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Soluble thiolato—zincates and —mercurates(Il) of
the general type M{SR):™ and the phenylselenolato
complexes M{SePh)3~ (M = Zn or Hg) have been
prepared in situ from the appropriate metal nitrate
and excess thiolate or selenolate. The high field metal
NMR spectra of these complexes have been measured,
at 25.0 and 71.5 MHz for ¢Zn and *°Hg respec-
tively, with isotopic enrichment to 89.7 atom% for
7Zn, but at natural abundance for °°Hg. The zinc
complexes studied in D,O solution, were Zn(SR)3™
(R = Me, PF, or Ph), Zn{;] 2 and Zn(SePh)3~. The
variation of 8 zy, with ligand was found to be “SePh <
TSPh < TSprt < "SMe < "S(CH,),S”, as has been
found earlier for *'3Cd also; the shifts for solutions in
which [Zn] 5 = 0.15 M, to higher frequency than
the resonance of 2m Zn({ClO, ), at 297 K range from
224 to 418 ppm, and the approximate linewidths
from ca. 55 Hz for Zn(SMe)%~ at 368 K to ca. 1200

Hz for Zn(SPriji~ at 297 K or Zn<; ]2~ at 363 K.

The line widths appear to be the major factor limit-
ing the application of "Zn NMR towards complexes
of less symmetrical thiolates,; rapid chemical exchange
is not a problem, as *H and *C NMR studies of the
zinc complexes show them to be less labile than
their cadmium analogs. Conversely the mercury com-
plexes studied here

101 )
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Hgés] )2 (R = H, Me, Et, or CH,OH), Hg(SR )

(R = M=, Et, Pr', or Ph) and Hg(SePh)3~) are more
labile than their cadmium counterparts, and this labi-
lity reduces the utility of Y’Hg NMR in cases where
multiple mercury-binding sites are available. The
overall variation of 8y, with ligand, “SePh < SPh <
"SR (R = alkayl) < chelating vicinal dithiolates, is the
same as found in the metal NMR of the corres-
ponding zinc and cadmium complexes, but the (rela-
tively small) effects of alkyl substitution are dis-
similar. For ca. 0.1 M solutions in 1:1 (v:v) H,0:
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D,0 at 297 K, the "*°Hg chemical shifts to higher
frequency than the signal of 0.1 M Hg{ClO,), in 5%
(v:v) HCIO, range from 1275 ppm in Hg(SePh):
to 2234 ppm for

w10,

the linewidths are relatively sharp (eg. 24 Hz for
Hg(SMe)3~, 275 Hz for Hg(SPh)3™ ).

Introduction

Recently, we have reported the !'3Cd NMR
spectra of a wide range of simple thiolatocadmates {1],
as well as the '3Cd and 77Se NMR spectra of all
five complexes in the series [Cd(SPh),(SePh)s_,]%~
[2]. These studies of model complexes were intended
to provide background data for the interpretation
of the ™3Cd NMR spectra of more complicated bio-
logically important cadmium complexes, especially
cadmium metallothionein [3—6], and in the
assessment of the NMR spectral changes which might
be expected if selenolates are formed and bind to
cadmium following antidotal selenite treatment of
cadmium intoxicated rats [7--9, 10a].

Native cadmium metallothionein always contains
appreciable amounts of zinc (e.g. Refs. 11-13) and
is thus the mixed metal thionein cadmium, zinc
metallothionein (Zn, Cd—MT). Similarly native
mercury metallothionein contains zinc and is at least
Zn, Hg—-MT (e.g. Ref. 12). As each of the Group
IIB elements has at least one magnetically active
isotope (57Zn, 4.11% natural abundance, spin I =
5/2; 1M1Cd, 12.75% natural abundance, spin I = %;
113¢Cd, 12.26% natural abundance, spin I = %; 1*°Hg,
16.84% natural abundance, spin I = %) for which
NMR has been observed, these and other, synthetic
(e.g. Cd, Hg—MT) mixed metal metallothioneins
might eventually prove suitable candidates for
scrutiny by multimetal NMR. As a prelude to such
studies we have extended our earlier work on
thiolatocadmates [1] to the metal NMR of a range of
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model thiolatocomplexes of zinc and mercury. In
addition, for comparison with the !'*Cd NMR
spectrum of Cd(SePh)™ [2], we have measured
the metal NMR spectra of soluble complexes of
zinc and mercury with PhSe™ as a ligand. The '*Hg
chemical shift in the mercuric—selenolate complex
1s of interest as a possible indicator of the shift
to be expected if mercury becomes directly bound
to selenium when selenite 1s administered to dimi-
nish the effects of acute and chronic inorganic
mercury poisoning of rats [9, 10b, 14].

