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The carboxylate oxygen of thimerosal, [(Ar®°2)SHgEt]Na, is subject to facile electrophilic attack by H*
and [HgEt]* to give (Ar“°2")SHgEt and [(Ar°2"¢E)SHgEt],, respectively. X-Ray diffraction
demonstrates that (Ar®2")SHgEt exists as a hydrogen bonded dimer in the solid state whereas
[(Ar<o2FeEY)SHgFEL], is tetranuclear, with the mercury centers being connected by bridging carboxylate
groups. "H NMR spectroscopic studies indicate that the form of the ”Hg satellites of the ethyl group of
(Ar°2")SHgEt are dependent on the magnetic field, such that the inner pair of CH, and CH; satellites
appear as a singlet at 400 MHz, as a consequence of *Jy, i and *Jy, i having opposite signs and the
difference in chemical shifts of the central CH, and CH; groups being equal to %{ [*Jen = Jugn | }-

Introduction

Thimerosal, i.e. sodium ethylmercury thiosalicylate, [(Ar©)-
SHgEt]Na, (Fig. 1),' is a pharmaceutical ingredient that was
introduced in the 1930s under the trade name Merthiolate,?
and subsequently found applications in a variety of products
such as: vaccine preservatives; antiseptics; contact lens cleaners;
soap-free cleansers; cosmetics; eye, nose and ear drops; and skin
test antigens."* Furthermore, thimerosal is also widely used in
biomedical studies as a sulfhydryl reagent, a calcium mobilizing
agent and a cell function-modulating agent.* In view of the many
applications, and the controversy surrounding its use as a vaccine
preservative,™® it is rather surprising that there are very few
reports pertaining to the chemistry of thimerosal.”’ Indeed, we
only recently determined the molecular structure of thimerosal by
X-ray diffraction." Here, we report the structural characterization
of the protonated and mercurated derivatives (Ar“°2")SHgEt and
[(ArCO2MeE)SHgEL],.
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Fig. 1 Thimerosal.

Results and discussion
Protonation of thimerosal

Thimerosal possesses several sites that may be subject to elec-
trophilic attack, two of which include the carboxylate oxygen and
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the mercury—carbon bond. It is, therefore, noteworthy that treat-
ment of an aqueous solution of thimerosal with HCl(aq) results
in selective protonation at the carboxylate oxygen to precipitate
the carboxylic acid derivative (Ar“°2")SHgEt (Scheme 1), with
the mercury—carbon bond remaining intact. Since thimerosal is
considered to enter cells via its protonated form,* it is particularly
pertinent to compare the molecular structure of thimerosal with
that of (Ar“®2")SHgEt. In this regard, X-ray diffraction studies
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Scheme 1
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Table1 Comparison of the mercury coordination geometries in
(Ar“>")SHgEt and [(Ar“®:)SHgEt]Na

(Ar“"SHgEt  (Ar“>")SHgEt"

modification #1  modification #2  [(Ar“>)SHgEt]Na®
Hg-C/A 2.086(5) 2.093[4] 2.092[21]
Hg-S/A 2.380(1) 2.383[3] 2.375[11]
C-Hg-S/°  175.4(1) 173[2] 176[2]

“ Average values for 4 crystallographically independent molecules; num-
bers in brackets represent the standard deviation. ® Average values for
6 crystallographically independent molecules (see ref. 11); numbers in
brackets represent the standard deviation.

on two crystalline forms of (Ar“°2")SHgEt indicate that the
compound exists as a centrosymmetric dimer involving hydrogen
bonding interactions between the carboxylic acid groups, as
illustrated in Figs. 2 and 3. This dimeric structure provides
an interesting contrast to the complex network observed for
thimerosal, which consists of [(Ar®2)SHgEt]" anions connected
to Na* cations via both the oxygen and sulfur atoms of the
thiosalicylate ligand." The geometrical features at mercury in both
crystalline forms of (Arc®2")SHgEt are, nevertheless, similar to
those of thimerosal, as summarized by the data in Table 1.
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S

Fig. 2 Molecular structure of (Ar“>*)SHgEt for modification #1 (30%
thermal parameters; hydrogen atoms on carbon are omitted for clarity).

