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The new  compounds [MeHg([9]aneS3)](BF,) (1),
[MeHg([12]aneS;)[(BF,) (2), and [(MeHg),([14]aneS,)](BF,),
(3) have been prepared and their crystal structures deter-
mined. In 1, the thioether acts as a tridentate ligand [Hg-S
2.611(2)-2.768(2) A] and thus the metal atom is tetrahedrally
coordinated, which is rare in organomercury chemistry. Tem-
perature-dependent 'H and *C NMR spectra showed that
this coordination is retained in acetonitrile solution. In crys-
talline 2 and 3, linear-coordinated Hg" occurs with Hg-S
bond lengths of 2.441(4) and 2.425(2) A. [MeHg([9]aneS3)]*
was found to be stable towards ligand substitution by
CF3SO;3;™ in dimethyl sulfoxide, whereas the thioether was
partly displaced by CF3;CO,~ and completely by CH3;CO,.
Protonolysis by the very strong Brensted acid CF;SO3H in
[Dz]nitromethane transformed the methanido ligand into
methane. The degree of Hg—C bond cleavage was ca. 25%
for the four-coordinate [MeHg([9]aneS;)]* after 1 h, whereas
no reaction was observed for two-coordinate [MeHg(SEt,)]*

or MeHgCl under similar conditions even after 24 h. The
product Hg?* was trapped as [Hg([9]aneS;),]?*, which is a
six-coordinate complex, as shown by a crystal structure ana-
lysis of [Hg([9]aneSs),](BF,)2:2 CH3CN. Quantum chemical
calculations [MP2/SDD + SDD ECP Hg, 6-31+G(d,p) other
elements] confirmed that hydrogen transfer activation bar-
riers are significantly lower for “high"-coordinate (CN > 2)
complexes. Hg—C bond activation by the enzyme organomer-
curial lyase is possibly also based on multiple (cysteinyl) sul-
fur ligation. We propose a hypothetical reaction mechanism
that involves an OH-containing amino acid side chain or a
water molecule simultaneously serving as a proton acceptor
(from Cys—SH) and donor (to R~ of RHg*). This mechanism is
supported by quantum chemical calculations on a model sys-
tem.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The high toxicity of various mercury compounds is a
constant issue of environmental and public health concern.
Consequently, the global cycle of mercury, including the
considerable effects of anthropogenic activities, has been in-
tensely studied.[! 6 It was found that in the marine environ-
ment, the reduction of inorganic mercury (Hg?") to the el-
emental form (Hg®), and the biomethylation of Hg?>" to
methylmercury (MeHg™) and dimethylmercury (HgMe,)
are major reactions. While Hg® is released into the atmos-
phere where it represents the dominant transport form of

[l Institut fiir Reine und Angewandte Chemie der Universitit
Oldenburg
Carl-von-Ossietzky-Str. 9—11, 26129 Oldenburg, Germany
Fax: (internat.) + 49-(0)441-798-3329
Institut fiir Chemie der Universitdt Hohenheim
Garbenstr. 30, 70593 Stuttgart, Germany
Fax: (internat.) + 49-(0)711-459-3950
E-mail: h-strasd@uni-hohenheim.de
] Present address: Universitit Bremen FB 4/IW3, Keramische
Werkstoffe und Bauteile
Am Biologischen Garten 2, 28359 Bremen, Germany

[b

Eur. J. Inorg. Chem. 2004, 23012312

DOI: 10.1002/ejic.200300907

mercury, methylmercury is partly incorporated by plankton
species and accumulates in the food chain, especially in
predatory fish.”81 Methylmercury is known to be an ex-
treme neurotoxin.®~ 161 A recent study estimates that in the
USA alone, over 60,000 children are born each year at risk
of neurological problems caused by in utero exposure to
methylmercury.l-!7]

One of the main factors responsible for the facile bio-
magnification of methylmercury in the food chain is the
relatively high stability of the Hg—CHj; bond under physio-
logical conditions.['®!] It is therefore interesting that the
bacterial enzyme organomercurial lyase or MerB (gene:
merB) is capable of accelerating the protonolytic cleavage
of methylmercury and other RHg* cations by a factor of
10°—107.2% The products of the enzymatic reaction are the
hydrocarbon RH and Hg?" which is eventually complexed
by exogenous thiolates. Organomercurial lyase is part of a
broad-spectrum mercury resistance system in which a se-
cond enzyme, termed mercuric reductase or MerA (gene:
merA), catalyzes the reduction of Hg?" to Hg® with the
latter finally diffusing out of the bacterial cell.?!'~2¢] The
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three-dimensional structure and the enzymatic mechanism
of organomercurial lyase are still unknown. However, a
general mechanistic hypothesis proposed by Walsh and co-
workers is available.?%-271 One of its key features is the coor-
dination of the substrate RHg"™ to one or two cysteinyl-
S~ groups, enhancing the polarity of the Hg—C bond. A
Brensted-acidic group of the enzyme, possibly a cysteinyl-
SH, is thought to be the proton donor in the subsequent
protonolysis step (for further details see Results and Dis-
cussion). In model studies, Barbaro et al. have demon-
strated that a high “primary” coordination number of mer-
cury can contribute to the activation of Hg—C bonds. They
found that the tetrahedral phosphane complexes
[RHg{N(CH,CH,PPh,);}]* (R = Me, Ph) were unusually
susceptible to protonolytic Hg—C bond cleavage.[*®?°] Re-
sults of a theoretical study, comparing Hg—C bond cleav-
age in [MeHg(PH;)]" and [MeHg(PHs);]", agreed with the
experimental observations.?) Metal ion coordination by
phosphanes, however, is “non-physiological”’. Synthetic
analogues that more closely mimic the proposed substrate
binding by organomercurial lyase are lacking.

In this paper we describe methylmercury(1l+) thioether
complexes with properties relevant to the suggested mecha-
nism of organomercurial lyase. Our experimental and
theoretical study addresses, among other things, the ques-
tion of Hg—C bond activation by multiple sulfur ligation.
Perhaps surprisingly, MeHg" —thioether complexes have
low thermodynamic stabilities with typical log K values for
the formation of 1:1 complexes falling in the range —1 to
2.31:321 In marked contrast, the stability constants of thi-
oether complexes of Hg>" are by about ten orders of mag-
nitude larger (log K = 8—12).133 This difference may be
attributed to “anti-symbiosis” which means that the soft
methanido ligand reduces the affinity of mercury(1r) for an-
other soft ligand in the frans position.?¥ So far, only a few
organomercury(l+) thioether complexes have been iso-
lated?*! and, to the best of our knowledge, no crystal struc-
tures have been determined.*®! In the following, we report
the syntheses and X-ray crystal structures of three new
MeHg" complexes with meso- and macrocyclic thioether
ligands. Part of this work has been communicated pre-
viously.?”!

Results and Discussion

Syntheses of the Methylmercury Complexes

A suitable methylmercury starting compound was ob-
tained by treating methylmercury hydroxide with a slight
excess of tetrafluoroboric acid in aqueous solution. After
removal of the solvent, a colorless oil remained. It is known
that in strongly acidic aqueous solutions [MeHg(OH,)]™" is
by far the main MeHg" species.’®! It therefore seemed
safe to assume that the obtained product was
[MeHg(OH,)|(BF,)-xH>O. The complex [MeHg(OH,)]"
should have a similar structure to [MeHg(DMSO)]*, which
contains O-coordinated dimethyl sulfoxide in solution as
well as in the solid state.*”!