Experimental

Materials

Zmc and mercury(Il) perchlorates, from Alfa
Products, cadmium nitrate (certified grade) from
Fisher Scientific Co., and mercury(Il) nitrate (Analar
grade) from BDH Chemicals Ltd., were used as receiv-
ed. Zinc-67 enriched ZnO (89.7 atom% °'Zn), from
Oak Ridge National Laboratory, was converted to
Zn(NO3),°6H,0 for use in the NMR study. Pheny!-
selenol and the various thiols were those used in our
previous work [1, 2]. D,O (299.7 atom% D) was
obtamed from Merck Sharpe and Dohme Canada.

Preparation of (MeyN),[M{SPh),] (M = Cd or Hg)
and (Me4N),[Hg(1dt), ] *

These thiolato complexes were synthesized in a
manner analogous to that used by Dance [15] to
prepare (Me4N), [Co(SPh),}. Under N,, phenylthiol
(32 mmol) or, for the tdt?>” complex, 3,4-toluene-
dithiol (16 mmol), tri-n-butylamine (24 mmol), Me,-
NCl (20 mmol) and the appropriate metal nitrate
(3.4 mmol) were mixed in deaerated MeOH. Deaerat-
ed Bu"OH was added to lower the solubility of the
desired complexes which crystallized on cooling.
All were colourless. Anal. Caled. for (MegN),-
[Cd(SPh)4], C32H44CdN254: C, 5511, H, 6.36,
N, 4.02. Found: C, 55.30, 55.19, H, 6.37, 6.14; N,
391, 3.91%. Calcd. for (Me4N),[Hg(SPh)4], Ca,-
HsyHgN,S4; C, 48.93; H, 5.65; N, 3.57. Found-
C, 49.60; H, 5.87; N, 3.71%. Calcd. for (Me,N),-
[Hg(tdt),]- C, 40.20; H, 5.52; N, 4.26. Found.
C,39.88,39.85;H,5.25,5.76; N, 4.96, 5.03%.

NMR Sample Preparation

Samples were prepared in capped or (for the
PhSe™ complexes) flame-sealed standard 10 mm od
NMR tubes using the mert atmosphere procedures
detailed previously {1, 2].

NMR Spectra

Proton and proton-decoupled carbon-13 NMR
spectra were obtained 1n the manner described earlier
[1] using a Varian XL-100-12 Spectrometer System

*tdt2" = toluene-3 4-dithiolate.
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operating at 100.10 and 25.20 MHz (at the TMS reso-
nance) for 'H and 13C, respectively.

Zinc-67 and *°Hg NMR spectra were obtained
using a Bruker WH-400 Spectrometer operating at
25.04 and 71.51 MHz (at the reference signal),
respectively. With [*7Zn]yot =~ 0.15 M the %"Zn
NMR spectra of the tetrakis(methanethiolato)—
zincate, which gave a comparatively sharp line, were
obtained using 250 to 750 90° (100 us) pulses at
73 min ' with an acquisition time of 0.819s and a
spectral window of 5 kHz. The broader ®’Zn reso-
nances of the other thiolato-—zincates were evident
after acquisition of 1000—2000 transients using 90°
pulses at 293 min~! with an acquisition time of
0.205s and a spectral window of 10 kHz, provided
several (usually 6) points of the accumulated FID
were discarded to allewiate baseline distortion which
was particularly troublesome in these cases. With
[Hg] =~ 0.10 M, satisfactory '*°Hg NMR spectra
could be obtained with about 100 90° (55 us) pulses
applied at 73 min~' with an acquisition time of
0.819 s and a 10 kHz spectral window.

The %'Zn NMR spectra were referenced to 2m
Zn(Cl04), in D,0, and the '°°Hg NMR spectra to
0.1 M Hg(ClO,), in 5% (v/v) HCIO, solution, by
sample nterchange. No corrections for susceptibility
differences were applied. Shifts to higher frequency
than the reference are taken as positive.

Elemental Microanalysis
These were performed by Guelph Chemical Labo-
ratories Ltd.

