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Protonolysis of the Hg—C Bond of Chloromethylmercury and Dimethylmercury. A DFT
and QTAIM Study
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Possible mechanisms for degrading chloromethylmercurysKggl) and dimethylmercury [(CkHQ]
involving thiol and ammonium residues were investigated by DFT and atoms-in-molecules (QTAIM)
calculations. Using k6 and HS as models for thiol and thiolate groups RSH and R&spectively, we
obtained transition states and energy barriers for possible decomposition routes to Hg&d)on a model
proposed by Moore and Pitts (Moore, M. J.; Distefano, M. D.; Zydowsky, L. D.; Cummings, R. T.; Walsh,
C. T. Acc. Chem. Resl1990, 23, 301. Pitts, K. E.; Summers, A. (Biochemistry2002 41, 10287).
Demethylation was found to be a multistep process that involved initial substitution obyCRS . We
found that successive coordination of Hg with thiolates leads to increased negative charge on the methyl
group and facilitates the protonolysis of the Hg bond by H-SH. This was also found to be the case for
(CHs),Hg. We found that Ni" readily protonolyzes the HgC bond of these thiolate complexes, suggesting
that ammonium residues of protonated amino acids might also act as effective proton donors.

Introduction studies on MerB by Di Lello et & confirmed previous

suggestions that several residues, namely *Cy3ys'°, and
yst60 are critical in determining the activity of MerB. NMR
hemical shifts provided evidence that at least two cysteines,

Cys and Cy35%9 are bound to mercurd? This complexation

; o . . ibl iv he carbemercury bond for protonolysis.
been devoted to the investigation of the degradation of mercurial possibly activates the carbemercury bond for protonolysis

compounds because of concerns about toxicity and bioaccumula-foﬁ[lrt}zour%r;otgglres:z g?tﬂgtﬁﬁdHeséiﬂgh;Z:S?chggsr?deeig%?:m
tion. The total concentration of MeHg in fish often is near and P Y 9 X

h . stereochemic&t!® and chemical evidence to strongly suggest
sometimes exceeds the level of §:5.m considered to be safe an overall mechanistic pathway for demethylation. However
for human consumptiof*8 Two main processes for the conver- P y y X ’

X L . . ible intermedi n ner rriers involv in th
sion of organomercurials into less toxic species have been pro-pOSSbe termediates and energy barriers olved the

. ; - - - transformations are unknown. The specific impact of the
posed: photoreduction and microbial-assisted transforméiiobs. complexation of thiol or amino arouns is still uncertain. Protona-
Degradation of MeHg under UV and sunlight radiation in P group '

lakes and seawater has been studied experimentally alnolted amines that are ubiquitous in prc_)teins must also be consid-
theoretically!®-14 Tosselt* demonstrated that dissociation of ered as potential proton donors. In this regard, the reported order
: . - o of binding to ligands in organic matter is thiol (I6g= 16—22)
(Me),Hg occurs through excited states with energies in the range _ amine (logk = 7.4-8.8) > carboxyl (logK = 1.1—3.5)28
~4.4 eV. He showed that the lowest triplet state of 8HCI L : e
is dissociative, leading to decomposition into £&hd HgCl
radicals. Another possible mechanism of MeHg photodecom-
position was proposed by Chen et®&lwho suggested that the
Hg—C bond is attacked by the electronically excited OH radical
that is produced during photolysis.

Biotic reduction of Hg(ll) into Hg(0) can occur through
bacterial enzymatic catalysig2! In particular, two enzymes,
MerA and MerB, are responsible for efficient detoxification of
both ionic and organomercurial compounds. The organomer-
curial lyase MerB catalyzes protonolysis of the -Hg bond,
resulting in Hg(ll), which is reduced to less toxic Hg(0) by
reductase MerA819According to the model proposed by Moore
et al’® and developed by Pitts and Summ#&rsylfur-containing
amino acid residues of MerB, such as cysteine, could form a
complex with an organomercurial material. NMR spectroscopic

Mercury compounds are important pollutants in the environ-
ment and are the more toxic metal compounds accumulated an
retained by living organisms:® MeHg" usually exists as CH
HgCIl (CMM) and CHHgOH® in oxic waters? Much effort has

