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The solid-staté®Hg MAS NMR spectra of HgX, (X = Cl, SCN, NCO, CHCO,, CRCQ,) have been measured,

and the infrared and Raman spectra of these compounds have been recorded and analyzed to further characterize
them and to assist in the interpretation of the NMR data. Spinning-sideband analysis has been used to determine
the1®*Hg shielding anisotropy and asymmetry parametersindy from the solid-staté®®*Hg MAS NMR spectra.

In contrast to the case of the corresponding mercury(ll) compounds, the shielding anisotropy is found to be
relatively insensitive to the nature of the X group. This is consistent with the view that the electronic environment

of the Hg atom in the mercury(l) compounds is dominated by the Hg bond. The changes in th#¥Hg shielding
parameters from the mercury(ll) to the corresponding mercury(l) compounds, as well as the changes in these
parameters in the mercury(l) compounds with changes in X, can be interpreted in terms of variations in the local
paramagnetic contribution to the shielding tensor.

Introduction

(i), the most common oxidation state of mercury in its

With the recent developments that have taken place in high- C0Ompounds? There are, however, a number of mercury

resolution NMR techniques for solidsi® there has been

compounds involving oxidation states lower thaiil}, the most

increasing interest in the solid-state NMR spectra of heavy- Common of which are those involving mercury{#2°> All
metal nuclefS Until recently, there were very few solid-state  known mercury(l) compounds contain the dimeric mercurous

NMR studies involving'®*Hg, but in the past few years, there

unit Hg?*, and these compounds are notable for being among

has been a considerable increase in the number of suchthe earliest characterized examples of discrete metatal

investigations:>1+22 A recent review of this topic showed that

bonded specie®. They are generally two-coordinate, forming

very nearly all of these studies involved compounds of mercury- linéar or near-linear species of the type-Kg—Hg—X or

[L—Hg—Hg—L]%". The results of earlier studies suggested a
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axially bound ligand (X or L),26 but results from subsequent
single-crystal X-ray studies have shown Hgdg distances in
the narrow range 2.482.54 A, with no obvious correlation
between this parameter and the electronic properties of the
ligands?>26 A simple view of the bonding in these systems is
that the Hg-Hg bond is formed predominantly by overlap of
the mercury 6s orbitals and that the ligands form dative bonds
via the Hg 6p orbitald? According to this view, the HgHg
bonding would contribute only to the diamagnetic shielding,
whereas the metaligand bonding would contribute to the
paramagnetic shielding of the Hg nucleus, so that a study of
the 19Hg shielding tensor for a variety of dimercury(l)
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complexes should yield information about the bonding in these polarization (sometimes referred to as single_—pulse excitation). A recycle
systems, some aspects of which are still only poorly under- delay d 5 s was used, and 15000 transients were collected (100
stood?? transients in the case of the acetate). Mercury-199 spectra were recorded
To date, there has been only one report on the Hg shielding with direct polarization (ks 12 pulses as judged via cross polarization
tensor in a mercury(l) compound. This involved a static single- [ & Sample of [Hg(dmsel[OsSCH,). Centerband signals were

. . located by varying the spinning rate. Recycle delay8 ¢ with ca.
19
crystal**Hg NMR study of mercury(|) nitrate dihydrate, and 20 000 transients were required to obtain acceptable spectra. Spinning-

the tensor components were ana'llyzed' in terms of the simplegigepand intensities were analyzed to yield values of the shielding tensor

bonding model described above, |nvoIV|ng predominantly 6s  components by an iterative computer program written in hduSae

6s overlap for the HgHg bondigand bonding of the two,& fitting procedure used a minimum of 13 sidebands plus the centerband

ligands with the Hg 6p orbital® This is not consistent with  and was carried out for spinning rates in the range 80000 Hz.

the view that the Hg atoms in linear mercury(l) compounds use Accuracy was limited by the high noise levels and by the fact that the

sp hybrid orbitals, analogous to the generally accepted situationspectra required baseline correction. Errors in the shielding tensor

in linear mercury(Ill) complexe®:27 Also, in the analysis of parameters were calculated_byapublished meihﬁdes_e are statistical

these results, the presence of occupied mdigand  and* in nature_and may un_derestlmate the t_ru_g errors,_whl_ch would al_so _have

orbitals was assumed, but molecular orbital calculations show SYStematic and experimental reproducibility contributions. The principal
o A componentsrs, 022, andoss of the °*Hg shielding tensor are defined

that sz contributions to the bonding in mercury(l) compounds ¢\ that

are rather insignificar’ If, as is proposed in the above mod#l,

the Hg shielding tensor is dominated by contributions from the

metal-ligand bonding, this tensor should show a significant

ﬁ\e&eeng:;gil?l?nteh:r r:gg;i&?fgigﬁ%!fﬂ%;dz’Ii‘s’trrl]:%rbeesee?];coun%hereoiso is the isotropic, or scalar, shielding constant, related to the

study, we have carried oét*Hg MAS NMR studies of a range principal components of the shielding tensor by

of mercury(l) compounds H&, (X = CI, SCN, NCO, OAc, 0o = (1/3)(0y, + 0pp + 039 )

tfa; OAc = acetate, tfa= trifluoroacetate) with a view to

investigating this point and to providing more information about

the bonding in such compounds.