(Ar®")SHgFEt has also been characterized in solution by 'H
NMR spectroscopy, which provides evidence for both the mercury
ethyl moiety and the carboxylic proton. With respect to the ethyl
group, the '"H NMR chemical shift for the CH, group is downfield
of the CH; group (Fig. 4), a sequence that is in accord with that
for thimerosal and other EtHgX derivatives (e.g. X = Cl, Br, I,
Cl0O,), but opposite to that of Et,Hg.'>!*

A particularly interesting feature of the "H NMR spectrum of
(Ar“°2")SHgEt is associated with the ”Hg satellites of the ethyl
group (Fig. 4). Specifically, while the outermost satellites for the
CH, and CH; groups have a similar appearance to their respective
central signals, the innermost satellites appear as a sharp singlet at
400 MHz. The origin of the singlet is that the satellites correspond
to the A,B; portion of an A,B;X spin system and, as such, their
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Fig. 3 Molecular structure of one of the independent molecules of
(Ar<>")SHgEt for modification #2 (40% thermal parameters; hydrogen
atoms on carbon are omitted for clarity).

appearance depends critically on the J, x (i.e. *Jyn) and J x (i.e.
*Jugn) coupling constants. If A is the chemical shift difference
(164 — 0g|) of the CH, and CH; groups for molecules devoid
of magnetically active " Hg nuclei, the “effective” chemical shift
difference Ad” for those with the two spin states of ""Hg is |Ad +
% (Jax — Jex)|,'>' as illustrated in Fig. 5. Thus, the satellites
will only have a first-order appearance if |Ad + % (Jax —JIsx)l
>> |Jap |, and complex spectra for the satellites will result if this
inequality is not maintained.'s-'¢

In the extreme that |Ad + % (Jax — Jux)| is zero, i.e. A =
% |Jax —Js x|, the corresponding A,B; subspectra will become a
singlet. While ethyl groups are not commonly observed as singlets
in "H NMR spectra, such situations do arise if the CH, and CH;
groups coincidentally have the same chemical shift; for example,
the silicon ethyl groups of [Tp™2]Pt(H),Si(CH,CHj;); appear as a
singlet in the "H NMR spectrum.'””®* Most interestingly, the Si
satellites, however, appear as triplet and quartet signals because
the different /g 4 and *J i coupling constants effectively remove
the coincidental chemical shift degeneracy.’ A similar effect has
also been observed in the 'P{'"H} NMR spectrum of Pt[(R,R)-
Me-Duphos][CH,CH(CO,Bu")], for which the central signal is
observed as a singlet due to the coincidental equivalence of
the chemical shifts of the two different phosphorus nuclei, but
coupling is observed in the '**Pt satellite signals due to the Jp p
coupling constants having different values.***!

The observation that it is the “inner” pair of satellites which
exhibits the second-order behaviour indicates that J, x (i.e. *Jug 1)
and Jp x (i.e. *Jy, 1) have opposite signs.'-'¢2? In this regard, if J, x
and J x were to have the same sign, an “outer” pair of satellites
would exhibit the second-order behaviour if the requirement A§ =
g | Jax — Jsx | were to be satisfied. For example, an outer pair of
9Pt satellites appear as a singlet in the *P{'"H} NMR spectrum
of [{Pt(OP(OMe),l.dppe}.Zn]** because the two Jp p coupling
constants have the same sign.” The notion that 2Jy, y and *Jy,
for (Ar“°2")SHgEt have different signs is in accord with other
studies, which suggest that the former is negative, while the latter
is positive.
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Fig.4 '"HNMR spectra of (Ar“>:")SHgEt as a function of magnetic field.
At 400 MHz, the central pair of ' Hg satellites appear as a singlet (*).

As a consequence of the fact that the chemical shift difference
(when expressed in terms of Hz) of the CH, and CH; groups
is a function of the magnetic field, the “effective” chemical shift
differences AS’ for the A,B; satellites subspectra are also field
dependent. Thus, while the signals of the CH, and CH; satellites
of (Ar“°2")SHgEt fortuitously overlap at 400 MHz to give a singlet,
more complex spectra are observed at both 300 MHz and 500 MHz
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| sl

perfect overlap of these A and B satellites when
Ad=0.5{Maxl + Ugxl}
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Fig. 5 Schematic illustration of the 'Hg satellites for a mercury ethyl
group. The two inner satellites overlap if A§ = % {IJax| + 1 Jex|}. IfJ5x
and Jp x have opposite signs, the two satellites correspond to the same
molecule and so a singlet results.