Cleavage of the HgC bond of several sulfomercurial
compounds [MeHg([9])aneB (BFs)~ was recently studied
experimentally and theoreticalj The barrier for proton transfer
from fluoromethanesulfonic acid (G&O;H) was found to be
substantially lower in three-coordinate [MeHg(MeS{CiH,-
SMe)[* and four-coordinate [MeHg([9])ang]S than in two-
coordinate MeHgCI. However, the reaction occurs in a strongly
acidic medium and is not expected to be important under biotic
conditions. The barrier for protonolysis of MeHgSMe by
methanethiol that might be analogous to an enzymatic mech-
anism was determined to be too high (39 kcal Mplto be
considered as a realistic pathway for the-Hgybond-breaking
reaction. A computational study on the protonolysis of MeHg
by haloacids was recently performed by Barone é¢&F They
found that the barriers are strongly influenced by the electrone-
gativity of the ligands and decrease £%0% upon going from
* Corresponding author. E-mail: werstiuk@mcmaster.ca. CHSHgCl to CHHYCHs.
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to gain fundamental information on possible mechanisms for (a) (b)
the action of MerB. Our plan was to explore, computationally, i

possible routes for degrading CMM and DMM (Dimethylmer-

cury) to Hg(SH), a key step being the protonolysis of the-Hg

bond. We focused our study on the proposals made on the basit [ €
of recent experimental studié%?%22We obtained intermediates 5 g a |

and energy barriers for their reactions and used QTAIM o . e
calculations to analyze the bondi?f?’” We examined the

dependence of the protonolysis barrier on the coordination of TS1

the mercury atom as proposed by Wilhelm etldin addition

to thiolates, lysine and other ammonium groups are common ) » b (d) a
in proteins. Therefore, we also explored the possibility of f?-\.\._l s &

protonolysis of CHHgCl by ammonium groups. We present & = i }t, n
and discuss the results of this work herein. % ¢ s
Computational Methods

DFT calculations were carried out with Gaussian 98 and
Gaussian 08 at the Becke3PW91 levé?. Barone et af® TS2 TS3
employed DFT(LDA) and MP2 methods in an investigation of
Hg—C bond cleavage in mercury halides and demonstrated that (e) Geo—gsz
the accuracy of DFT predictions was comparable with that of ¢
the more resource-demanding MP2 method. The 6+&(H)
basis set was used in geometry optimizations for all elements
except Hg, for which we used the ECP60MWBasis set that
incorporates the WooeBoring quasirelativistic effective core e
potential (ECP). We chose this basis set for Hg because it has ?
been used successfully by Wilhelm et2aland Cox? to
reproduce experimental geometrical parameters and NMR shifts.
The maximum deviation in the calculated and measured€lg

and Hg-S bond distances of [MeHg([9])angF does not e a (h) 52
exceed 0.16 &L Also, experimentally measured NMR shifts <
for the carbon of CH of a thioether ligand were accurately ‘ﬁ :
reproduced by computatidd. Vibration analyses were per- /{9‘-_,__‘( He =
formed for all complexes and transition structures in order to g .
obtain zero-point energies and confirm transition states. The s Ca\(

- 51

Cartesian coordinates of the optimized geometries and transition
states are included in the Supporting Information.
Because QTAIM analysé%?” require wave functions ob-

tained with all-electron basis sets, we carried out single-point @ ""|M ()]

calculations with all-electron basis sets on optimized geometries ?
obtained at the Becke3PW91/ECP60MWB level. In addition v ¢ e ;&_H';_.__t'
to using the 6-311G(d) basis set for second- and third-row ﬁg-——--..__}i,t o= e "z =
elements, we employed the relativistic all-electron basis set €. { : b st

contracted as [14s11p5d2fIt has been shown to predict the
excitation energies and the ionization potential of the Hg atom TS5 TS6

. 0 L )
with an accuracy of better than 2.6%. Relativistic effects, which igure 1. Calculated molecular structures of (a) [GHICIH:S], (b)

must be included for heavy elements such as Hg, were treatedg; (€)TS2, (d) TS3, (€) [CHHgSHS], (f) TS4, (g) [CHsHGCISH] .
by employing the DouglasKroll—Hess (DKH) Hamiltonian () [CHsHg(SH)]-, () TS5, and (j) TS6. The small red spheres
implemented in Gaussian 03. Optimization of a molecular correspond to bond critical points.

geometry at the B3APW91/ECP60MWB level was followed by
a single-point relativistic calculation. This approach is justified
because DKH analytical gradients are computationally demand-
ing to evaluate and relativistic corrections to core orbitals are
only weakly dependent on geomef#yQTAIM analyses were
carried out with AIM200C%” Molecular structures obtained with
AIM2000 are displayed in Figures—4.

on the complexation of CMM with thiols and thiolates to
establish how the barrier for the protonolysis of the-+bond
depends on mercury coordination. We approximated the cysteine
residue with HS and SH in our calculations. b5 and SH

are considered valid surrogates for cysteine because of the strong
Hg—S covalent bond and assumed lesser influence of adjacent
atoms. We searched for complexes of CMM and DMM with
one or more KS and HS groups and transition states for
possible protonolysis reactions.