Results and Discussion

Preparation of the Thiolato—Zincates and -—Mer-
curates in Solution

Addition of RE™ (E = S, various R: E = Se, R = Ph)
to zinc or mercuric mtrate in methanol or water
results in precipitate formation up to RET/M = 2
Compounds of the general type (RS),M are well
established for both zinc (e.g. Refs. 16--18) and mer-
cury (e.g. Refs. 17-19), and (PhSe),Hg is known
also [20, 21]; apparently the analogous (PhSe),Zn
can be formed under the present conditions. Addition
of excess RE™ results in dissolution of the precipitate
for all the cases studied here. These solutions,
normally contaiming (total RED)/M** =~ 12 (to
prevent formation of polynuclear thiolate-bridged
species [22]), were scrutinized by NMR. We were
able to confirm that the ZnS, kernel, which is present
in (Phy4P), [Zn(SPhs] in the sohd state [23, 24],
persists in solution under our conditions (see below).
Although 1t was not possible to confirm directly
the occurrence of the HgS,; kernel in solution (see
below), we have assumed its presence because we
(see Experimental Section) and others [25] have
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TABLE 1. Zinc-67 NMR Spectral Parameters of Some Thio-
latozincates and Zn(SePh)g a

Complex TX) 68z, (ppm)b Approximate vy,

(Hz)
Zn(SMe)d "¢ 297 362 110
Zn(SMe)3 ™ ¢ 368 354 55
Zn(SMe)7~ 297 359 180
Zn(SMe)2~ 4 297 357 260
Zn(SPH2T 297 352 1200
Zn(SP)3” 368 303 420
Zn(SPW)3~ 303 267 1050
Zn(SPh)3~ 363 261 450
Zn(é])g_e 363 418 1200
Zn(SePW)3 ™ 363 224 830

#Measured at 25.04 MHz using D, O solutions where (total
thiol or selenol) Zn(NOj3),: NaOH = 12-1:18 and
[Zn]¢otal = 0.15 M with 89.7 atom 7Zn, except where
noted. bRelative to 2m Zn(Cl04), at 297 K; shifts to
higher frequency than the reference are taken as positive.
°MeSH Zn(NO3),:NaOH = 12-1 12. dMeSH:Zn(NOe,)zz
NaOH = 12:1-24. e}~IS(C112)2SH:Zn(NO3)2:NaOH =
6:1:15.

been able to isolate solid complexes containing
thiolate/Hg?* = 4*. Similarly, (Ph,P),[Hg(SePh),]
has been isolated (together with several retated com-
plexes having PhSe /Hg?* < 4) [25]. Recently, we
have shown that the analogous Cd(SePh)2™ exists in
solution [2] and thus we assume that Zn(SePh)3~
1s formed from Zn(SePh), and excess PhSe™ also.

NMR Spectra of the Thiolatozincates and Zn-
(SePh)i

A survey of the 'H and/or *C NMR spectra of
(excess RS): Zn2?* mixtures in CD30D for several
representative thiolates showed that ZnS, species
are the highest formed, that these thiolatozincates
are less labile than their cadmium analogs [1], and
that the 'H and/or '*C NMR complexation shifts of
the zinc complexes are very like those reported [1]
for the corresponding cadmium complexes. For
example, (excess ~S(CH,),S7): Zn?* mixtures show
separate free and bound 'H resonances at ambient
probe temperature, 306 K, A8y (= Oy complex —
81, mee) being 0.04 ppm, integral analysis gives
Lpouna-Zn?* ~ 2. For comparison, separate proton

*To complete the isolation of the series M(SPh)?;_ M =
Zn, Cd, or Hg), we have prepared (MegN), [Cd(SPh),] (see
Experimental Section) Very lately Dance and coworkers
have synthesized salts of [Cd(SPh)4]%™ also [26].
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resonances of Cd¢])?>~ and free ~S(CH,),S™ are
observed only at rSduced temperature, Ady being
0.06 ppm (ave.) at 193 K. Similarly the proton NMR