2302 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

In tetrahydrofuran or acetonitrile/diethyl ether, the thio-
ethers [9]aneSs, [12]aneSs, and [14]aneS, are capable of dis-
placing the aqua ligand from [MeHg(OH,)]* {Equation (1);

= [9]aneS; or [12]aneS;: n = 1; L = [14]aneS4: n = 2}.

n[MeHg(OH,)|(BF,) + L — [(MeHg),LI(BF4), + n H,O )

— (M) $ %
CSJS Csj <:S\_/3:>

[SlaneS; [12]aneS; [14]aneS,

By this route, we prepared the new coordination com-
pounds [MeHg([9]aneS;)](BF,) (1), [MeHg([12]aneS;)]-
(BF,) (2), and [(MeHg),([14]aneS,)](BF ), (3). They were
isolated as analytically pure, crystalline solids in yields of
85% (1), 68% (2), and 92% (3), respectively. We did not
succeed in preparing complexes with different numbers of
MeHg™" cations per ligand molecule by variation of the
starting material ratios. NMR experiments showed, how-
ever, that [12]aneS; can probably bind more than one
MeHg* group (see below). Compounds 1—3 are air-stable
and soluble in strongly polar organic solvents such as aceto-
nitrile, nitromethane, and dimethyl sulfoxide.

Crystal Structures of Compounds 1-3

Crystals of [MeHg([9]aneS53)](BF,4) (1) consist of discrete
[MeHg([9]aneS;)]* cations and BF,~ anions. The com-
pound crystallizes with two formula units in the asymmetric
unit. The two symmetry-independent [MeHg([9]aneS3)]"
complexes have essentially the same structure (Figure 1).
Each of the Hg atoms is in a distorted tetrahedral coordi-
nation environment formed by a methanido and a triden-
tate thioether ligand.”*! One Hg—S bond is shorter than
the other two. Nevertheless, all three are “primary” bonds.
The shortest Hg—S bond is involved in the largest
S—Hg—C angle [complex 1: 142.7(4)°; complex 2:
136.4(4)°], demonstrating a slight distortion towards the lin-
ear coordination usually preferred in RHg* complexes. As
expected, the mean Hg—S bond length of the four-coordi-
nate complexes in 1 (2.71 A) is considerably larger than the
Hg—S bond lengths of the two-coordinate complexes in 2
[2.441(4) A] and 3 [2.425(2) A]. The Hg—C bond lengths
are, however, not significantly different [1: 2.080(8), 2.075(8)
A;2:2. 11(2) A;3:2. 068(7) A] and correspond well with the
average value of 2.07 A that was derived from a large num-
ber of MeHg™ compounds.[*’ As in the free form,“) the
ligand [9]aneS; in 1 adopts the [333] conformation.[*!4?]
Coordination to the MeHg™ group resulted in a small in-
crease of the mean transannular S--S distance from
3.451(2) to 3.489 A and a decrease of the mean S—C—-C—S
torsion angle from 58.5 to 56.0°. The maximum change of
an individual torsion angle was —4.4° at a C—C bond and
+4.6° at an S—C bond.

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2301—2312



The First Structurally Authenticated Organomercury(l+) Thioether Complexes

FULL PAPER

Figure 1. Ellipsoid plot (50% probability level) of the two sym-
metry-independent [MeHg([9]aneS3)]" complexes in 1 showing
their mutual orientation in the crystal (hydrogen atoms are omit-
ted); bond lengths [A] and angles [°]: Hgl —S1 2.611(2), Hgl —S2
2.768(2), Hg1—S3 2.760(2), Hgl—C1 2.080(8), Hg2—S4 2.720(2),
Hg2—-S5 2.732(2), Hg2-S6 2.677(2), Hg2—-C8 2.075(8);
SI—Hgl—S2 81.1(1), S1—Hgl—S3 79.6(1), S2—Hgl1—S3 79.0(1),
S1-Hgl—Cl 142.7(4), S2—Hgl—Cl 124.9(3), S3—Hgl—Cl
127.3(4), S4—Hg2—S5 79.9(1), S4—Hg2—S6 80.4(1), S5—Hg2—S6
80.4(1), S4—Hg2-C8 132.2(3), S5—-Hg2—-C8 126.6(4),
S6—Hg2—C8 136.4(4)

In contrast to the rare tetrahedral coordination observed
in 1, the much more common diagonal coordination of the
Hg atom!®’! occurs in [MeHg([12]aneS;)|(BF,) (2) and
[(MeHg),([14]aneS,4)](BF4), (3). In addition to the Hg—S
and Hg—C “primary”” bonds, however, intermolecular “sec-
ondary” bonds to the S and F atoms exist in crystals of 2
and 3 (Figures 2 and 3). The sum of the van der Waals radii
(R.qw) of the participating atoms usually serves as reference
point for establishing the presence of such weak
metal—ligand bonds. The R.aw values of Hg" (1.75 A),143]
S (1.60—2.03 A), and F (1.30—1.38 A)“4 give Hg-S and
HgF van der Waals distances of 3.35-3.78 A and
3.05—3.13 A, respectively. The three intermolecular con-

tacts in 2 i.e. two Hg---S and one Hg--'F, are below the lower
ends of these ranges. In 3, two Hg--F contacts are at least
0.10 A shorter than the minimum van der Waals distance.
The respective S—Hg*+X and C—Hg--X angles (X = S, F)
fall within a range reasonable for Hg---X bonding interac-
tions [76.6(4)—101.4(6)°]. Small distortions from linearity
of the S—Hg—C angles [2: 168.1(6)°; 3: 174.7(2)°] may be
attributed to the influence of the “secondary’ bonds. Com-
pared with the free ligand molecules,*>#¢! the basic confor-
mations of [12]aneS; and [14]aneS; ([3333] and [3434],
respectively)!l are retained in the MeHg" complexes. The
maximum change of a torsion angle between the free and
the coordinated forms amounts to *6—7° both for
[12]aneS; (at S—C) and [14]aneS, (at S—C and C—C).[4”]
[14]aneS, in 3, as in the free form, possesses a crystallo-
graphically imposed center of symmetry.

Figure 2. Ellipsoid plot (50% probability level) of the
[MeHg([12]aneS;)]* complex in crystals of 2 (hydrogen atoms are
omitted); bond lengths [A] and angles [°]: Hg—S1 2.441(4), Hg—Cl1
2.11(2), Hg-S2' 3.176(4), Hg--S3" 3.256(4), HgF1 2.97(1);
S1—Hg—C1 168.1(6); symmetry transformations: ': 0.5 + x, 0.5 —
505+ 2105+ x,05+yz

Figure 3. Ellipsoid plot (50% probability level) of the [(MeHg),([14]aneS,)]*" complex in cr¥stals of 3 (hydrogen atoms are omitted);

bond lengths [A] and angles [°]: Hg—S1 2.425(2), Hg—C1 2.068(7), Hg--F1'1 2.947(5), Hg:--F4!!
2-32—-z"% =054+ x,15-y —05+z"05—-x,05+y 15—z

transformations: ' — x,

Eur. J. Inorg. Chem. 2004, 2301—2312 www.eurjic.org

2.946(5); SI—Hg—Cl1 174.7(2); symmetry
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Properties in Solution and Behavior Towards Competing
Ligands

At room temperature, 1—3 showed rapid ligand exchange
resulting in averaged NMR signals for coordinated and free
thioether  ligands. In suitable  solvents,  the
[MeHg([9]aneS;)]* complex of 1 is rather stable against sol-
volysis. This was demonstrated by an NMR experiment in
which increasing amounts of [MeHg(OH,)](BF,):xH,O
were added to a 0.06 M solution of [9]aneS; in CD;CN.
The 2J('H,'"*’Hg) value was found to be independent of the
MeHg"/[9]aneS; molar ratio in the range of 0.5—0.95:1 and
identical to the coupling constant measured for solutions
of 1 in CD3;CN. At ratios > 1:1, the carbon atoms of the
thioether showed a constant chemical shift identical to that
observed for 1. The two NMR quantities 2J('H,'”°Hg) and
dc(CH,) differ clearly between 1 (237.4 Hz; 30.4 ppm) and
the “free” components ([MeHg(OH,)]": ca. 260 Hz;
[9]aneSs: 35.4 ppm). A marked dissociation equilibrium
would be sensitive to an excess of either of the two starting
materials, resulting in non-constant values of the NMR
parameters. The experimental results thus enabled us to
conclude that [MeHg([9]aneS;)]* does not strongly dis-
sociate in CD;CN.

