands, seputate signals with asseelated sp
sidebuind manilolds are seen im ali clein Se stoms! Ve satellites are reseived on
all but one of these signals. iclding PV HE Sop=1220 3480 Hz  and
PUAUHE Sel 2330 Hz [U10]. This cen be compared  with  the  soluuon-

state  spectrum,  in which  there  wre only  two sk metd-bound
i';i.f{]"'”!'ig_"Se}! = 1263 Hx) and ring {no ™ Hg sateiliies reporiedy {111

innig
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8. Cenclusion

Five years zgo s review of the applications of sobd-state NMR spectroscopy of
metal rucke n organometallic and coordination chamistry quoled oniv three reler-
ences an mevcury compeunds [15) The present review shows the greatly inereased
activity which has cccuwrred in the last fve years. ang demonsteates thal more
quantitative inferpretations of the data are now powsible. Although this review 15
restricted (o mercury compaunds. the methods and priacipies invohed are of wider
applicability in the anabvsis of solid-siute NMR spectroscopy of mewd comploxes,
and it is expeeted that further developments will continue 10 enhance the utthity of
this area of spectroscopy in coordmation chemistry,
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