(Fig. 4). EtHgCl also exhibits similar field-dependent satellites,
with a singlet being observed for the inner satellites at 400 MHz
(Fig. 6). The derived coupling constant data for (Ar°2%)SHgEt
and EtHgCI* are summarized in Table 2, which also includes
the data for thimerosal. In each case, the absolute magnitude of
|*Jugn | 18 smaller than |*Jy, |, a trend that is also observed for
other EtHgX derivatives.?

One final noteworthy aspect concerned with the mercury
satellites of (Ar“2")SHgEt is that the coupling is not as well
resolved as that for the central signals. The origin of this effect
is relaxation by chemical shift anisotropy (CSA),* an effect that
is of considerable importance for compounds with '"Hg in a
linear environment, for which the chemical shift anisotropy is
large.”” In this regard, we previously attributed the pronounced
line broadening of the mercury satellites of thimerosal to CSA."

Stability of (Ar“°2")SHgEt with respect to protolytic cleavage of
the Hg—C bond

While it is evident that protonation of the carboxylate oxygen
atom of thimerosal is kinetically more facile than protonation of
the Hg-C bond, the latter would ultimately be expected to give
the more thermodynamically favoured products.® Indeed, since
protonation of the carboxylate oxygen is reversible (Scheme 1), it
indicates that there is a significant barrier towards protolytically
cleaving the Hg—C bond of thimerosal. Likewise, it is also thermo-
dynamically possible that the Hg—C bond of (Ar“°2")SHgEt could
be cleaved in an intermolecular manner by the carboxylic acid
group of another molecule of (Ar“®2")SHgEt, but (Ar“°2")SHgEt
is resistant to such cleavage. For example, (Ar“°2")SHgEt is stable
with respect to elimination of ethane at 150 °C over a period
of 3 d. The kinetic stability of (Ar“©2#)SHgEt is, nevertheless,
in accord with the notion that two-coordinate mercury alkyl
compounds are generally not susceptible to protolytic cleavage.”
However, while these observations indicate that the Hg—C bonds
of both thimerosal and its protonated derivative are not per se
subject to facile protolytic cleavage, it must be recognized that
suitable donor ligands and different Brensted acids could promote
the cleavage. In this regard, we have recently demonstrated that
addition of 1-¢-butyl-2-mercaptoimidazole, Hmim®", to a mixture
of {[Hmim®" |HgEt}[BF,] and PhSH causes elimination of ethane
at room temperature.”

This journal is © The Royal Society of Chemistry 2009
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Table 2 'H NMR chemical shift and coupling constant data for mercury ethyl complexes.”

Solvent 6(CH,)/ppm 6(CH,)/ppm *Jugu/Hz 3 uen/Hz
(Arc:")SHgEt CDCl,; 1.893Jyy =8 Hz 1.353Jy.y =8 Hz —-168 +252
[(Ar<%"=)SHeEt], CD,Cl, 1.83°Jun =8 Hz 1323, u = 8 Hz ~193 +273
[(Ar°>)SHgE{]Na® D,O 1.65 T4y = 8 Hz 1.26 3,1 = 8 Hz 1176] 1250]
EtHgCl CD,Cl, 1.98 34y =8 Hz 1.353Jyy =8 Hz =202 +292

“Where indicated, the relative signs are determined by analysis of the data, but the absolute sign is based on comparison with the literature (ref. 22).

® Data taken from ref. 11.

500 MHz L |
|
I L S N A G Y

*
400 MHz f
?_Apill'bikﬁ__)wgﬂx o

300 MHz [ l
— .JI."

M ‘LJdltl Y. ¥ |J|'IiL_ —r JbILL —

24 22 20 18 16 14 12 10 085

Fig. 6 'H NMR spectra of EtHgCl as a function of magnetic field. At
400 MHz, the central pair of '”Hg satellites appear as a singlet (*).