An analogous experiment with [12]aneS; showed that the
[MeHg([12]aneS3)] " complex in 2 is markedly dissociated
in CD;CN. At a MeHg"/[12]aneS; molar ratio of 0.5:1 the
2J("H,"’Hg) coupling constant was 221.9 Hz (2: 224.2 Hz),
indicating a more complete complexation of methylmercury
due to the excess of thioether. When the ratio was increased
from 1:1 to 4.5:1, a continuous increase in the 2J('H,"”’Hg)
value resulted. However, this increase was significantly
smaller than expected from the contribution of
[MeHg(OH,)]* or [MeHg(NCCDs)]*. This discrepancy
can be explained by the binding of more than one methyl-
mercury group per thioether molecule. From the d-(MeHg)
values {8.9 ppm at MeHg"/[12]aneS; = 1:1; 4.5 ppm at
4.5:1; [MeHg(OH,)]*: ca. 0.0 ppm} one can easily estimate
that at the highest MeHg " /[12]aneS; ratio (4.5:1) each thio-
ether ligand binds, on average, slightly more than two
MeHg™" cations. Consistent with this picture, the -(SCH,)
value of the ligand continuously increased from 30.3 ppm
(at 1:1) to 32.6 ppm (at 4.5:1). The value for free [12]aneS;
is 28.9 ppm.

Some years ago, Rabenstein suggested that the
2J(*H,'"’Hg) coupling constant of the methylmercury group
may be utilized as a general indicator of the presence of
chelating ligands.[*®! Indeed, it has been reported that com-
plexes of potentially chelating ligands of the 2,2'-bipyridyl
and 1,10-phenanthroline type have higher values
(235.1-239.8 Hz) than those of monodentate pyridine de-
rivatives ~ (225.2—229.6 Hz).*) A comparison  of
[MeHg{N(CH,CH,PPh,);}]* (174 Hz, CN 4)?81 with
[MeHg(PR)]" complexes (167—173 Hz, CN 2)P% shows
the same trend, albeit less pronounced. Accordingly, we ob-
served a higher 2/ value for the tetrahedral complex
[MeHg([9]aneS;)]* (237.4 Hz) than for the two-coordinate
[MeHg([12]aneS3)] " species (224.2 Hz). The latter value
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compares well with coupling constants found for other two-
coordinate thioether complexes, e.g. [MeHg(SMe,)]"
(220.7 Hz),3%®1 [MeHg(methionineH)]** (223 Hz),*?! and
[MeHg(SEt,)]" (218 Hz; see Exp. Sect.). Surprisingly,
[(MeHg),([14]aneS,)]*", which exhibits primary two-coor-
dination in crystals of 3 (see above), has a relatively large
coupling constant (231.1 Hz) which is strongly temperature-
dependent. Raising the temperature from —30 to +60 °C
resulted in an increase by 9.7 Hz (1: 1.9 Hz; 2: 2.6 Hz). One
possible explanation is that 3 is more strongly dissociated
than, for example, 2. In this case, the contribution of the
dissociation product [MeHg(NCCD3)]* would increase the
observed (average) 2J value. Another explanation is sup-
ported by the observation that the Hg—C bonds are acti-
vated towards protonolytic cleavage in
[(MeHg),([14]aneS,)]*" but not in [MeHg(SEt,)]" (see be-
low). It is conceivable that in solution, three-coordinate iso-
mers of the former complex exist where the [14]aneS, ligand
forms five-membered HgS,C, chelate rings. This binding
situation has a  precedent in the complex
[(HgCly),([14]aneSy)], in which the thioether is simul-
taneously coordinated to two HgCl, moieties.°!] Higher
temperatures may favor the accompanying ligand confor-
mations which are probably energetically less favored than
the one observed in crystalline 3.

The 'H NMR spectrum of 1 at —30 °C shows that the
tetrahedral structure observed in the solid state is retained
in solution. The signal of the CH, groups forms a charac-
teristic AA’BB’ (or AA’XX") pattern®? in accordance with
the presence of three five-membered chelate rings which
rapidly alternate between the A and & conformations
(Scheme 1).

(|)H3 +

Hg

A

A\ N H

s \S,{SZ-; B 5==1 (fast)
He

Scheme 1

Upon raising the temperature, this pattern collapses into
a broad and finally, at 60 °C, a sharp singlet, obviously
because of fast exchange of the thioether ligand. Between
—30 °C and room temperature, 2J('H,"”°Hg) (see above)
and the coordination-induced chemical shifts of 1 are prac-
tically temperature-independent. For example, the relative
shift of the CH, groups Adc = dc(coordinated) — S (free
ligand) has a constant value of —5.0 ppm in CD3;CN. It can
therefore be concluded that the tetrahedral structure is also
present at room temperature. In the room temperature 'H
and '3C NMR spectra of 2 and 3, the number of observed
resonances is less than would be expected from the solid-
state structures. This can be explained either by fast thio-
ether ligand exchange as in the case of 1, fast intramolecu-
lar migration of the MeHg™ group(s) at the macrocycle via
intermediate chelates, or both. At —30 °C, the number and
multiplicity of the signals remain unchanged. Thus, at this
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temperature, at least one of these processes cannot be “froz-
en’”’ as opposed to the ligand exchange in 1.

The relative stability of [MeHg([9]aneS;)]" towards a
number of neutral or monoanionic potential ligands, L),
was studied by NMR spectroscopy. In this study, fast ligand
exchange at room temperature proved beneficial because it
resulted in only one '3C NMR signal for mixtures of coor-
dinated and released [9]aneS;. The position of this signal
between the two extremes, d-(coordinated) = 29.5 ppm and
dc(free ligand) = 33.9 ppm, gave a qualitative indication of
the position of equilibrium [Equation (2)].

[MeHg([9]aneS5)]t + L) < [MeHgL]™ + [9]aneS; )

The & values are given for solutions in [Dg]DMSO,
which was used for solubility reasons. The solutions were
initially 50 mM in each of the two components 1 and L(7).
L~ anions were introduced as their Et,N™ salts. It appeared
that the position of the equilibrium according to Equation
(2) was far to the left side when L™ was an oxo anion with
a largely delocalized charge such as CF;SO;™, p-
CH;C¢H,4SO;™ or NO; ™. With L&) = CH5CO,~, F~, CI™,
Br~, 17 or PPhs;, however, complete substitution of the
thioether ligand was observed. An intermediate situation
occurred with L(7) = CF3CO,~ or NEt; where the equilib-
rium concentrations of [MeHg([9]aneS;)]* and [MeHgL]™"
were of the same order of magnitude. As expected, the
monodentate ligand [12]aneS; cannot displace the triden-
tate [9]aneS; (experiment conducted in CD3;CN). In sum-
mary, it can be concluded that [9]aneS; is an unusually
strong ligand for MeHg* when compared with other thio-
ethers, but still a rather weak ligand on an absolute scale,
comparable for example with trifluoroacetate.