|033 = Oisol = 1011 — Oiggl = 1055 — Ojel 1)

and measured as

Experimental Section Oiso — 0r = ~0jso 3)

Materials. Commercial samples of mercury(l) chloride, i@
(RDH), mercury(l) acetate, H@OAc), (BDH), and mercury(l) nitrate
dihydrate, Hg(NOs;).:2H,0 (BDH) were used without further purifica-
tion.

Preparation of Compounds. (a) Mercury(l) Thiocyanate, Hg-
(SCN). A solution of potassium thiocyanate (0.78 g, 8.0 mmol) in
water (10 mL) was added, with stirring, to a solution of mercurous
nitrate (2.24 g, 4.0 mmol) in water (10 mL) acidified with concentrated
HNO;3 (0.4 mL). The product separated from the mixture as a fine,
grayish-white precipitate, which was collected by vacuum filtration,
washed several times with distilled water, and dried in the air. Despite
the claim that the product obtained by this method is light sensititfe,
the compound appears to be stable indefinitely under ambient condi-
tions.

(b) Mercury(l) Cyanate, Hg2(NCO).. A solution of potassium
cyanate (1.2 g, 14.8 mmol) in water (10 mL) was added, with stirring,
to a solution of mercurous nitrate (2.8 g, 5 mmol) in water (10 mL)
acidified with concentrated HNJ0.5 mL). The product separated from
the mixture as a fine, grayish-white precipitate, which was collected
by vacuum filtration, washed several times with distilled water, and Results and Discussion
dried in the air. Anal. Calcd for £1g.N.O2: C, 4.95; H, 0.0; N, 5.77.

Found: C, 4.8; H, 0.0; N, 5.6. The compound gradually turns a darker ~ Vibrational Spectroscopy. Little is known about the prop-
gray upon standing under ambient conditions over a period of several erties of the mercury(l) pseudohalides X8CN) and Hg-

wheredis, is the isotropic chemical shift (the centerband shift) and
is the shielding constant for the reference compound. Chemical shifts
were referenced using replacement samples of adamaritare38.4
ppm for the CH carbon on the tetramethylsilane scale) and [Hg(dgtso)
[OsSCR]2 (0ng = —2313 ppni® on the dimethylmercury scale).
Infrared spectra were recorded with 4 chresolution at room
temperature as Nujol mulls between KBr plates on a Perkin-Elmer
Spectrum 1000 Fourier transform infrared spectrometer. Far-infrared
spectra were recorded with 2 chresolution at room temperature as
pressed polythene disks on a Digilab FTS-60 Fourier transform infrared
spectrometer employing an FTS-60V vacuum optical bench with a 5
line/mm wire mesh beam splitter, a mercury lamp source, and a
pyroelectric triglycine sulfate detector. Raman spectra were recorded
at 4.5 cn1! resolution using a Jobin-Yvon U1000 spectrometer equipped
with a cooled photomultiplier (RCA C31034A) detector. The 514.5
nm exciting line from a Spectra-Physics model 2016 argon ion laser
was used.

months. _ _ (NCO).22"25 We have therefore recorded the infrared and
(c) Mercury(l) Trifluoroacetate, Hg 5(tfa).. This was prepared as  Raman spectra of these compounds to obtain information about
a white crystalline solid by a literature meth#ul. their structures. The low-wavenumber vibrational spectra are

Spectroscopy.Carbon-13 and mercury-199 magic-angle-spinning  shown in Figures 1 and 2, and the band assignments for all of
spectra were obtained at 75.43 and 53.65 MHz, respectively, using athe fundamental vibrational modes are given in Table 1. A
Varian Unity Plus 300 spectrometer. A 7.0 mm o.d. silicon nitride rotor . f selected vibrati | f ies for LY
with Vespel end-caps was used for all spectra, with spin rates in the comparlsozrsl 3%. se'ec e. vibrational frequencies for
range 811 kHz. Although measurements were nominally made at @nd H@Xz*>“"is given in Table 2.
ambient probe temperature (ca.Z®), it is likely that the fast spinning -
used for thé®*Hg spectra resulted in substantially elevated temperatures (30) Biorholm, T.; Jakobsen, H. J. Magn. Reson1989 84, 204.

o~ 30 ) . - (31) (a) Ascenso, J. R.; Bai, H.; Harris, R. K. Unpublished results. (b)
(ca. 45°C). The carbon-13 spectra were recorded with direct Harris, R. K.; Merwin, L. H.; Hagele, Gl. Chem. Soc., Faraday Trans.