Mercuration of thimerosal

In addition to protonation, the carboxylate oxygen may be
mercurated by addition of EtHgCl to give [(Ar2"e¥)SHgEt],

(Scheme 1).3 The synthesis of this complex is significant because
a compound with the corresponding empirical formula has
been reported to be an unexpected impurity in the synthesis
of thimerosal.’®® While there is a close formal analogy between
addition of H* and [EtHg]" to [(Ar®2)SHgELt]", the structure
of the products differ considerably. Specifically, X-ray diffraction
demonstrates that addition of [EtHg]" to thimerosal results in a
species with a complex tetranuclear structure, [(Ar®©2HE)SHgEL],,
that features both three- and four-coordinate mercury centers. The
mercury centers are linked by carboxylate groups, with each one
serving to bridge three mercury centers, as illustrated in Fig. 7.
The Hg-O distances, however, span the substantial range 2.13—
2.80 A (Table 3), with the principal Hg-O interaction being
trans to the ethyl group. As such, the mercury coordination
environments are best described as being two-coordinate linear
centers supplemented by secondary interactions.’! Interestingly,
despite the fact that [(Ar<°2"¢E)SHgEt], possesses two chemically
distinct [HgEt] moieties, '"H NMR spectroscopy (Table 2) indicates

caz'

cir

caz

Fig.7 Molecular structure of [(Ar“®"&)SHgFEt], (30% thermal parame-
ters; hydrogen atoms on carbon are omitted for clarity).

Table 3 Selected bond lengths for [(Arc%:"s)SHgEt],

d(Hg-X)/A
Hgl-Cl11 2.099(10)
Hg2-C21 2.074(9)
Hgl-S1 2.382(2)
Hgl-O1 2.596(6)
Hg2-02’ 2.751(6)
Hg2-01 2.799(6)
Hg2-02 2.132(6)

4330 | Dalton Trans., 2009, 4327-4333
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the presence of only one chemically distinct mercury ethyl group.
Assuming that the equivalence is not coincidental, a plausible
explanation to account for the observation of a single mercury
ethyl group is chemical exchange involving dissociation of [HgEt]*.

Conclusions

In summary, thimerosal is protonated selectively by HCI at the
carboxylate oxygen atom to give the mercury ethyl derivative
(Ar©2")SHgEt, rather than cleave the Hg—Et bond and eliminate
ethane. The carboxylate oxygen is also subject to electrophilic
attack by [HgEt]" to give [(Ar®®2H&E)SHgELt],. Despite the formal
similarity of the reactions involving H* and [HgEt]*, however, the
protonated derivative (Ar“°2")SHgEt exists as a hydrogen bonded
dimer in the solid state, while [(Ar©2HE)SHgEL], is tetranuclear,
with the mercury centers being connected by bridging carboxylate
groups.

Experimental
General considerations

All manipulations were performed using a combination of glove-
box, high-vacuum and Schlenk techniques under a nitrogen or
argon atmosphere, except where otherwise stated. Solvents were
purified and degassed by standard procedures. NMR spectra were
measured on Bruker 300 DRX, Bruker 400 DRX and Bruker
Avance 500 DMX spectrometers. '"H NMR spectra are reported
in ppm relative to SiMe, (6 = 0) and were referenced internally
with respect to the protio solvent impurity (6 7.26 for CDCl;* and
5.32 for CD,Cl,%%). BC NMR spectra are reported in ppm relative
to SiMe, (6 = 0) and were referenced internally with respect to
the solvent (6 = 39.52 for DMSO).* "Hg NMR chemical shifts
are reported relative to HgMe, (6 = 0) but in view of the toxicity
of the latter compound, the spectra were referenced externally
with respect to Hgl, (I M in d*-DMSO, § = -3106).3* Coupling
constants are given in hertz. IR spectra were recorded as KBr
pellets on a Nicolet Avatar DTGS spectrometer, and the data
are reported in reciprocal centimeters. Thimerosal (Acros) and
EtHgCl (Strem) were obtained commercially.