Hypothetical Reaction Mechanism of Organomercurial
Lyase

The bacterial enzyme organomercurial lyase catalyzes the
simple reaction shown in Equation (3) (R = alkyl, aryl).
A model for the reaction mechanism of this enzyme was
proposed some years agol?>-2”! (see Introduction) and has
very recently been refined.>3 It consists of at least four
steps (Scheme 2).

RHg" + H* — Hg?* + RH 3)

Step 1: Enz(-SH), + RHg(SR") ==HS-Enz-SHgR + R'SH

Step 2: HS-Enz-SHgR — Enz-S,Hg + RH
Step 3: Enz-S,Hg + R'SH === HS-Enz-SHg(SR")

Step 4. HS-Enz-SHg(SR') + R'SH ==—Enz(-8H), + Hg(SR"),

Scheme 2. Reaction steps in the mechanism of organomercurial
lyase (Enz = enzyme)

In the first step, a cysteinyl-SH group of the enzyme pro-
tonates and displaces an exogenous thiolate, such as the

Eur. J. Inorg. Chem. 2004, 2301—2312 www.eurjic.org

anion of cysteine or glutathione (R’SH), thereby binding
the RHg™ cation at the active site. There the key step fol-
lows, namely the protonolytic Hg—C bond cleavage, in
which a second SH group of the enzyme is involved (step
2). In the last two steps, exogenous thiolates coordinate to
the product Hg?>" and finally remove it from the enzyme.
Pitts and Summers proposed that Cys15954 could be the
primary ligand for the substrate RHg™ (step 1), while Cys96
donates the proton in step 2.°3! They also pointed out that
further amino acid residues, for example Tyr93 and Cys117,
are possible candidates as ligands and/or proton donors.
The latter is also one of three highly conserved cysteines,
besides Cys96 and Cys159. However, there are indications
that Cys117 may have no catalytic function.

From the viewpoint of coordination chemistry, step 2 is
the most intriguing one. It raises the question of how the
Hg—C bond is activated for protonolysis. From model stud-
ies on phosphanel®® and thioether complexes (this work), it
seems less likely that sufficient activation of the Hg—C
bond is possible in the binding situation depicted in
Scheme 3 (A). Here, Cys96 can only act as a weak thiol
donor and has a spatial orientation typical of secondary
ligands. Scheme 3 (B) shows the original proposal?%-27 ex-
tended by recent biochemical results.>3! The mercury atom
is three-coordinate, and therefore an enhanced polarity and
a significant activation of the Hg—C bond may be expected.
In Scheme 3 (C) we suggest a model that carries features of
both previous ones and takes into account the occurrence
of several conserved OH-containing amino acid residues in
the enzymes. In this model, activation and protonation de-
pend on the participation of Y—OH, which represents an
alcoholic or a phenolic amino acid residue. Alternatively
Y —OH could be a water molecule, which may be involved
in hydrogen bonding to an OH-containing side chain. The
oxygen atom of Y —OH simultaneously serves as proton ac-
ceptor (from Cys96—SH) and donor (to R™). Proton with-
drawal from Cys96—SH imposes thiolate character on the
sulfur atom. This, together with the overall spatial arrange-
ment, would allow the formation of a second primary
Hg—S bond. Candidates for Y—OH include the conserved
residues Thr77, Thr81, Tyr93, Ser115, and Thr120. In ad-
dition, the ligand AA—X"~ (shown in Scheme 3, B) could
also be present here. The model in Scheme 3 (C) is purely
hypothetical but it is supported by results of quantum
chemical calculations, which are presented below. It might
be tested experimentally on suitable site-directed mutants.

Protonolysis of Hg—C Bonds in Methylmercury Thioether
Complexes

The four-coordinate complex [MeHg([9]aneS;)]* offered
the opportunity of studying, for the first time, the effect of
multiple sulfur ligation on the reactivity of the Hg—C bond.
The very strong Brensted acid CF;SO;H in [Ds]nitrome-
thane was used as proton donor.>! An additional equiva-
lent of [9]aneS; was employed in order to trap the reaction
product Hg?>" as [Hg([9]aneS;),]>*. After the protonolysis
step, the thioether is thus functionally similar to the exog-
enous thiols in the mechanism of organomercurial lyase

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2305
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$H S—H H--G,

) AA—X_ ! Cys96—S, H

S—Hg—R _Hg—R \ /

Cys159 Cys159—8§ Cys159—s— IR
A B c

Scheme 3. Proposals for the key step of the reaction mechanism
of organomercurial lyase; A: with only Cys96 and Cys159 being
involved; B: with a further primary ligand AA—X", for example
Tyr93 (X = O) or Cysl17 (X = S); C: with participation of an
additional amino acid (or water) Y—OH as a simultaneous proton
donor and acceptor

(steps 3 and 4). The overall reaction can be expressed by
Equation (4).

[MeHg([9]aneSs)]* + CF;SO;H + [9]aneS; —

[Hg([9]aneSs),** + CF;805~ + CH, “)

Methane was identified as one of the reaction products
by using deuterated acid. In the CF;SO;D-containing sys-
tem, a mixture of CH;D and CH,4 formed due to the pres-
ence of traces of H,O (see below). For CH;D we measured
2J(HD) = 19Hz and a deuterium isotope effect
du(CH3D) — 8y(CHy) = —15.3 ppb in [Ds]nitromethane.
These results are in good agreement with very accurately
measured values in different solvents, for example in [Dg¢]-
acetone: 1.9361 * 0.0008 Hz and —15.555 #+ 0.002 ppb.5¢!
The reaction product [Hg([9]aneS5),]*" could be isolated as
crystalline [Hg([9]aneS3),](BF4),2 CH;CN (4) when the re-
action was carried out in acetonitrile with HBF, instead of
CF;SO;zH [Equation (5)].

[MeHg([9]aneSs)](BFs) + HBF, + [9]ancS; —CHCN,

[He([9]aneSs):}(BF)»2CH;CN + CH,

®)

Compound 4 was obtained in 72% yield. Its identity was
confirmed by comparison with a sample that had been pre-
pared independently from HgPh,, HBF,, and [9]aneSs.
Compound 4 was characterized, inter alia, by an X-ray
structural analysis. In the crystals, the [Hg([9]aneS;),]>* cat-
ion is located on a crystallographic center of inversion. The
six sulfur atoms form a distorted octahedral coordination
environment around the metal atom (see Figure 4). The mo-
lecular structure will not be further discussed here, since it
is similar to those of other [Hg([9]aneS;),]*" salts whose
structures have already been described in the literature.l’!