11989 85, 1409.
(27) Schwerdtfeger, P.; Boyd, P. D. W.; Brienne, S.; McFeaters, J. S.; Dolg, (32) Olivieri, A. C.J. Magn. Reson., Ser. 2096 123 207.

M.; Liao, M.-S.; Schwarz, W. H. Elnorg. Chim. Actal993 213 (33) Hook, J. M.; Dean, P. A. W.; van Gorkom, L. C. Mlagn. Reson.
233. Chem.1995 33, 77.

(28) Brauer, GHandbuch der Prparativen Anorganischen Chemiénke (34) Adams, D. M.; Appleby, RJ. Chem. Soc., Dalton Tran£977, 1530.
Verlag: Stuttgart, Germany, 1960. (35) Cooney, R. P.; Hall, J. RAust. J. Chem1969 22, 2117.

(29) Sikirica, M.; Grdenic, DActa Crystallogr., Sect. B974 30, 144. (36) Cooney, R. P.; Hall, J. R.. Inorg. Nucl. Chem1972 34, 1519.
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Figure 1. Far-IR spectra of Hg: (a) X = SCN; (b) X= NCO; (c) Figure 2. Low-wavenumber Raman spectra of Mg: (a) X = SCN;
X = OAc; (d) X = tfa. Bands assigned te(HgX) are labeled with (b) X = NCO; (c) X = OAc; (d) X = tfa. Bands assigned tg(HgX)
their wavenumbers. andv(HgHg) are labeled with their wavenumbers.

The positions of the(CN), »(CS), and(SCN) bands in the Table 1. Assignments of the Bands (c) in the Vibrational
vibrational spectra of HGSCN), are generally consistent with ~ SPectra of HASCN) and HG(NCO)

the presence of terminally S-bound thiocyanate grédghe Hgz(SCN) Hgx(NCO),
vibrational spectra are readily interpreted in terms of a linear IR R IR R assigrit
S—Hg—Hg—S structure, analogous to that of the corresponding ~51 44 7s 2131m 2251w, sh 2165w w»(CN)
halides?® In particular, the observation of noncoincident bands 2113w 2200vs,sh 2120w
in the Raman and IR spectra for the symmetric and antisym- 2164 vs
metric Hg—S stretching vibrationsys(HgS) and v4(HgS), 2126s, sh
respectively, withv(HgS) > v4(HgS), follows the pattern 2077 w, sh
observed for the(HgX) modes in HgX ;25 see the data for X 884m 802w 1%%738 VW 1356w v(CE)

. e . . VW 1294 w
= Clin Table 2. This is the reverse of the situatiafHgX) < 1291 vw
va(HgX), which is observed for the corresponding mercury(ll) 1266 vw
species HgX this change being due to coupling 2{HgX) 430s 659 m 693vw  6(ECN)
with the low-frequency(HgHg) mode in the mercury(l) species. 611m E?ésssr\éwbr
Thev(HgHg) mode in Hg(SCN), is assigned to a strong Raman '
band at 158 cmt, although a Raman band of medium intensity 207 224731\,\\/,\' 346 350m v(HgX)
at 179 cn! may also be due to this mode. Strong splitting of 179 m v(HgHg)?
thev(HgHg) band was previously observed for other mercury- 157 vw 158's 183s v(HgHg)
(1) complexes and was attributed to factor group efféc@ther 33s 89s 154 w 152 m 6(HgHgX)
evidence for factor group effects in the Raman spectrum ef Hg igg w, sh
(SCNY, is the presence of twe(CN) bands (2131, 2113 cm) 111x
and twov(HgS) bands (271, 243 cr¥). However, the essential 79w lattice
absence of bands that are coincident in the IR and Raman spectra 73w
suggests a centrosymmetric structure. The only counterindicator 59w

to this conclusion is the possible presence of a very weak IR ag =g ors: X=S or N.
band at 157 cmt, which is almost coincident with the strong