Reaction of Chloromethylmercury (CMM) and Substitu- Selected parameters of optimized geometrical structures and
tion Products. The mechanistic model proposed by Moore et transition states are collected in Table 1. It is noteworthy that
al’® and developed by Pitts and Sumntrss based on the calculated bond lengths of CCM and £gSH are very
coordination of organomercurials with one or two thiolate groups close to the experimental values, with the maximum deviation
of cysteine residues. The high affinity of mercurials toward from the experimental data being less than 0.06 A for the-Hg
thiolates is well-knowr?:353¢ Consequently, we first focused Cl bond. The molecular structure of the stable FEIgCISH]

Results and Discussion
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TABLE 1: Interatomic Distances (A) and Values of Electron Density (eA3) at Bond Critical Points

species HgCl Hg-S1 Hg-S2 HgC C-H SI-H H-Cl S22H S3H N-H Hg-N
CHsHgCl 2.340 2.080
(2.282) (2.062)
0.629 0.854
[CH3HgCl—SHy] 2.356 3.517 2.082
0.608 0.073 0.849
TS1 2.395 2.519 2.149 2.882  2.182
0.566 0.485 0.736
TS2 2.391 2.404 2.240 1.963  3.180
0.569 0.604 0.597
[CHsHgCl—SH 2.732 2.439 2.133
0.281 0.556 0.764
TS3 2.783 2.589 2.103 1.490  1.804
0.260 0.423 0.801 1.006  0.457
CHgHgSH 2.379 2.097
(2.380) (2.090)
0.637 0.830
[CHsHgSH-SH;] 2.388 3.542  2.098
0.624 0.070  0.828
TS4 2.357 2.755  2.387 1.445 1.715
0.648 0.312  0.458 0.750 0.621
[CHaHg(SHY]~ 2.562 2562 2.172
0.436 0.436  0.697
TS5 2.460 2.455  2.493 1.516 1.629
0.529 0.533  0.367 0.641 0.737
TS6 2.495 2.495  2.468 1.420 1.665
0.493 0.493  0.367 0.785 0.679
[CHaHgSH-NH,]* 1 2.352 2.118 2.383 1.033
0.673 0.797 0.088 2.116
TS7 2.320 2.295 1.296 1.553
0.701 0.522 1.025 0.560
[NHsHgSH-CH,J* 2.307 2.452 1.022  2.183
0.723 0.065 2192 0.623
[Hg(SH)—CHs—N Hg] 2.355 2.355  4.925 1.091 2.644
0.659 0.659 1.823 0.059
[CH3HgSH-H,S—NH;] 2.404 3.438  2.097 2.699 1.019
0.604 0.087  0.828 0.074 2.209
[Hg(CHs),SHI 2.837 2.152
0.264 0.743
TS8 2.868 2.370 1421 1745
0.258 0.467 0.800  0.584
TS9 2.486 3.491  2.525 1.627 1.555
0.506 0.349 0.506 0.863

2 Electron density (eA3) at bond critical point in italics®? Experimental bond distances: Gordy, W.; Sheridad, £hem. Physl954 22, 92.
¢ Experimental bond distances: Holloway, C. E.; Melnik, M.Organomet. Chen1.995 495, 1.