The progress of the reaction according to Equation (4)
was monitored by NMR spectroscopy, but attempts to de-
termine kinetic data were unsuccessful because the meas-
urements were impaired by unavoidable traces of water (ca.
0.3 equiv.). The effect of water could be demonstrated by
intentionally adding 1 equiv., which almost entirely sup-
pressed the protonolysis reaction. However, as the water
content was the same in all experiments, it was possible to
obtain semi-quantitative values to compare the relative re-
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Figure 4. Ellipsoid plot (50% level) of the

probability
[Hg([9]aneSs;)-]>" complex in crystals of 4 (hydrogen atoms are
omitted); bond lengths [A] and angles [°]: Hg—S1 2.677(1), Hg—S2
2.660(1), Hg—S3 2.711(1); S1-Hg—S2 83.69(3), S1-Hg—S3
82.49(3), S1—Hg—S1' 180.0, S1-Hg—S2! 96.31(3), S1—Hg—S3!
97.51(3), S2—Hg—S3 83.14(3), S2—Hg—S2! 180.0, S2—Hg—S3!

1

96.86(3),
-y —z

S3—Hg—S3!' 180.0; symmetry transformation: : — x, 1

activities of different MeHg™ complexes. We found for ex-
ample, that under the conditions described in the Exp. Sect.,
the degree of protonolysis reached ca. 25% for both 1 and
3 after 1h. In contrast, [MeHg(SEt,)]" and MeHgCl
showed no detectable reaction even after 24 h. MeHgCl is
known to be resistant towards strong acids; concentrated
hydrochloric acid, for example, causes less than 1% pro-
tonolysis after 100 min.[® This is despite the fact that chlo-
ride forms a stronger 1:1 MeHg"™ complex than [9]aneS;,
as our competition experiments have shown (see above). It
therefore seems very likely that the higher coordination
number in [MeHg([9]aneS;)]* compared with MeHgCl is
the most crucial factor in Hg—C bond activation. The large
difference in reactivity between [(MeHg),([14]aneS,)]*",
which is two-coordinate in crystals of 3, and [MeHg(SEt,)]"
appears to contradict this conjecture. However, the
2J('H,""°Hg) value indicates that in solutions of 3, the coor-
dination number of mercury may exceed 2, as already dis-
cussed. In order to better understand the role of the coordi-
nation number, quantum chemical calculations were car-
ried out.

Results of Quantum Chemical Calculations

In the following, structural propertiest> such as metrical
data as well as NMR chemical shifts and mechanistic path-
ways for Hg—C bond activation[® have been examined. In
order to obtain reliable data, for example on coordination-
induced chemical shifts, it is of the utmost importance to
find a method/basis set combination that allows the accu-
rate description of the molecules studied herein. In a first
attempt, we therefore employed several ab initio and density
functional theoretical approaches to reproduce the struc-
ture of the [MeHg([9]aneS3)]" cation of 1, the main focus
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Table 1. Metal—ligand bond lengths [A] in the complex [MeHg([9]aneS;)]*, determined at different levels of theory, compared with the

experimental values

Method

X-ray diffraction

AMI1

PM3

B3LYP/LANL2DZ

B3LYP/SDD + SDD ECP Hg

B3LYP/SDD + SDD ECP Hg, 6-31G(d) C,H,S
BP86/SDD + SDD ECP Hg, 6-31G(d) C,H,S
B3LYP/SDD + SDD ECP Hg, SDD + 6-31G(d) C,H,S
B3LYP/SDD + SDD ECP Hg, SDD + 6-31+G(d,p) C,H.S
MP2/SDD + SDD ECP Hg, 6-31G(d) C,H,S
MP2/SDD + SDD ECP Hg, 6-31+G(d,p) C,H.,S [

Hg—C Hg-S
2.075(8), 2.080(8) 2.611(2)—2.768(2) (mean: 2.711)
2.057 2.738—2.752
2.076 2.590

2.237 2.986—2.997
2.143 2.886—2.912
2.138 2.856—2.864
2.134 2.839-2.844
2.137 2.858-2.870
2.136 2.856—2.866
2.110 2.771-2.776
2.111 2.768—2.774

[l Tn the discussion this level of theory is denoted MP2/1.

being on the Hg—C and Hg—S bond lengths. Table 1 sum-
marizes the results. In each case, the basic structural feature
of the complex, i.e. the tetrahedral coordination of mercury,
is reproduced. The necessity of including a large basis set
as well as an effective core potential can be clearly seen
from the DFT calculations.'®’] However, the Hg—S bonds
were still much too long. Only the treatment at the corre-
lated levell®® gave good agreement for these distances.
Therefore the last method from Table 1 was used for the
subsequent NMR calculation. Interestingly, the bond
lengths were also well reproduced by the AM1 method.
However, despite the good semiempirical description of the
experimental structure, all evaluated ab initio calculations
of NMR chemical shifts based on both AM1 and PM3 geo-
metries failed to give satisfactory results.

As mentioned before, a reliable structure is indispensable
for the evaluation of NMR chemical shifts in general,[®3]
and for organomercury compounds in particular.[®¥ The
approach used herein applied the MP2-GIAO method!®)
together with the SDD basis set and an ECP on mercury,®]
and the 6-31+G(d,p) basis set!®”! on the remaining atoms
based on the MP2-optimized geometries  of
[MeHg([9]aneS;)]* and [9]aneS;. Experimentally, a coordi-
nation-induced shift of —5.0 ppm (from 35.4 to 30.4 ppm)
was observed for the CH, carbon atoms of the thioether
ligand (see above). Such a high-field shift is perhaps coun-
ter-intuitive. However, it was reproduced quite accurately
by our theoretical model: the averaged '*C NMR shift
changed by —7.4ppm (from 38.9 to 31.5 ppm) when
[9]aneS; underwent coordination. The '*C NMR signal po-
sition of the methanido ligand of [MeHg([9]aneS5)]", which

T]+or0
oH J+oro o-H~CH + +or0 F3C, :O
P +OFgSOH_ |FaCglq. | “CHy g0
o — 5O — ]
L | Hg
L |

Scheme 4. Pathway of the reaction between [MeHgL]" °" and tri-
fluoromethanesulfonic acid (L = Cl—, SEt,, MeSCH,CH,SMe, or
[9]aneS;)

Eur. J. Inorg. Chem. 2004, 2301—2312 www.eurjic.org

has been found experimentally at 0.7 ppm, was also satis-
factorily reproduced by theory (at & = —3.1 ppm).

The protonolytic cleavage of Hg—CHj; bonds by tri-
fluoromethanesulfonic acid has been investigated at several
levels of theory (for pertinent experimental results see
above). This includes the transition state for the proton
transfer from CF3;SO3H to methylmercury complexes of the
type [MeHgL]" °" © leading to methane and, initially,

TS1

TS2

Figure 5. MP2/I-calculated transition states for the protonolytic
Hg—C bond cleavage in MeHg(SMe) by methanethiol with (TS2),
and without (TS1) assistance by methanol
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[(CF5SO3)HgL]" °* © (Scheme 4). The latter can further re-
act with another L to yield [HgL,]*>" °r 0.

The results of the MP2/I calculations (see Table 1 for
basis set explanation) show that the hydrogen transfer acti-
vation barriers for the two complexes with digonal mercury
coordination are similar, namely 23 kcal'‘mol~! for MeHgCl
and 20 kcal'mol™! for [MeHg(SEt,)]". Significantly lower
activation barriers were found for the complexes with
higher coordination numbers of mercury: 14 kcal'mol~! for
[MeHg(MeSCH,CH,SMe)]" (CN 3) and 12 kcal-mol ™! for
[MeHg([9]aneS3)]" (CN 4). This confirms the above de-
scribed experimental finding that multiple sulfur ligation
activates Hg—CHj; bonds towards protonolytic cleavage.
The possible relevance for the enzymatic reaction mecha-
nism is obvious.