(37) Nakamoto, Klnfrared and Raman Spectra of Inorganic and Coor- V_(HQHQ) Raman band at 158 cth However, on ba"'ir]ce, the
dination CompoundsSth ed.; Wiley: New York, 1997. vibrational spectra generally support a centrosymmetric structure
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Table 2. Comparison of Selected Vibrational Frequencies (®nfor HgX, and HgX>

HgX2 H92X2
X va(HgX) vs(HgX) O(XHgX) ref va(HgX) vs(HgX) v(HgHgQ) J(HgHgX) ref
Cl 370 315 106 34 252 277 167 139, 109 25
SCN 309, 313 270 85 35 207 243,271 179, 158 89, 53 a
NCO 425 358 b 346 350 183 154111 a
OAc 314 279 36 279 295 166 38,
tfa 162 213 147 a

2 This work.? For the Hg(NCO) units in Kj[Hgs(NCO)]; ref 21.

which, given the nonlinear MS—C geometry that normally
occurs in S-bonded thiocyanate compleXespuld have local
Con symmetry (structuré). This closely resembles the structure
of the corresponding mercury(ll) complex (structuirg3°

v
/
/S*Hg*S

%

The vibrational spectra of the cyanate compound(NgGO),
are more complex than those of the thiocyanate discussed abov:
splitting of the bands due to the vibrations of the coordinated

NCO groups being observed in both the IR and Raman spectra

(see Table 1). It has been claimed th@EO) increases relative
to the free-ion value (ca. 1250 c#)3” upon bonding via the N

atom? and this is observed in the present complex, with bands

due to this mode occurring in the range 126380 cnt™.
Neither the structure nor the vibrational spectra of the corre-
sponding mercury(ll) compound have been reported to date
but the complex KHg3(NCO)] has been shown to contain Hg-
(NCO), molecules in its lattice, with terminal N-bound cyanate
groups and nonlinear HN—C angles of ca. 130 forming an
approximatelyCan structure*! The »(HgN) frequencies listed
in Table 2 for HQ(NCO) are those assigned to this species in
K,[Hgs(NCO)].2* The presence of the dimercury unit in Hg
(NCO), is confirmed by the observation of a stron(HgHQg)
band in the Raman spectrum at 183 ¢r(Figure 2). This is at
the upper end of the range of previously determin@dgHg)
frequencies (116190 cnT1)2 and is comparable to the value
of 185 cn1! reported for HgF,.2° It is also close to the value
of v(HgHg) = 181 cnt! reported for the N-bonded mercury-
() complex of N,N'-diacetylhydrazine: [HgN(COCH;)N-
(COCHg)]n.2®

Thev(HgN) bands of Hg(NCO), are observed at about 350
cm~! (Figures 1 and 2). The IR-active antisymmetric mode,

(HgN), shows a substantial decrease in frequency relative to
that of the corresponding mercury(ll) complex, and this decrease

is similar in magnitude to those observed for.B¢ and Hg-
(SCN), (Table 2). This reflects a substantial weakening of the
Hg—X bond in HgX;, relative to that in HgX. The frequency

of the Raman-active symmetric modg{HgN), for Hg:(NCO),

is almost the same as that of the IR-active antisymmetric mode
va(HgN). For the series Hi, (X = CI, Br, I), vs(HgX) is
greater tharvy(HgX) (in contrast to the situation for HgX

but the difference between these decreases along this series

The reason for these observations is that the-M@nd Hg—

(38) Vrieze, K.; van Koten, G. IRGomprehensie Coordination Chemistry
Wilkinson, G., Ed.; Pergamon: Oxford, U.K., 1987; Vol. 2, p 225.

(39) Beauchamp, A. L.; Goutier, BCan. J. Chem1972 50, 977.

(40) Ellestad, O. H.; Klaeboe, P.; Tucker, E. E.; Songstadcta Chem.
Scand.1972 26, 3579.

(41) Thiele, G.; Hilfrich, PZ. Naturforsch., BL978 33, 597.

e

Hg coordinates are strongly coupled, becausevifiégX) and
v(HgHg) modes have the same symmetry and similar frequen-
cies and the degree of coupling increasessg$gX) decreases.

In the X = NCO caseys(HgX) is higher than for the halides
mentioned above, so that the degree of coupling is reduced to
the point wherevs(HgN) is approximately equal to,(HgN)
(Table 2). This near-coincidence is therefore proposed to be
“accidental”, but this and other possible coincidences between
the IR and Raman spectra (Table 1) do not allow the definite
conclusion of a centrosymmetric structure for the compound.
However, the other features of the vibrational spectra discussed
above strongly support a structure with a linear or near-linear
N—Hg—Hg—N arrangement, and it is equally clear that the
Crystal structure is not isomorphous with that of X8CN).