complex is displayed in Figure 1a. The small red spheres in bond paths between S1 and HB81 and C and H ofTS2.
Figures -4 correspond to bond critical points (BCPs), whose Nevertheless, we expect that the delocalization indexes are
properties provide information about the nature of the bonding. undoubtedly>0.1 between these pairs of atofi&€nergies are
The value of the electron densipjr.) at the BCP depends on  collected in Table 2. Such a frontside transfer of the proton
the interatomic distance and degree of coordination of the atomseffectively leads to retention of the configuration at the methyl
and is often used as a measure of bond strength for similar typesgroup and would be consistent with observations by Begley et
of bonds?®3” The Hg-S distance of [CRHgCISH] is 3.517 al. 18 on more complex alkylmercurials. The imaginary frequency
A, and the C+Hg—C bond angle is 177:3The value ofo(rc) of TS1 corresponds to the mode for proton transfer fropsH
at the Hg-S BCP is 0.073 eA® It is clear that the Hg-SH; to the Hg atom, leading to formation of the four-coordinate
bond is weak. species [CHHgHCISH], which is 5.2 kcal mott lower in
In searching for possible mechanisms for the protonolysis of energy thaTS1. The imaginary frequency &fS2 corresponds
CMM by the thiol group of cysteine, we studied intramolecular g 4 proton transfer from the Hg atom to the gioup, leading
proton transfer from the complexed$ito the CHgroup. The {4 cleavage of the HgC bond. However, the barriers are very
overall reaction is summarized by high; for the first step involvingr'S1 the barrier is 59.2 kcal
mol~! at the B3PW91/ECP60MWB level. With a relativistic
CHgHGCl+ H,S — [CH3HYCISH)] — TS1— correction at the DKH level, the barrier decreases to 50.6 kcal
[CH;HgQHCISH]— TS2— CIHgSH+ CH, (1) mol~! (Table 2, column 3). We also performed single-point
calculations on the reactants and transition structures of reaction
In this case, protonolysis of the H@ bond occurs in a stepwise 1 in the water solvent field using the PCM metfd# to
fashion. Starting from [CkHgCISHy], we found two transition ~ establish whether a polar effect (of the solvent) alters the barriers
states, TS1 an@iS2, and the intermediate [GHgHCISH]. The without inclusion of explicit solvation. The data are collected
molecular structures ofS1 and TS2 are displayed in Figure  in column 4 of Table 2. Whereas the energies of {88CISH,]
1b and c, respectively. It is interesting to note that there are noand TS1 are lowered significantly, the barrier decreased only
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TABLE 2: Energies of Substrates and Transition States at the MWB and DKH Levels and in the Water Solvent Field

species Eo (MWB + ZPE) Eciec(DKH) Eelec(sn(PCM)
H.S —399.346 006 —400.331 929
CHzHgCl —653.656 250 —20 085.673 407
[CH3HgCI—-SH,] —1053.004 789 —20486.012 943 —1053.067 894
TS1 —1052.910 439 —20485.932 218 —1052.996 464
TS2 —1052.914 845 —20485.938 075 —1052.997 810
[CH3HgCI—SH]~ —1052.501 148 —20485.503 181
TS3 —1052.981 726 —20 485.988 085 —1053.045 885
HCI —460.765 198 —462.030 991
CH3HgSH —592.225 895 —20023.962 120
[CH3HgSH-SH;) —991.573 897 —20424.300 878 —991.642 206
TS4 —991.511 494 —20424.236 711 —991.576 896
[CHsHg(SHY] —991.059 588 —20423.779 778
[CHaHg(SHY—H,S]~ —1390.416 574 —20824.126 724 —1390.552 902
TS5 —1390.381 792 —20824.089 775 —1390.513 096
[H2S—CHsHg(SHY]~ —1390.409 619 —20824.118 921
TS6 —1390.387 846 —20824.092 611
[CH3HgSH-NH,]* —649.070 450 —20 080.890 359 —649.288 303
TS7 —649.043 056 —20080.857 654 —649.230 274
[NH3HgSH-CH,4]* —649.095 933 —20 080.908 607
[Hg(CHa),SH]- ~632.119 676 —20063.916 317
[Hg(CHs)2—SH] —632.650 823 —20 064.453 386
TS8 —632.599 295 —20 064.400 525
[Hg(CHs),SHSH] - —1031.482 873 —20 464.268 830
TS9 —1031.450 305 —20464.232 969

TABLE 3: QTAIM Charges (e) and Barriers ( AEgeo kcal
mol~1) of Protonolysis at the DKH Level

QTAIM charges

species C CH AEeiec
[CHsHgCl—SH,] —0.287 —0.096 50.6
[CHsHgSH-SH] -0.307 —0.148 36.0
[CHsHg(SHp—SH,] —0.311 —0.263 23.2
[H2S—CHaHg(SHY] - -0.335 -0.321 16.5
[CH3HgSH-NH,4]* —0.369 —0.167 20.5
[Hg(CHs).—SH;] —0.350 —0.254 33.2
[Hg(CHs)2SH—SH,]~ -0.333 —0.306 22,5

slightly to 44.8 kcal mot™. In our view, the high barriers for
reaction 1 preclude it as a biologically important process.
Nevertheless, we tested the validity of usingSHn reaction 1,
choosing the less computationally demandingsSH instead

of cysteine. With CHSH, the barrier decreased marginally to
58.2 kcal mot?! at the BSPW91/ECP60MWB level relative to
59.2 kcal mot? obtained with HS. As expected from the small