Finally, we sought an answer for the possible involvement
of OH-containing amino acid residues in the enzymatic re-
action mechanism. The model investigated consists of
methylmercury methanethiolate i.e. MeHg(SMe), to which
a proton is transferred from methanethiol, either directly or
by assistance from methanol. Our model corresponds to the
situations depicted in Scheme 3 (A and C). Optimization of
the two proton transfer transition states at the MP2/I level
of theory (Figure 5) demonstrates a clear preference of
14 kcal'mol™! for the six-membered transition structure
TS2 which involves the additional hydroxy group. The
activation energies for the two pathways are 39 and 25
kcal'-mol ™!, respectively. Although these values are still high
for an enzymatic reaction this model shows, that the in-
volvement of OH groups can significantly lower the acti-
vation barrier for protonolytic Hg—C bond cleavage, and
should therefore be considered when discussing possible re-
action mechanisms of organomercurial lyase.

Conclusions

The following are the principal results and conclusions
of this work: (i) Complexes between the methylmercury(1+)
cation and the cyclic thioethers [9]aneSs, [12]aneS;, and
[14]aneS; are isolable as crystalline tetrafluoroborates
[MeHg([9]aneS)|(BFy) (1), [MeHg([12JaneS)[(BF,) (2),
and [(MeHg)-([14]aneS4)](BF4), (3), respectively, in good
yields. In 2 and 3, Hg'! has an unexceptional linear coordi-
nation. In 1, however, the thioether acts as a tridentate li-
gand. The resultant tetrahedral metal coordination is rarely
found in organomercury compounds. (ii) The unusual coor-
dination has a distinct influence on the reactivity of
[MeHg([9]aneS3)]". This complex is significantly more
stable to substitution of its sulfur ligand than other
MeHg™" —thioether complexes. Besides, its Hg—C bond is
much more susceptible to cleavage by a strong Brensted
acid than the Hg—C bonds in linear coordinated
[MeHg(SEt,)]" or MeHgCl. Quantum chemical calcu-
lations confirm that the coordination number is an import-
ant factor in Hg—C bond activation. (iii) Our experimental
and theoretical findings strengthen the hypothesis that mul-
tiple sulfur coordination, in this case by cysteinyl S atoms,
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plays a key role in the mechanism of organomercurial lyase.
Assistance by an OH group, for example from an amino
acid side chain, could further facilitate the protonolytic
Hg—C bond cleavage in the enzyme’s active site.

Experimental Section

Safety Precautions: Soluble mercury(i) compounds are highly
toxic. In addition to the precautions routinely taken when toxic
metal species are handled, further protection measures are neces-
sary when working with methylmercury (MeHg").['%11:%8] In par-
ticular, laminate gloves that are specially designed for chemical re-
sistance (Silver Shield) should be worn under neoprene or nitrile
gloves. Disposable latex gloves are not sufficient! Medical surveil-
lance of the mercury concentration in the blood should be con-
sidered for those repeatedly working with methylmercury com-
pounds. Methylmercury-containing wastes can be treated with
strong oxidants, for example aqua regia, to give inorganic mercury
(Hg?"). Using the “supertoxic” compound dimethylmercury as an
Hg NMR standard is not to be recommended (see below).

Instrumentation: 'H and '*C{'H} NMR spectra were recorded at
300 K with a Bruker DPX 300 or a DRX 500 instrument. Chemical
shifts are given relative to TMS (§ = 0 ppm). 'Hg{'H} NMR
spectra were recorded with the DRX 500 spectrometer at 290 K. A
0.10 M solution of Hg(ClOy), in 0.10 M perchloric acid in D,O
served as an external standard.[%>7% The standard was prepared as
follows: in a 1-mL volumetric flask, D,O was added to yellow HgO
(21.7 mg, 0.100 mmol) and DCIO, (26.4 pL of a 68% solution in
D,0, p = 1.694 g-em—3, 0.300 mmol); after ca. 30 min, the HgO
had completely dissolved, and the flask was filled to the mark.
19Hg chemical shifts were referenced to neat HgMe, (8y, =
0 ppm) with this solution (85, = —2250 ppm on the HgMe, scale).
IR spectra (KBr pellets) were obtained with a Bio-Rad FTS 7PC
spectrometer. Mass spectra were measured with a Finnigan MAT
212 instrument. Melting points were determined in unsealed glass
capillaries. Elemental analyses were performed by the Mikroanaly-
tisches Labor Pascher, Remagen (Germany).

Starting Materials: The ligand 1,5,9-trithiacyclododecane
([12]aneS;) was prepared according to a literature method starting
from bis(3-hydroxypropyl) sulfide.[*>] The other starting materials,
including methylmercury hydroxide (1 M aqueous solution, Alfa
Aesar), were purchased from commercial sources and used as re-
ceived. The solvents were of reagent grade.

Preparation of [MeHg(|9]aneS;)|(BF,) (1): HBF, (150 pL of a 50%
aqueous solution, p = 1.38 gcem™3, 1.2 mmol) was added to
MeHgOH (1.00 mL of a 1 m aqueous solution, 1.0 mmol). After
12 h, the solution was concentrated in vacuo to give a colorless
oil, which was redissolved in tetrahydrofuran (2 mL). A solution of
[9]aneS; (180 mg, 1.00 mmol) in tetrahydrofuran (5 mL) was added
dropwise whilst stirring. A white, microcrystalline solid formed im-
mediately. After stirring for 12 h, the reaction was complete, and
the solid was collected on a glass filter, washed with tetrahydrofu-
ran and dried under vacuum. Yield: 412 mg (85%). M.p. ca. 190
°C (dec.). '"H NMR (300 MHz, CD;CN, 40 mm): § = 1.09 [s with
satellites, 2J('H,'”°Hg) = 237.4 Hz, 3 H; HgCHj], 3.09 (br. s, 12 H,
CH,) ppm. 3C NMR (75.5 MHz, CD;CN, 40 mm): § = 0.7
(HgCH3, superposed by solvent signal’'), 30.4 (CH,) ppm. '*’Hg
NMR (89.6 MHz, CD;CN, 40 mMm): § = —194 ppm. IR: ¥ = 2920
(w), 1449 (m), 1410 (m), 1287 (m), 1161 (w), 1144 (w), 1047 (s, br),
1036 (s, br), 926 (m), 889 (m), 816 (m), 783 (m), 521 cm™~! (m). MS

www.eurjic.org Eur. J. Inorg. Chem. 2004, 2301—2312



The First Structurally Authenticated Organomercury(l+) Thioether Complexes

FULL PAPER

(CI, isobutane): m/z (%) = 397 (2) [MeHg([9]aneS;)]*, 181 (100)
[[9]aneS; + H]". C;H,;sBF HgS; (482.8): caled. C 17.41, H 3.13,
Hg 41.55, S 19.93; found C 17.35, H 3.03, Hg 41.2, S 19.8.