The low-wavenumber vibrational spectra of mercury(l)
acetate and trifluoroacetate are shown in Figures 1 and 2. The
structure of Hg(OAc), has not been reported to date, but that
of the trifluoroacetate Hgtfa), shows the presence of discrete
molecules ofC,; symmetry, with monodentate trifluoroacetate
groups bound to the dimercury unit to give a near-linear

O—Hg—Hg—0 array with Hg-Hg—O = 166.6.4? The vibra-
"tional spectra of the acetate complex have been interpreted on
the basis of a similar modét. The frequencies of the(HgO)
and v(HgHg) modes for these two compounds are given,
together with those for the(HgO) modes of mercury(ll) acetate,
in Table 2. The present results for HQAc), are essentially in
agreement with the previous report, the main difference being
the observation of a singlg(HgO) IR band at 279 cm# (Figure
1), rather than the previously reported doublet at 268, 283
cm 136 The occurrence of multiple strong bands below 200
cm! renders the assignment efHgHg) less certain than in
the case of the halides or pseudohalides; this situation is found
for several other mercury(l) complexes with oxygen-donor
ligands?® In accordance with the previous study of the acetate,
we assign the strong band of highest frequency below 208 cm
to v(HgHg) for both compounds (Table 2). The mutual exclusion
of the »(HgO) bands between the IR and the Raman spectra
(Table 2) implies the presence of a centrosymmetrieHg—
Hg—O arrangement, as is found in the crystal structure of Hg
(tfa)p.42

Mercury-199 MAS NMR Spectra. The solid-state!®®Hg

MAS NMR spectra of HgCl, and Hg(OAc), are shown in
Figure 3. As with other mercury complexes that show large
19%g shielding anisotropy, the spectra consist of a centerband
flanked by a number of spinning sidebaéd$he chemical shift
and shielding parameters obtained from a spinning-sideband
nalysis of these spectra, and of the spectra of the other
compounds studied in this work, are compared with the
previously reported data for HENOs),-2H,0 in Table 3. Apart
from the spectra of the compounds discussed in the previous
section, the spectrum of dimercury(l) sulfate,,B@y, was also
recorded. This compound has been shown to contain infinite

(42) Sikirica, M.; Grdenic, DActa Crystallogr., Sect. B974 30, 144.
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Table 3. *Hg Chemical Shifts and Shielding Tensor Parameters from Solid-Sthtg NMR Spectra

compound 011 — oldppm 022 — ofppm 033 — o/ppm disd/ ppm Aolppm n ref
Hg.Cl, —396(39) —53(36) 3598(39) —1050 3822(58) 0.14(3) a
Hg,(SCN) —157(30) 219(25) 2988(37) —-1017 2957(56) 0.19(2) a
Hgx(NCO), —498(54) 10(43) 3735(75) —1082 3979(112) 0.19(2) a
Hg,(OAc), 326(57) 326(57) 3699(20) —1450 3374(30) 0.00(5) a
Hg,(tfa), 507(38) 508(38) 3931(13) —1649 3423(20) 0.00(3) a
HgSOy 505(87) 606(87) 3544(13) —1552 2988(34) 0.05(9) a
Hg2(NO3)2-2H,OP 435.2 496.7 3669.3 —1533.7 3203 0.03 19
HgCl, 282(27) 573(26) 4019(26) —1625 3592(37) 0.12(2) 20
Hg(SCN) 81(23) 428(21) 3390(24) —1300 3135(37) 0.17(2) 21
Hg(OAc) 1859 1947 3685 —2497 1782 0.07 18

aThis work.? Static single-crystal measurement.

3). The greater magnetic and quadrupole moment&3uf 81Br
relative to3°Cl, 3’Cl would result in still broader lines for Hg
Bro.

(a) The shielding anisotropy is defined as

Ao = 033 — l/2((711 +0y) 4)

and the departure of the shielding tensor from axial symmetry
is described by the asymmetry parameter

Jb 1N = (025 = 01)/(033 — Ti)) %)

We recently showed that anisotropf8Hg shielding param-
eters can be interpreted on the basis of the expressions which
have been derived for the local paramagnetic contribution to
the shielding?? Within the average excitation energy (AEE)
(b) approximation, the expressions for the principal components of
the local paramagnetic shielding tensor, for the case where the
shielding is due to electron density in the valence p orbitals
only and the local symmetry is sufficiently high that cross terms
in the charge density matrix are zero, are

O = (ny +n,— nynz)op (6)

. : : . . . : gy, = (N, +n,—nn)o, (7)
1000 0 -1000 -2000 -3000 -4000 -5000

0,,= (N, + n,— n><ny)0'p (8)

8(19%Hg)/ppm
Figure 3. 53.6 MHz*Hg MAS NMR spectra of (a) HgCl» (spinning wheren,, ny, n; are the populations of the Hg Hp6p,, 6p,
rate vs = 8000 Hz) and (b) HHOAc), (vs = 10000 Hz). Baseline  orbitals, respectively, and, is a constant relating to the

corrections and line broadening (500 Hz) were applied prior to plotting. contribution of the valencep orbitals to the shielding:
The centerband is indicated by the asterisk.