Hg—Cl rather than Hg-C. Water solvent-field calculations on
[CH3HQCIH,S] and TS3 yielded a marginally higher barrier
(13.8 kcal mot?). This result suggests a possible low-energy
pathway for the conversion of CMM into GHHg—SR species
under biotic conditions. We evaluated the impact of replacing
H>S with CH;SH in reaction 2 and found that the effect was
smaller than in the case of reaction 1. At the B3PW91/
ECP60MWSB level, the barrier for the reaction with ¢€¥H was
12.7 kcal mot?, whereas with KS, it was 12.9 kcal mot. As
expected from the small difference in the barriers, the geometries
of the transition states at Hg are similar (Cartesian coordinates
andEg values are included in the Supporting Information). The
results with CHSH and HS for reactions 1 and 2 validate the
use of BS in our computational study.

Previous model$2° and chemistr§? suggested that the
degradation of organomercurials could involve more than one
thiol/thiolate group. Consequently, we considered the possibility
that protonation by—SH of a second cysteine residue group

difference in the barriers, the geometries of the transition statescould lead to demethylation of GHgSH. One of the simplest

at Hg were similar (Cartesian coordinates dfylvalues are

included in the Supporting Information).
We also searched for a transition state for a single-step unable to find a transition state for backside protonation ffy.H

intramolecular transfer of a proton from,8 to Cl in the
complex [CHHgCIH,S] and locatedTS3, whose molecular
structure is displayed in Figure 1d. Its imaginary frequency
corresponds to the transfer of H from$ito CI.

CH,HgCl + H,S—

[CH,HGCIH,S] — TS3— CH,HgSH+ HCI (2)

The barrier at the B3PW91/ECP60MWB level was found
to be 12.9 kcal mofl. It is seen that both the HeCl and Hg-S
bonds are lengthened relative to the bonds ingl@Cl and
[CH3HQCISHT . To confirm thatTS3 connects reactants and
products in reaction 2, we performed an intrinsic reaction
coordinate (IRCY#2 calculation and optimized the structures
obtained at the two minima. In proceeding forward fr@i®3,
products CHHgSH and HCI are observed, whereas in going in
the reverse direction, the reactants £igCl and HBS are
formed. Therefore, according to reactions 1 and 2, the first bond
to break in CMM coordinated with one thiol group should be

reactions would involve a backside attack of £by H.S to
cleave the Hg-C bond with inversion. However, we were

Consequently, we carried out a scan calculation to probe the
potential energy surface by varying the Hg and H-SH
interatomic distances. Although backside proton transfer from
H,S to CH; was achieved, the barrier for this reaction was
greater than 59.0 kcal ndl, yielding HgSH", CH,, and SH

as products. This is the case because the two oppositely charged
ions HgSH and SH- are screened by the neutral productCH
Nevertheless, we examined the complexation £8 Mith CHs-
HgSH and found the stable complex [gHtySH—H,S], whose
molecular structure is displayed in Figure 1e. As was the case
for CMM, H3S binds weakly to CgHgSH; the Hg-H,S
distance is 3.542 A, ang(r.) at the BCP has a value of 0.070
eA-3. Using [CHHgSH-H,S] as a starting point, we located
transition stateTS4 (its molecular structure is displayed in
Figure 1f) for proton transfer from 4% to CH.

CH,HgSH+ H,S— [CH,HgSH-H,S] —
TS4— Hg(SH), + CH, (3)
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The imaginary frequency of TS4 corresponds to the mode
for proton transfer. IRC calculations in the forward and reverse
directions fromT S4yielded the products and reactants as shown
in reaction 3. The barrier at the B3PW91/ECP60MWB level is
high at 39.2 kcal mof. At the relativistic DKH level, the barrier
for reaction 3 is lowered slightly to 36.0 kcal mdl(see Table
2, column 3). A similar barrier was found for the protonation
of methylmercury methanethiolate by methanethiol (39.0 kcal
mol~1) at the MP2 levet! We also calculated the barrier by
embedding [CHHgSH-H,S] andTS4 in the water solvent field.
However, the barrier remained high at 40.9 kcal Mol
Consequently, reaction 3 is not a biologically relevant process.
According to Wilhelm et al?! one of the main factors that
determines the barrier in the protonolysis reaction is the mercury
coordination. The barrier in reaction 3 is smaller than the barrier
in reaction 1 by~20 kcal mofl. Because the mercury
coordination environments of [GHgCI—SH;] and [CHs-
HgSH-SH;] are the same, other factors must come into play.
The dependence of HgC bond lengths on the charges on ligand
atoms has been reporf8d*for MeHgX compounds with X=
Cl, Br, I, PHs, and (PH)s. It was found that the cleavage of
Hg—C bond was enhanced as the negative charge on the CH
group increased and the electronegativity of the ligand groups
decreased in the order RH Cl > Br > | > (PHg)3.232
Consequently, we calculated the AIM charges on the carbon
atom and methyl group of the reactants (see Table 3). Higher
negative charges are seen on the carbon atom and methyl grou
of CH3HgSH-SH; for reaction 3 than on those of GHgCIl—