spectra of Zn(SMe)? and free MeS™ are incompletely
collapsed at 306 K, but separate signals for Cd-
(SMe)3™ and free MeS™ are observed only at or below
ca. 250 K; A8y is 0.07 ppm for the zinc complex at
213 K, compared with 0.1 ppm for the cadmium
complex at 193 K. The existence of the ZnS,; kernel
in the (excess thiolate). Zn*' mixtures is further
demonstrated by a comparison of their 3C NMR
spectra with those known for Cd(SR); . Thus, in
(excess MeS™):Zn?* mixtures at 213 K, A8 for the
methanethiolatozincate is 2.6 ppm, similar to the
2.1 ppm reported for Cd(SMe)3  at 193 K, in (excess
PhS7):Zn** mixtures at 193 K, Adg, and Adg, for
the phenylthiolato—zincate are —2.9 and 0.8 ppm,
the corresponding values for Cd(SPh); ™ being —3.0
and 0.8 ppm at the same temperature. (The free and
bound signals of C,¢ and C3s are not resolved for
either Zn(SPh)2~ or Cd(SPh)3™.) At 308 K Zn-
(SPh)2 ™ exchanges at an intermediate rate the excess
free ligand, the free and bound C, resonances being
mcompletely collapsed together. Under the same
conditions a sharp single C, resonance is observed
for (excess PhS”) Cd?* mixtures, showing that free-
bound ligand exchange is fast on the NMR time-
scale for the cadmium complex. Sumilarly ligand
exchange at 308 K occurs rapidly for (excess tdt>7):
Cd?* mixtures, but at an intermediate rate for tdt>™:
Zn?* mixtures.

The 297 K 25.04 MHz ®Zn NMR spectra of
several typical thiolatozincates in D,O were
measured; the results are summarized in Table I. The
resonance of Zn(SMe)3~ is comparatively sharp, ca.
110 Hz in the absence of excess hydroxide; the
linewidth increases with increasing concentration of
excess OH, presumably a viscosity effect, and
decreases with increasing temperature, consistent with
the rate of quadrupolar relaxation of the ’Zn
nucleus (spin, I = 5/2) controlling the linewidth.
(Both an increased tumbhing rate and an increased
rotation rate about the Zn—S bond (leading to a time-
averaged symmetry closer to Ty) should cause a
decrease in the rate of quadrupolar relaxation and
hence a sharper ®’Zn resonance). As expected, the
linewidths are greater for the complexes of the less
symmetric monothiolates and PhSe™ as well as for
Zng 5.

The variation of the ’Zn NMR chemical shift with
ligand, ie. "S(CH;),S~ > MeS™ > Pr'S™ > PhS™ >
PhSe™, is the same sequence observed for the corres-
ponding cadmium complexes [1, 2]. In other work,
the sequence 8;44r0wdonor > 3rdrowdonor has been
observed for the %’Zn resonances of solid ZnS and
ZnSe (which contain tetrahedrally coordmated zinc)
[27], and calculated from exchange-averaged spectra
for ZnX3~ [28]. The overall range of metal chemical
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TABLE II Mercury-199 NMR Spectral Parameters of Some Thiolatomercurates and Hg(SePh)ﬁ_.a

Complex® [Hgltota1 M) 5pg (PpPmM)°© Approximate vyp (Hz)®
Hg(SMe)3 ™ 0.11 18799 44
Hg(SEH)3™ 011 1951 20
Hg(SP™M3~ 0.10 1978 36
Hg(SPh)3~ 007 1668 75
Hg(S]Et)g— 0.10 2202 50
S Me
Hg?t 0.13 2191 17
Hgﬁ D2 0.10 2193 24
s CH,OH ,_
H t 272 0.13 2195 50
Hg(tdn)2~f 0.10 2234 8
Hg(SePh)3 & 0.10 1275 56

2297K spectra measured at 71.51 MHz using H,0:D,0 (1:1 (v:v)) solutjons contaimng monothiol (selenol) Hg(NO3), NaOH =

12:1 24 or dithiol: Hg(NO3),.NaOH = 6.1:18, except where noted.
HClO4, shifts to higher frequency than the reference are taken as positive.

([Hg] ota1 = 0 11 M) at 297 K, 53yg = 1878 ppm and vy, ~
34-dithiolate  *PhSH:Hg(NO3), :NaOH = 10 1:20.

shifts of the thiolatozincates and tetrakis(phenoseleno-
lato) zincate is smaller than found for the corresponding
cadmium complexes [1, 2]. A similar situation exists
for ZnX3~ vs. CdX2™ [28-31] and ZnE vs. CdE
(E =Sor Se) [27,32].

Our %7Zn NMR studies have established the range
of chemical shifts to be expected for discrete
thiolatozincates. Even with the large ®’Zn linewidths
it 15 possible to distinguish readily between free Zn2*
(aq) and thiolatozincates. With ®’Zn enrnchment,
direct observation of the bound zinc of Zn—MT
might be possible. However, the larger linewidths and
smaller expected range of the °'Zn resonances will
probably preclude the resolution of separate reso-
nances for closely related binding sites which has
been so informative m the *3*Cd NMR spectrum of
Cd—MT [3c.d].