—SO—Hg—Hg—SO;—Hg—Hg— chains with a nearly linear Op= _ﬂoezhzm 3mg)l4ﬂn12AE 9)
Hg—Hg—O angle of 164.243 The spectrum of HNCO), was . - _ .

of significantly poorer quality than those of the other dimercury- Hereuois the permeability constarg,is the electronic charge,
(I) compounds in Table 3, and this accounts for the somewhat MiS the electron rest masaE is the average excitation energy,
greater errors in the shielding parameters for this compound. and (=33, is the expectation value cvf_3 for the valencenp
An attempt to record the spectrum of dimercuryfphthalate, electron®®>#® The average, or isotropic, local paramagnetic
Hgo(OOC)CeHa, resulted in a spectrum that was not of Shielding derived from the above is

sufficient quality to allow analysis. Of all the compounds _

examined, this is the only one for which the two Hg atoms in ~ %iso — (/3)[2n + 2n, +2n, = nn, = nn, —nnjo, (10)
the dimercury(l) unit are inequivaleft.An attempt was also
made to record the spectrum of dimercury(l) dibromidey-Hg
Br,. As in the case of the corresponding mercury(ll) compound
HgBr,,2° this was unsuccessful. A possible reason for this is
that unresolved coupling to tHéBr, 8Br nuclei causes severe
broadening of thé®Hg signals. A similar effect is probably
responsible for the significantly greater line width in #§8Hg
spectrum of HgCl> compared with that of HOAc). (Figure (45) Webb, G. A. Factors Contributing to the Observed Chemical Shifts
of Heavy Nuclei. I'NMR of Newly Accessible Nugléiaszlo, P., Ed.;

(43) Dorm, E.Acta Chem. Scand.969 23, 1607. Academic Press: New York, 1983; Vol. 1, p 79.
(44) Lindh, B.Acta Chem. Scand.967, 21, 2743. (46) Jameson, C. J.; Gutowsky, H. B.Chem. Physl964 40, 1714.

In both HgX and HgX,, the Hg atoms are involved in
o-bonding, which mainly concerns the Hg 6s and 6pitals
(the z axis lies along the linear axis of the molecules). Thus,
the only nonzero orbital population in eqs-8 is the Hg 6p
populationn, (=n). This yieldsoxx = oyy = nop; 0= 0. Since
op is negative (eq 9), this yields,, > oy = oyy. If it is assumed
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that the diamagnetic contributions to the shielding are isotropic,
and so contribute equally to all three principal components of 4000
the shielding tensor, the above relationship should also hold
for the total shielding constants. Defining the principal axes of
the shielding tensor according to eq 1 yields the relationship
033 > 011 = 022 Inspection of the results for HgXand HgX>
in Table 3 shows that the experimental values correspond closely
to this relationship; the small deviations from equalityoaf
andos; in the solid-state data are due to small deviations from
axial symmetry in the primary and/or secondary bonding 3000 = SCN S0,
interactions. Substitution of the above expressions for the . . . i
shielding tensor components for linear HgXto eq 4 yields 1000 1200 1400 1600
Ao = —noy,. Sinceoy is negative ( eq 9)Ao is positive. Thus
Ao is proportional to the 6ppopulationn which, in turn, is (Gso-or)/ppm
proportional to theo-donor strength of the ligand, and so a Figure 4. Plot of the shielding anisotropgto for Hg.X; (X = Cl,
strongo-donor ligand, such as CJ will result in a greaten NCO, OAc, tfa), HgSQs, and Hg(NOs)z-2H,0 (@) and for Hg(SCN).
than will a weakero-donor, such as OAc ThereforeAs is (m) against the corresponding isotropic shielding constagt— o..
predicted to be greater for HgCthan for Hg(OAc), and the
results in Table 3 show that this prediction is confirmed. The . .
same relationship is observed for the mercury(l) compounds compogndsAq for Hgo(SCN}, is unexpectedly low, and this
Hg.Cl, and Hg(OAC),, but the difference is much smaller than point will be discussed further below. )
for the corresponding mercury(ll) compounds. The shielding "€ values of the asymmetry paramegeobtained for the
anisotropy for HgCl- is only slightly greater than that for Hgg! mercury(l) compounds (Table 3) are all less than 0.2 (small
whereas the value for HEDAC), is about twice as great as that  values ofy are difficult to determine accuratel§¥," implying
for Hg(OAc), This result is difficult to reconcile with the that the shleldmg tensor is almost axially symmetric in these
previously expressed view that the shielding anisotropy is compounds. This is as expected for a linear or near_-llnear
dominated by the mercurigand bonding® If this were the ~ X ~Hg—Hg—X arrangement such as those observed in the
case, themo for Hgz(OAc), should only be approximately half structures of these systems or those deduced from the vibrational
the value for Hg(OAg), since there is only one HgO bond spectra.(see a_bove?. ) )
for each Hg atom in the former, compared to two in the latter. ~ 1he isotropic shielding constants are obtained from the
A simple explanation for the observelis values for the centerband shiftdis, (€q 2),. vallues of which are listed in Tabl_e
dimercury(l) compounds can be obtained by considering the 3 f_or the _compounds studied in the present work. The relation-
dimercury(l) compounds to be linear mixed-ligand complexes _shlp_ of this parameter to the_electronlc structure of the complex
YHgX where Y is the other XHg unit in the molecule. For is given by eq 10. For the linear Hgxnd HgX, cases, this