SH, for reaction 1. Thus, similarly to Barone et al., we observed
a decrease of the energy barrier for protonolysis with increasing
negative charge on the methyl group.

We explored the coordination of CMM and DMM with HS
because HS (pK; = 7.02) and Cys-S (pKy = 8.40)445 are
common in agueous solution. As expected, Hi$ds strongly
with CMM, yielding [CHsHgCISH]~, whose molecular structure
is displayed in Figure 1g. The H¢S distance is 2.439 A, and
the value ofo(r.) at Hg—S BCP is 0.556 eA3. Contrary to the
expectation of Moore et ald the binding of one HS moiety
to CCM does not weaken/activate the Hg bond. Although
Hg is tricoordinate, the HgC bond distance (2.133 A) is only
0.053 A longer than it was in CMM. On the other hand, the
Hg—Cl bond lengthened to 2.732 from 2.340 A, and the value
of p(r¢) at the Hg-Cl BCP decreased dramatically to 0.281 from
0.629 eA3. That the Hg-Cl bond was weakened suggests that
it is this bond that should be preferentially protonolyzed by a
thiol group of cysteine (or the-OH group of tyrosine). This
result suggests a low-energy pathway for the conversion of
CMM into CHz—Hg—SR species under biotic conditions (see
reaction 2). SH also binds strongly to C}#HgSH (reaction 4);
formation of [CHHQ(SH)]~ is a highly exothermic process,
occurring without a barrier.

CH;HgSH+ SH™ — [CHZHg(SH),] 4)
The molecular structure of [GHig(SH)Y]~ is displayed in
Figure 1h. The HgS1 and Hg-S2 bonds exhibited identical
internuclear distances (2.562 A) and valuep(of) (0.436 eA3)
at the BCPs. Our computational results compare favorably with
the Hg-S bond lengths (2.462.51 A) reported for the
[Hg(SR)]~ moiety in MerB as determined experimentally by
EXAFS spectroscop$f4’ Interestingly, the Hg-C bond length
of [CH3Hg(SH)]~ did not change significantly relative to the
CHs—Hg bonds of CHHgCI and CHHgSH.

With the expectation that cleavage of the -Hg bond of
negatively charged [C#Hg(SH)]~ would occur more easily

J. Phys. Chem. A, Vol. 110, No. 30, 2008455

than in the case of the neutral species;BfCI and CHHgSH,
we studied the protonolysis of [GHg(SH)]~ by H,S (reaction
5) to model its reaction with RSH of cysteine.

[CHHG(SH),] ™ + SH, — [CH Hg(SH),-H,S]” — TS5—
[Hg(SH)] ™ + CH, (5)

We located transition state TS5 (Figure 1i), and its imaginary
frequency corresponds to the mode for proton transfer fre8 H

to CHs that results in the cleavage of the HG bond. The
barrier for this reaction is 21.8 kcal mdl at the B3PW91/
ECP60MWB level. The relativistically corrected barrier at the
DKH level is 23.2 kcal mot! (Table 2, column 3), and in the
water solvent field, the barrier is 24.9 kcal mblThe molecular
structure of TS5 is displayed in Figure 1i. The HgC bond
distance inTS5 increases from 2.172 A in [C3ig(SH)]~ to
2.493 A, and the value qi(r.) decreases from 0.697 to 0.367
eA=3. An IRC calculation fromT S5 in the forward and reverse
directions yielded the products and reactants of reaction 5. From
Table 3, it is seen that the negative charges on the carbon atom
and methyl group of [CkHg(SH)—SH,] ~ are higher than the
charges for [CHHgSH-SH;] in reaction 3 and [CEHgCIl—

SHy] in reaction 1. The barrier for reaction 5 is considerably
lower than the barriers of reactions 1 and 3. A decreased barrier
for protonolysis correlates with a higher negative charge on the
methyl group and coordination of the mercury.