Preparation of [MeHg(|12]aneS;)](BF,) (2): HBF, (75 pL of a 50%
aqueous solution, p = 1.38 ggem™3, 0.6 mmol) was added to
MeHgOH (0.50 mL of a 1 m aqueous solution, 0.5 mmol). After
12 h, the solution was concentrated in vacuo to give a colorless oil,
to which [12]aneS; (111 mg, 0.50 mmol), dissolved in acetonitrile
(5mL), was added. The reaction flask was connected to another
flask that contained diethyl ether. During the next 7 d the diethyl
ether was allowed to diffuse into the reaction mixture through the
gas phase. A colorless, crystalline solid formed, which was collected
on a glass filter, washed with tetrahydrofuran and dried under vac-
uum. Yield: 179 mg (68%). M.p. ca. 166 °C (dec.). 'H NMR
(300 MHz, CD5CN): § = 1.11 [s with satellites, 2J("H,'”’Hg) =
2242 Hz, 3 H, HgCH;], 1.99 (quint, 3Jyuy = 6.6Hz, 6 H,
CH,CH,CH,), 2.93 (t, 3Jyu = 6.6 Hz, 12 H, SCH,) ppm. 3C
NMR (75.5MHz, CDs;CN): & = 89 (HgCHj), 27.0
(CH,CH,CH,), 30.3 (SCH,) ppm. Hg NMR (89.6 MHz,
CD;CN, 40 mm): 6 = —886 ppm. IR: ¥ = 2926 (w), 1449 (m), 1431
(m), 1416 (m), 1300 (w), 1260 (m), 1250 (m), 1177 (w), 1049 (s, br),
1030 (s, br), 793 (m), 756 (m), 519 cm~' (m). MS (CI, isobutane):
mlz (%) = 439 (4) [MeHg([12]aneS;)]*, 223 (100) [[12]aneS; + H] .
C,oH,BF4HgS; (524.9): calcd. C 22.88, H 4.03, Hg 38.22, S 18.33;
found C 22.88, H 3.90, Hg 38.4, S 18.3.

Preparation of [(MeHg),([14]aneS,)|(BF,), (3): HBF, (150 pL of a
50% aqueous solution, p = 1.38 grem 3, 1.2 mmol) was added to
MeHgOH (1.00 mL of a 1 m aqueous solution, 1.0 mmol). After
12 h, the solution was concentrated in vacuo to give a colorless oil,
to which [14]aneS, (134 mg, 0.50 mmol), dissolved in acetonitrile
(5mL), was added. The reaction flask was connected to another
flask that contained diethyl ether. During the next 4 d the diethyl
ether was allowed to diffuse into the reaction mixture through the
gas phase. Small, plate-like crystals formed, which were collected
on a glass filter, washed with a small amount of tetrahydrofuran
and dried under vacuum. Yield: 403 mg (92%). M.p. ca. 129 °C
(dec.). '"H NMR (500 MHz, CD;CN): § = 1.16 [s with satellites,
2J('H,'Hg) = 231.1 Hz, 6 H, HgCHs], 2.10 (quint, 3y =
7.3Hz, 4 H, CH,CH,CH,), 3.05 (t, 3Jgu = 7.3Hz, 8 H,
CH,CH,CH,), 3.26 (s, 8 H, SCH,CH,S) ppm. 3C NMR
(125.8 MHz, CD;CN): § = 7.6 (HgCHj;), 30.2 (CH,CH,CH,), 32.7
(CH,CH,CH,), 33.3 (SCH,CH,S) ppm. IR: V = 2942 (w, br), 1445
(m), 1287 (w), 1215 (w), 1182 (m), 1084 (s, br), 1051 (s, br), 1036
(s, br), 789 (m), 521 cm ! (m). MS (CI, isobutane): m/z (%) = 485
(2) [MeHg([14]aneSy)]*, 351 (6) [MeHg([7]aneS,)]*,"* 107 (100)
[C3HgS, (dithiolane) + H]". C;>,H,sB,FsHg,S, (873.4): caled. C
16.50, H 3.00, Hg 45.93, S 14.69; found C 16.75, H 3.00, Hg 45.7,
S 14.7.

Preparation of [Hg(|9]aneS;),|(BF,4),:2 CH3;CN (4). Method A: Di-
phenylmercury (177 mg, 0.50 mmol) and [9]aneS; (180 mg,
1.00 mmol) were dissolved in tetrahydrofuran (10 mL). Addition of
HBF, (152 pL of a 54% solution in diethyl ether, p = 1.19 g-cm ™3,
1.1 mmol) resulted in the immediate precipitation of a white, mi-
crocrystalline solid. After 6 h, the solid was collected on a glass
filter, washed with tetrahydrofuran and redissolved in acetonitrile
(20 mL) in a flask, which then was connected to another flask con-
taining diethyl ether. During the next 5 d the diethyl ether was
allowed to diffuse into the solution through the gas phase. Color-
less, elongated tabular crystals formed, which were collected on a
glass filter, washed with tetrahydrofuran and briefly dried under
vacuum. Yield: 358 mg (88%). M.p. ca. 189 °C (dec.). 'H NMR
(300 MHz, CD;CN): § = 1.96 (s, ca. 6 H, CH3CN), 2.9-3.3 (m,

Eur. J. Inorg. Chem. 2004, 2301—2312 www.eurjic.org

24 H, SCH,) ppm. 3C NMR (75.5 MHz, CD;CN): § = 283
(SCH,) ppm. '""Hg NMR (89.6 MHz, CD;CN, 40 mm): § =
=305 ppm. IR: ¥ = 2911 (w), 2899 (w), 2249 (w), 1443 (m), 1408
(m), 1300 (sh), 1285 (m), 1059 (s, br), 1036 (s, br), 920 (m), 883
(m), 822 (m), 534 (m), 521 (m), 424 cm~! (m). MS (CI, isobutane):
miz (%) = 181 (100) [[9]aneS; + H]", 121 (97) [C,H,S, (dithiane)
+ H]". C¢H30B,FgHgN,Ss (817.0): caled. C 23.52, H 3.70, Hg
24.55, N 3.43, S 23.55; found C 23.58, H 3.57, Hg 25.0, N 3.15, S
23.9. Method B: HBF, (136 pL of a 54% solution in diethyl ether,
p = 1.19 grem 3, 1.0 mmol) was added whilst stirring to a solution
of 1 (96 mg, 0.20 mmol) and [9]aneS; (36 mg, 0.20 mmol) in aceto-
nitrile (5 mL). After stirring for ca. 30 min, the reaction mixture
was stored at ca. 0 °C. After 24 h, colorless crystals of 4 had
formed, which were collected on a glass filter, washed with a small
amount of an ice-cold acetonitrile/diethyl ether mixture (1:1, v/v)
and briefly dried under vacuum. Yield: 117 mg (72%). The 'H and
13C NMR spectra and the IR spectrum were identical to those of
the material prepared by Method A.