Synthesis of (Arc°z")SHgEt

A solution of thimerosal (200 mg, 0.49 mmol) in water (5 mL) was
treated with HCl,, (0.040 mL of 12.2 M, 0.49 mmol), resulting
in the immediate formation of a white precipitate, which was
extracted into CH,Cl, (7 mL). The dichloromethane extract was
washed with water (3 x 3 mL) and the volatile components
were then removed in vacuo to give (Ar®©")SHgEt as a white
solid (147 mg, 79%). Anal. calcd for (Ar“°2*)SHgEt: C 28.2%,
H 2.6%. Found: C 28.3%, H 2.6%. '"H NMR (CDCl;): 1.35 [t,
3w =8, *Jun, =252, 3 Hof HO,CC¢H,SHgCH,CH,;], 1.89 [q,
3w =8,y = 168, 2 H of HO,CC,H,SHgCH,CH;], 7.30 [t,
3Jun =8, 1 Hof HO,CC{H,SHgCH,CH;], 7.39[t,*Jyu =8, 1 H
of HO,CC4H,SHgCH,CH;], 7.61 [d, *Jyy = 8, 1 H of HO,CC;-
H,SHgCH,CH;], 8.25[d, *Jyy = 8, 1 H of HO,CC,H,SHgCH,-
CH;], 11.79 [s, 1 H of HO,CC,H,SHgCH,CH;]. *C NMR
(DMSO): 13.7 [q, 'Jeu = 124, *Jy, c = 73, 1 C of HO,CC¢H,-
SHgCH,CH;], 25.4[t, 'Jc iy = 132, 'Jy, c = 1362, 1 C of HO,CC-
H,SHgCH,CH;], 124.4 [d, 'Jouy = 163, 1 C of HO,CCsH,-

SHgCH,CH;], 128.6 [d,'Jy = 161, 1 C of HO,CC¢H,SHgCHS,-
CH;],129.9[d,'Jcy =160, 1 Cof HO,CC,H,SHgCH,CH;], 135.4
[d,'Jcn = 161, 1 C of HO,CC,H,SHgCH,CH;], 136.2 [s, 1 C of
HO,CCH,SHgCH,CH;], 137.3 [s, 1 C of HO,CC¢H,SHgCH,-
CH.], 170.2[s, 1 C of HO,CCH,SHgCH,CH;]. "Hg{'H} NMR
(DMSO): -788 [tq]. IR Data (KBr, cm™): 3066 (s), 2963 (s), 2942
(), 2909 (s), 2856 (s), 2725 (m), 2638 (m), 2544 (m), 1921 (w), 1692
(vs), 1589 (m), 1556 (m), 1468 (s), 1424 (m), 1403 (vs), 1302 (s),
1282 (s), 1251 (vs), 1172 (m), 1138 (m), 1109 (w), 1049 (s), 1032
(m), 946 (w), 902 (m), 809 (m), 787 (w), 732 (vs), 708 (m), 696 (m),
643 (m).

Deprotonation of (Ar°°z")SHgEt

A suspension of (Ar®")SHgEt (20 mg, 0.052 mmol) in D,0O
was treated with NaOH (0.28 mL of 0.225 M NaOH in D,0,
0.063 mmol), thereby resulting in the formation of a solution.
The sample was monitored by '"H NMR spectroscopy which
demonstrated the formation of [(Ar“°2)SHgEt]Na.

Thermal stability of (Ar¢°2")SHgEt

(a) A solution of (Ar®")SHgEt (ca. 20 mg) in CDCl; (ca. 0.7 mL)
was heated at 150 °C. The sample was monitored by '"H NMR
spectroscopy which demonstrated that (Arc°2")SHgEt is stable
with respect to elimination of ethane over a period of 3 d.

(b) A solution of (Ar®")SHgEt (ca. 20 mg) in CD,;0D (ca.
0.7 mL) was heated at 140 °C. The sample was monitored by 'H
NMR spectroscopy which demonstrated that (Arc°2")SHgEt is
stable with respect to elimination of ethane over a period of 12 h.