P we also explored the protonolysis of [GHG(SH)]~ with
inversion of configuration at the GHia backside approach of
H,S. The complex [HS—CHzHg(SH)]~, in which HS is
connected to the C atom through a hydrogen bond, was located
first. Complex [HS—CHsHg(SH)]~ decomposed via transition
stateTS6 (molecular structure displayed in Figure 1j) to the
products shown in reaction 6.

[CH HY(SH)] ™ + H,S— [H,S—CH,Hg(SH),] ™ —
TS6— Hg(SH), + CH,+ SH™ (6)

Its imaginary frequency corresponds to the mode for
proton transfer from kS to CH. In this case, the barrier is
13.7 kcal mot™. Interestingly, the productsHg(SH), CH,4, and

SH —derived from an IRC calculation and optimization were
less stable than products [Hg(SH) and CH, of reaction 5 by
38.7 kcal mot?. This is not surprising because ¢ldcreens
SH™ from Hg(SH) and precludes the formation of the stable
complex [Hg(SH)] .

From the point of view of a reaction within MerB, however,
the enzyme must divest itself of the products, for which reaction
6 would appear ideal, as external thiolate (required for enzyme
turnover® or for transfer to MerA®) could rapidly ligand
exchange with a dicoordinate s Hg—Cys!®°. In addition,
Benison et af® have shown that a tricoordinate Hg complex of
enzyme, [Cy¥—Hg—dithiothreitol]", is very difficult to ex-
change with external cysteinate. However, for other aryl or alkyl
mercurials, it is clear from stereochemical evidéfiéethat
protonolysis takes place with retention of configuration and must
therefore proceed through a frontside approach of the proton
following reaction 5. Our computations do not per se differenti-
ate between frontside and backside protonolysis within MerB,
but they do strongly suggest that protonolysis should take place
on a tricoordinate Hg(ll) intermediate as opposed to a dicoor-
dinate species as proposed by Benison é8 @onsequently,
the sequence of reactions 2, 4, and 5 or 6, which includes the
binding of SH™ followed by protonation, appears to define a
plausible model for demethylation of GHgCl via binding with
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Figure 3. Calculated molecular structures of (a) [AHgSH-CH,4]*
and (b) [CHHgSH-H,S—NH;]. The small red spheres correspond to
bond critical points.

of reaction 5 but higher than the value for [eHySH—H,S]

of reaction 3. Thus, regardless of the net charge of the complex,
the barrier for protonolysis decreases as the negative charge on
the carbon atom and methyl group increases. An IRC calculation
in the forward direction followed by a geometry optimization

of the minimum-energy structure yields [@HgNH3] ™ hydrogen

Figure 2. Calculated molecular structures of (a) [GHSH-NH.]*, bonded with CH as the produch of_ reaction_?. 'I_'he molecular
(b) TS7, and (c) [CHHgSH-NH,]*. The small red spheres correspond ~ structure of [NHHgSH—CH,] ™" is displayed in Figure 2c. In
to bond critical points. the water solvent field, the barrier increases to 36.4 kcaftnol

) ) ) The increase+19.2 kcal mot?) arises from the fact that the

cysteine and cy%ew_le thiolate and lends support for the prozposalspmar stabilization of the reactant, [gHgSH—NH,]*, is higher
by Moore et al:® Pitts and Summer¥,and Di Lello et ak?>  than that ofTS7: the electrostatic solutesolvent contribution

Lysine and other ammonium residues are common in proteins. o g, for [CHsHgSH-NH,]* is —76.4 kcal mot?, whereas
Therefore, we next turned our attention to protonolysis reactions for TS7 it is —61.4 kcal motl. We were unable to locate a
involving ammonium acids, which we+s_|mulgted asNHThe  yransition state for backside protonolysis of EtgSH by NH*.
use of NH™ as a model for lysineNH;™ is valid beiause their  perhaps the products lie too high on a potential energy surface
PKa values differ by only 1.5 pH units in #D. NH," forms a with respect to reactants, as GHbcated between HgSHand

complex with the methyl group of G#igSH through a  Np, \would effectively screen and prevent them from coordina-
hydrogen bond. The molecular structure of the complex is 4o

displayed in Figure 2a. We used this complex as a starting point
and located transition stafesS7 (Figure 2b) for protonolysis of
the Hg—C bond of CHHgSH via frontside approach (reaction
7).