. . : ields oo = (2/3)no,, compared with the corresponding
each mercury atom, the Hg Sprbital population consists of y jso . b - ; -
contributions from both the Y and X ligands. The Hg orbitals expressmrr]] denvled gﬁbove for ﬂ;]e Slg'sld'l.ng anlsqtr:myl—
involved in the bonding must have some, @haracter if the —fnop,lsot at ahp ot OI a\f/s Oisas ould be linear, with a s (()jpe
Hg—Hg bonding is to affect the gprbital populations. This ?exaud?ﬁ S)l(JC: Sacﬁ)oitn '(I)';t)tIeGBViirIS#SWED?ﬁ IC:?TIESZH in
would be the case if the orbitals involved were sp hybrids, as 9 g )

is normally assumed in the case of linear mercury compounds approximately linear relationship is observed with a slope of
y : mercury comp '—1.3+ 0.4, and the compounds clearly fall into two separate
although it should be recognized that this is a limiting case

corresponding to the maximum possible degree ofcBpital groups: the halides and pseudohalides, with isotropic shieldings

. ) (0iso — or) of about 1000 ppm, and the oxygen-donor ligands,
mvolvement. A theqrencal study of several mercury compounds with isotropic shieldings of about 1500 ppm. The decrease in
yielded equal 6porbital populations of 0.40 for Hgeand Hg- Ao from the halide to the oxygen-donor ligands has been
Cl,.2” According to the model discussed above, this would result explained above in terms of the decrease in ligandonor
in.equaIAo valges for these two pompounds, in good agreement strength. The anomalously lowo value for Hg(SCN), was
with the experimental observauons_ (Table 3). No calculations also mentioned above, and this results in the point for this
have been reported for corresponding carboxylate Comloounds'compound lying well below the correlation line for the other
but for the fluorides, the porbital population increases from compounds in Figure 4. Exactly the same kind of anomaly has
0.24 to 0.31 from Hgkto HgF,.2” This indicates that the Hg P d ) y y

. . ; been observed for the % SCN compounds in a corresponding
Hg bond in the dimercury(l) compound contributes more to the ¢ for Hgx, and HgX(OAc) and was attributed to the presence
6p, orbital population than the HgX bond does. If this is the

. . . o of secondary bonding involving intermolecular interactions
case, then this orbital population should be less sensitive t0panveen the Hg atoms and the N atoms of the SCN groups on
changes in X than it is in the corresponding mercury(ll) pejghboring molecule® It is interesting to note that this
compounds. According to the model for the paramagnetic 4nomaly does not occur for HNCOY),, consistent with the fact

shielding discussed above, this implies that the shielding inat the cyanate group normally bonds via the N atom and not
anisotropyAo should show a smaller X-dependence for the ;i3 the O aton®®

dimercury(l) compounds, in good agreement with the experi- Carbon-13 MAS NMR Spectra. The 13C MAS NMR

mental observations (Table 3). Nevertheless, there is a Signiﬁcamparameters for H2 (X = SCN, NCO, OAC) are gi ;
L = , , givenin Table
dependence oo on X, and this is such thato decreases as . 2 _ 1
4, together with those for HgX(X = SCN, OAc). The'sC
the o-donor strength of X decreases (e.g., from % Cl to X g ( )

= OAc)._ This can also be_ readily understood in terms of the (47) (a) Hawkes, G. E.: Sales, K. D Lian: L. Y. Gobetto, fRoc. R.
model discussed above, since the weakeionor donates less Soc. London, Ser. A989 424, 93. (b) Clayden, N. J.; Dobson, C.
electron density to the Hg éprbital and thus produces a lower M.; Lian, L.-Y.; Smith, D. J.J. Magn. Resonl1986 69, 476.