Synthesis of [(Ar°2"s*)SHgEt],

A mixture of thimerosal (100 mg, 0.247 mmol) and EtHgCl
(59 mg, 0.223 mmol) in water (I mL) and methanol (2 mL)
was stirred for 5 min. After this period, the mixture was filtered
and the precipitate was washed sequentially with water (3 x
1 mL) and methanol (2 x 2 mL) and dried in vacuo to give
[(Arco2MeE)SHELt], as a white solid (47 mg, 35%). Anal. calcd
for [(Ar2"e*)SHgELt],-6H,0: C 19.9%, H 3.0%. Found: C 19.3%,
H 2.1%. '"H NMR (CD,CL): 1.32 [t, *Juwn = 8, *Jun, = 273,
6 H of H,CCH,HgO,CC,H,SHgCH,CH,], 1.83 [q, *Juu =
8, *Juue = 193, 4 H of H;CCH,HgO,CC,H,SHgCH,CH,], 7.12
[t, *Juw = 8, 1 H of H;CCH,HgO,CC,H,SHgCH,CH;, 7.21 [t,
3Jun = 8, 1 H of H;CCH,HgO,CC,H,SHgCH,CH.], 7.54 [m,
2 H of H;CCH,HgO,CC,H,SHgCH,CH;]. “C NMR (DMSO):
139 [q, 'Jeu = 126, Ty, = 91, 2 C of H;CCH,HgO,CCq-
H,SHgCH,CH;], 20.7 [t, 'Jeu = 133, "Jy,c = 1570, 2 C of
H,CCH,HgO,CCH,SHgCH,CH,], 124.4 [d,'Jcy = 162, 1 C of
H,;CCH,HgO,CCH,SHgCH,CH;], 127.9 [d,'Jcu = 160, 1 C
of H;CCH,HgO,CC¢H,SHgCH,CH,], 128.6 [d, 'Joy = 158, 1
C of H;CCH,HgO,CCH,SHgCH,CH;], 135.3 [d,'"Jcu = 162,
1 C of H;CCH,HgO,CCH,SHgCH,CH;], 135.5 [s, 1 C of
H,CCH,HgO,CC¢H,SHgCH,CH;], 141.2 [s, 1 C of H;CCH,-
HgO,CCsH,SHgCH,CH;], 173.7 [s, 1 C of H;CCH,HgO,-
CC,H,SHgCH,CH;]. IR Data (KBr, cm™): 3056 (w), 3043 (w),
2973 (m), 2946 (m), 2913 (m), 2858 (m), 1600 (vs), 1577 (s), 1460
(m), 1425 (m), 1338 (vs), 1271 (m), 1254 (m), 1231 (w), 1183 (m),
1142 (m), 1115 (w), 1048 (m), 1033 (w), 960 (w), 949 (w), 857 (m),
792 (w), 752 (vs), 732 (m), 711 (m), 689 (m), 651 (m).

This journal is © The Royal Society of Chemistry 2009
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Table 4 Crystal, intensity collection and refinement data

(Ar“>")SHgEt #1 (Ar<>")SHgEt #2 [(Arco:FeESHEL],
Lattice Monoclinic Monoclinic Monoclinic
Formula CyH,,HgO,S CyH,(HgO,S C,,HxHg,O,S,
Formula weight 382.82 382.82 1222.92
Space group P2,/n P2/c C2/c
a/A 9.1662(8) 30.096(3) 22.943(3)
b/A 5.3545(5) 4.0444(4) 7.7108(9)
c/A 20.5095(17) 33.472(4) 15.0681(16)
o/ 90 90 90
B/° 93.666(1) 91.153(1) 94.551(2)
y/° 90 90 90
v/A3 1004.6(2) 4073.4(7) 2657.2(5)
VA 4 16 8
T/K 125(2) 125(2) 125(2)
Radiation /A 0.71073 0.71073 0.71073
Peatca/ g CM7 2.531 2.497 3.057
1 (MoKo)/mm™ 15.492 15.282 23.222
6 max./° 32.37 31.29 32.46
No. of data 3436 13211 4547
No. of parameters 118 469 145
Ry 0.0451 0.0658 0.0502
R, [I >20(])] 0.0291 0.0354 0.0509
wWR, [I > 20(1)] 0.0835 0.0598 0.1302
GOF 1.038 1.020 1.104

X-Ray structure determinations

Single-crystal X-ray diffraction data were collected on either a
Bruker Apex II diffractometer. Crystal data, data collection and
refinement parameters are summarized in Table 4. The structures
were solved using direct methods and standard difference map
techniques, and were refined by full-matrix least-squares proce-
dures on F? with SHELXTL (version 6.10).3
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