Next, we examined the reaction between fEIg(SH)]~ and
NH4* by first attempting to locate a complex that would lead
to protonolysis by inversion with Nt oriented toward the
backside of [CHHgQ(SH)Y]~. No stable complex between

+ + [CH3Hg(SHY]~ and NH,™ was observed. With the distance
CHgHGSH+ NH," — [CH;HGSH-NH,|" — TS7— between the hydrogen of NH and the carbon of the Gibf
[HgSHNH3]+ + CH, (7) the starting configuration set at 3.0 A, optimization yielded the
neutral species Hg(SH)CH,, and NH;. The molecular structure
At the B3PW91/ECP60MWB level, the barrier is 17.2 kcal of the minimum-energy complex of these products is dis-
mol~1. The relativistically corrected value is 20.5 kcal mbl played in Figure 3a. Amazingly, protonolysis with inversion
at the DKH level (Table 2, column 3). The imaginary frequency occurred without a barrier. On the other hand, in optimizing
corresponds to the mode for movement of a proton from™H  [CH3Hg(SH)]~ with NH4" in a frontside position [by analogy
toward the methyl group. It is seen that the negative charge with TS5 (Figure 1i)], NH;* simply protonated one SHgroup
(—0.369) on the carbon of [C3HigSH-NH,] " is higher than rather than CHl yielding a different set of products: GHgSH,
values for the complexes of reactions 1, 3, and 5 (see Table 3),H,S, and NH. The molecular structure of this complex, [¢H
even though [CBHgSH-NH4] ™ bears a net positive charge. HgSH-H>S—NHg], stabilized by hydrogen bonds, is displayed
The methyl group of [CBHgSH-NH,]* bears a charge of in Figure 3b. This reaction also exhibits no barrier. Overall,
—0.167, which is lower than the value for [GHg(SH)—H,S]~ judging from our studies with Nk, ammonium species might
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Figure 4. Calculated molecular structures of (88, (b) [CHsHg(SH)] ~,
and (c)TS9. The small red spheres correspond to bond critical points.

play an important role in the protonolysis of the Hg bond,
although the solution environment might lessen its catalytic
effect.

We compared the protonolysis of dimethylmercury by cys-
teine to the protonolysis of chloromethylmercury. Barone ét al.

J. Phys. Chem. A, Vol. 110, No. 30, 2008457

HY(CHy), + SH — [Hg(CH;),SH] 9)
The molecular structure of [Hg(GHSH]™ is displayed in
Figure 4a. After obtaining the complex [Hg(GHSH]~, we
searched for its protonation by,8. We found an intermediate
and transition stat@S9 (Figure 4c) for the reaction in which
frontside protonolysis takes place.

[Ho(CH,),SH] + H,S— [Hg(CH,),SHSH,] — TS9—
[CH;Hg(SH)] + CH, (10)

The barrier for the second step involvifi§9is only 20.4 kcal
mol~! at the B3PW91/ECP60MWB level. Thus, protonation of
[Hg(CH3),SHSH] ~ by H,S is similar to reaction 5 with respect
to the barrier and the nature of the transition state.

Conclusions

DFT calculations at the B3PW91/ECP60MWB level, includ-
ing relativistic corrections, provide support for the mechanistic
proposal¥®2%22for the action of MerB in deactivating organo-
mercurials. This result suggests that this level of theory is
suitable for studying the bioorganic chemistry of organomercury
compounds. Chloromethylmercury demethylation mechanisms
were examined by locating transition states and determining
barriers for possible sequences of reactions. We predict from
these calculations that demethylation of £HHg is preceded
by protonolysis of the HgCl bond, highly activated by
complexation with thiol. We found that the intramolecular
process has a surprisingly low barrier. Loss of HCI is followed
by subsequent complexation with up to two thiolate groups and
protonolysis of the HgC bond by thiol. The magnitude of the
barrier depends on the number of coordinating thiolates: as the
number of coordinating thiolates increases, the negative charge
on the carbon of the CHgroup increases and facilitates the
protonation reaction. Water solvent-field calculations yielded
results that were comparable to our findings for the gaseous
phase. Backside protonation the £gtoup yields the lowest-
energy protonolysis route and, from the viewpoint of an enzyme,
would be an ideal process to facilitate removal of Hg(ll) from
the active site. Amino protein residues might also serve as acids.
In the gas phase, backside protonolysis of the-Bgoond of

investigated the protonation of dimethylmercury and methylm- [CHaHg(SH)]~ by the ammonium ion (Nkt) occurs without
ercury halides by halogenic acids. They reported that the energy, yetectable barrier.

barrier decreased from 34.9 to 20.7 kcal motoing from
chloromethylmercury to dimethylmercury because of different
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