Estimation of the Rates of Protonolysis: Solutions for the NMR
measurements were prepared in a stream of dry nitrogen as a pro-
tection against atmospheric moisture. A typical experiment was
conducted as follows. 1 (48.3 mg, 100 umol) and [9]aneS; (18.0 mg,
100 pmol) were weighed out in a 1-mL volumetric flask, which had
been flushed with dry nitrogen. Hexamethylbenzene (300 pL of a
50 mM stock solution in [Ds]nitromethane, 15.0 pmol) was then ad-
ded, which served as a reference standard for determining the con-
centration change of methylmercury. After addition of [Dj]nitro-
methane (ca. 0.3 mL), the flask was shaken until a clear solution
was obtained. Trifluoromethanesulfonic acid (98 puL of a 1.02 m
stock solution in [Ds]nitromethane, 100 pmol) was then added.
After briefly shaking, the flask was filled to the mark with [Ds]ni-
tromethane. After shaking again, most of the solution was immedi-
ately transferred to an NMR tube, which had been flushed with
dry nitrogen. The tube was sealed with a standard cap and para-
film. The initial '"H NMR spectrum was measured typically 8 min
after addition of the acid. Subsequent spectra were recorded every
3 min during the first 30 min, and later at increasingly longer time
intervals. The temperature was kept at 20 °C. NMR spectroscopic
data were collected over a period of ca. 6 h. The "H NMR spectra
were analyzed by measuring the change of the integral intensity
of the MeHg™" signal (at 8 = 1.10 ppm) relative to the signal of
hexamethylbenzene (at 6 = 2.19 ppm). For 3, MeHgCl, and
[MeHg(SEt,)]* the sample preparations and measuring conditions
were similar to those described above. However, the concentrations
were adjusted less rigorously, and much longer time intervals be-
tween successive measurements were chosen because the main pur-
pose was to establish whether the reaction had occurred at all. Be-
tween measurements, the NMR samples were stored at 20 °C. In
the case of 3 (0.04 M solution), two moles of trifluoromethanesul-
fonic acid per mole of complex were applied and no hexameth-
ylbenzene was added. Instead, the intensity of the CH,CH,CH,
ligand signal served as a reference. It occurred at 6 = 2.45 ppm
and, later, split to give an additional signal at 6 = 2.36 ppm, which
was assigned to the product complex(es) that formed as a result of
the protonolysis. The MeHgCl solution was 0.07 M, and contained
a known concentration (0.02 M) of hexamethylbenzene.
[MeHg(SEt,)]* was prepared in situ. To this end, aqueous solutions
of MeHgOH (0.30 mmol) and HBF, (0.36 mol) were mixed. After
1 h, the reaction solvents were evaporated in vacuo. The residue
was dissolved in nitromethane (ca. 0.7 mL), and the resultant solu-
tion was concentrated again. This procedure was repeated four
times in order to remove water and excess HBF,. The residue was
then dissolved in [D;]nitromethane (1.0 mL). Addition of 1 equiv.
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of diethyl sulfide resulted in a sharp decrease in the 2J('H,!°°Hg)
coupling constant from 251 to 218 Hz, indicating the formation of
[MeHg(SEt,)]" {'"H NMR (300 MHz, [Ds]nitromethane): § = 1.17
[s with satellites, 2J("H,'”Hg) = 218 Hz, 3 H, HgCH;], 1.55 (t,
3Jaun = 7.3Hz, 6 H, CH,CHz), 3.49 (q, *Jyu = 7.3Hz, 4 H;
SCH,)}. Finally, 1 equiv. of trifluoromethanesulfonic acid was ad-
ded. The intensity of the SCH, signal of the thioether served as
a reference.

X-ray Crystallography: Crystal data and details of the data collec-
tions and structural refinements are summarized in Table 2. The
crystals were embedded in perfluoropolyalkyl ether (viscosity 1600
cSt., m.p. —20 °C; ABCR, Karlsruhe, Germany) and placed into
glass capillaries. The capillaries were sealed and transferred into
the cold gas stream of a STOE IPDS area detector diffractometer.
Mo-K,, radiation (A = 0.71073 A) was used for intensity data col-
lection. The measuring temperature was 193 K. Numerical absorp-
tion corrections were applied to the data. The structures were
solved by direct methods and refined on F? values. Anisotropic
displacement parameters were refined for the non-hydrogen atoms,
except for the C atom of the MeHg™ group of compound 2, which
gave unreasonable values on anisotropic refinement. All hydrogen
atoms were included in idealized positions by use of riding models.
Programs used were those of the SHELX-97 software packagel”
and DIAMOND for the graphical representations.’ 1: Single
crystals were grown by diffusion of diethyl ether through the gas
phase into a solution of 1 in acetonitrile. The four largest peaks in
the final difference map are located at distances < 0.9 A from the
Hg atoms. The remaining difference peaks are smaller than 0.7
e*A~3. 2: A method similar to that described above for this com-
pound yielded suitable single-crystals. The structure was success-
fully refined in the non-centrosymmetric space group Cc. The abso-
lute structure parameter was —0.05(2) for the final model. 3: Suit-
able single crystals were obtained using a procedure similar to that
described above for this compound, however with use of a 1:1 ratio

of the starting materials [MeHg(OH,)](BF;):xH,O and [14]aneS,.
4: Suitable single crystals were obtained by slow diffusion of
diethyl ether through the gas phase into a solution of
[PhHg([9]aneS3)](BF,;) in acetonitrile. Under these conditions,
symmetrization of the PhHg* compound to 4 and HgPh,
occurred.??] The BF,~ anion is disordered; its F atoms were re-
fined on two positions with an occupancy ratio of 2:1. CCDC-
207378 (1), -207379 (2), -207380 (3), and -207381 (4) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Center, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+ 44-1223/336-033; Email: deposit@ccdc.cam.ac.uk].

Computational Methods: The semiempirical calculations (AM1[73]
and PM3U) employed the program package MOPAC 2002,[77)
while the ab initio and DFT calculations were performed with
Gaussian 98.I781  With the exception of a single B3LYP/
LANL2DZ!"! optimization, all calculations at the correlated MP2
or the DFT BP86,1%% and the hybrid functional B3LY PP’ Jevels
of theory used the Stuttgart/Dresden SDD basis set and the effec-
tive core potential for Hg.[°] The remaining atoms were described
with the 6-31G(d) or 6-31+G(d,p) basis sets.”l In two cases the
SDD basis sets were added to these Pople bases. Local minima and
transition states were verified by determination of the number of
imaginary frequencies. Details of the NMR chemical shift calcu-
lations are given in the Results and Discussion section.
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Table 2. Crystallographic data and details of the data collection and structure refinement for compounds 1—4

1 2 3 4
Empirical formula C7H15BF4HgS3 C]onlBF4HgS3 C12H26B2F3Hg254 C16H30B2F8Hgst()
M, 482.8 524.9 873.4 817.0
Crystal system monoclinic monoclinic monoclinic orthorhombic
Space group P2,/c Cc P2,/n Phca
a [A] 7.7802(4) 10.306(1) 8.6904(6) 8.8396(3)
b [A] 42.319(2) 12.449(1) 13.951(1) 21.463(1)
c[A] 8.6996(5) 12.590(1) 9.8959(9) 15.137(1)
BI°] 109.098(6) 92.067(10) 102.86(1) 90
V [A3] 2706.7(2) 1614.2(2) 1169.7(2) 2871.9(3)
zZ 8 4 2 4
Pealed. [€ €m 3] 2.369 2.160 2.480 1.890
w(Mo-K,) [mm™] 11.852 9.946 13.526 5.858
Crystal size [mm] 0.40 x 0.33 x 0.21 0.70 X 0.16 X 0.06 0.36 X 0.17 X 0.12 0.44 X 0.27 X 0.18
Exposures 259 139 136 200
Oscillation angle for each exposure [°] 0.7 1.4 1.4 1.0
20@ax. [°] 52.06 51.56 51.54 51.96
Completeness to 20 ... [%0] 95.0 94.7 93.5 94.5
Reflections collected 19449 5868 8270 21248
Independent reflections (R;,,) 5087 (0.1899) 2872 (0.0891) 2095 (0.0651) 2662 (0.1139)
Data/restraints/parameters 5087/0/289 2872/2/167 2095/0/128 2662/0/197
R1[I > 26(D)] 0.0448 0.0499 0.0258 0.0232
wR2 (all data) 0.0907 0.1323 0.0597 0.0553
Goodness-of-fit on F? R 0.983 1.024 0.940 0.922
Largest difference peak/hole [erA™3] +2.06/—2.35 +1.16/—1.53 +1.05/—-0.84 +0.31/-0.53
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