NMR Spectra of the Thiolatomercurates and Hg-
(SePh)4—

We were unable to obtain slow exchange 'H or
13C NMR spectra of any (excess thiolate) Hg?*
mixture tried, or of (excess PhSe™).Hg?* mixtures,
at any temperature 1n methanol as solvent. However,
as discussed above, the presence of the HgS; com-
plexes and Hg(SePh) ™ in the appropriate mixtures
may be inferred from the 1solation of representative
species 1n the solid state. Further, as the existence
in solution of tetrathiolatozincates has been demon-
strated above, and of tetrathiolatocadmates and Cd-
(SePh)Z ™ previously [1, 2], this inference is support-

18 Hz.  °PhSH:Hg(NO3), NaOH = 24:1:24.

See text.  °Relative to 0.1 M Hg(ClO4 ), 1n 5% (viv)
Wlth MeSH Hg(NO3), NaOH 12 1:12

tdt®~ = toluene-

ed by the parallel chemical behaviour found for the
systems Zn**—, Cd?*—, and Hg?*—thiolate (or PhSe™).
It 1s clear that in the tetrathiolatometallates of Group
IIB the order of lability is Hg?* > Cd?* > Zn?*. The
order Hg?" > Cd?* has been found earher for MX5 ™
[30] (though 1t should be noted that excess ligand
was not present i this study) and Cd?* > Zn*" 1s
observed in various complexes of the type M(EPR3)3*
(E =S or Se) [33].

The results of 71.5 MHz °?Hg NMR measure-
ments on various thiolatomercurates and Hg(SePh)3 ™
are presented in Table 1. At 297 K, in H,0/D,0
as solvent, all the complexes studied gave reasonably
sharp '®°Hg resonances. The linewidths given m
Table II are probably best regarded as upper limits,
as the temperature coefficients of the chemical
shifts appear to be substantial, so appreciable line-
width contributions from shight temperature gra-
dients within the samples are possible. The chem-
ical shifts are however reproducible.

The pattern of '*°Hg chemical shifts of the various
mercury (IT) complexes shows the same gross features
as the metal NMR of the zinc and cadmium analogs,

e. S(CH;),S™ > RS (R = alkyl) > PhS™ > PhSe™
although, as expected (e.g. Refs 28-31), the overall
range of the **°Hg chemical shifts is larger than found
for the other two metals. However the effect of alkyl
substitution on the backbone of “S(CH;),S™ (in the
complexes of 12-propane- and 1,2-butane-dithio-
lates) is smaller than found for the corresponding
cadmium complexes. Also, the deshielding effect of
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increasing methyl substitution in complexes of
Me; H,CS™ 1s the reverse of the trend found for
the parallel zinc and cadmium complexes. The
deshielding effect associated with five-membered
chelate ring formation (as measured, for instance, by
5(Mt§ D3 < S8(M(SMe)Z ")) varies with metal
in the sequence Hg > Cd > Zn. The small range
observed for the °Hg NMR chemical shifts of the
complexes of "SCH,CHRS™ (R = H, Me, Et or CH,-
OH) and tdt®*” makes it clear that all these ligands
coordinate to mercury in a like manner, presumably
as bidentate chelating dithiolates, at the high pH’s
used for our studies. The shielding sequence
2ndrowdonor > O3rdrowdonor, found here for the
resonances of Hg(EPh);™ (E =S or Se) has commonly
been observed for the Group IIB elements (e.g., see
above and Refs. 2, 27-32, 34). Fortunately the shift
observed for Hg(SePh)2~ is well outside the range
found for the thiolatomercurates, suggesting that 8y,
may be usable as an indicator of Hg—Se bond forma-
tion. This tentative conclusion would be strengthened
by the study of mercury complexes of a wider range
of selenolates.

Attempts to obtain separate °Hg resonances for
mixed ligand species 1n ternary mixtures of the type
R'S™—RS™—Hg?* in CD;0D at reduced temperature
(and so confirm the MS, stoichiometry as was success-
fully done for the cadmium complexes [1]) yielded
very broad lines. This result must reflect the high
labiity of the mercury complexes, which may be the
main barrier to measurement of well resolved *?Hg
NMR spectra of mercury thioneins.
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