3500

Ao/ppm

shielding anisotropyAc. Compared to those for the other Ptg
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Table 4. Solid-State**C NMR Parameters for Mercury Complexes  to 19*Hg, which were observed in Hg(OAcjTable 4)°2 were

complex carbon O(B3C)lppm  |NI(W9HGHC)/Hz  ref not seen |n the dimercur_y(l) compound. T_he signals showeq a
Hg(SCN) SCN 1294 21 sl!ght a.ddltllonal proadenlng near Fhe baseline, and from the line
Hg(SCN) SCN 129.9 a widths in t_hls region, the upper limits to the long-range couplings
Hgz(NCO), NCO 138.0 a were estimated (Table 4). These are less than the values
Hg(OAc), CH;, 180.9 11873J) 52 observed in the mercury(ll) complex, which is surprising

176.8 1569J) because a greater Hg 6s population would be expected in the
CHs 34'7 176 39 dimercury(l) compound. This must be counteracted by the lower
Hgx(OAC), CH, 18‘;2 <112%5 (gg a effective ch_arge on the Hg atom and the _vveakef—E_Dg)onding
CHs 26.1 <150 J) (reflected in the lowervy(HgO) value) in the dimercury(l)

compound. In contrast to the situation for Hg(OAckhere
separaté3C signals are seen for the two crystallographically

spectra of Hg(SCN) and Hg(NCO) showed single lines,  inequivalent acetate groups in the molecdi&only single lines
consistent with the proposed structures of these compounds (se&r €ach type of carbon atom are seen in the spectrum gf Hg
Vibrational Spectroscopy section above). @ chemical shift (OACc),, which is consistent with the centrosymmetric structure
in Hga(SCNY, is very similar to that in Hg(SCN) showing that ~ Proposed for this compound (see Vibrational Spectroscopy
the S-bound structure observed for Hg(S&Rs also present ~ Section above).

in Hgo(SCN), in agreement with the results from the vibrational Conclusion

spectra discussed above. It has previously been shown that the 11,4 vibrational spectra of H¥» (X = SCN, NCO, OAc)

HC cr?ehmicalhshifts of SI arf1d N-b_ounho_l thiocyanate are lower g\ that these compounds have structures similar to those of
and higher t8 an the value for ionic thiocyanate (134.0 ppm), heir halide and trifluoroacetate counterparts. In contrast to those
respectively*®4° The shifts in both of the above complexes for the corresponding mercury(ll) compounds, #Rg shield-

conform to this rule but are significantly greater than those in ing anisotropies for a range of ki, compounds are found to
[AU(SCN)]~ (116.3 ppm) or [Hg(SCN)*~ (124.8 ppm) and 0" o |atively insensitive to the nature of the X group. This

are higher Fhan those observed fof arange of.ot.her diamagneticimp”es that the electronic environment of the Hg atom in the
S-bound thiocyanate complex&syhile still remaining less than mercury(l) compounds is dominated by the Hdg bond, a

that for ionic thiocyanate. It has been claimed that @ view which is consistent with the fact that the Helg force

chemical_ shift of O-bound cyanate lies in th_e range-1029 constants determined from the vibrational frequencies oKrg
ppm, while that of N-bound cyanate occurs in the range-114 5.0 onsiderably greater than the Hg force constantds A

132 ppme0 The value observed in the present work forHg — oavious conclusion (based on the measured direction of the
(NCO)Z Slgn|f|Cant|y extends the upper limit of the N-bound principal axis of thelggHg Shleldlng tensor in [HﬂOH2)2]2+)
range to 138 ppm. The values Tepor‘ed for a number Of_Otherthat the shielding tensor is dominated by contributions from
N-bound cyanate coggplexes lie below the value for ionic aiat jigand bondind? is not verified by the results obtained
cyanate (127.'9 ppnﬁ‘; and HQ(NCO)Z is anunusual casein ¢4 the greater range of compounds examined in the present
which the shift lies above this value. study
The®*C spectrum of HgfOAc), showed the expected signals ' . .
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