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Herein,we report a novel synthetic compourig having a highly nucleophilic revealed that the initial binding of organotin and organolead to Mer2
selenolate (S§ moiety and a thiol (-SH) functional group, which showedccurs through Asp-99 followed by binding to Cys-96 and Cy§156.
efficient HgtC bond protonolysis of varioustRgtX molecules including a) _ Asp-89
neurotoxic methylmercury and thimerosal, via direct -SH proton transfer to cyse
highly activated C-atom of departed R group with low activation energy >

MerB
[R—Hg(lj]y —— Hg** + RH

&
&

P HO {Asp)

barrier at room temperature (21€°), in the absence of any external proton 0

source and, thus, acts as a functional model of MerB 4 '""s\ Sk
~ S/Hg R

Methylmercury (MeH is a ubiquitous environmental pollutant and Cys-159 =~ MerB1

a potent neurotoxint It accumulates at high levels in food chains, Active site of MerB Mechanism-l  Mechanism-Il  Mechanism-lll
mainly in fish and seafood, and therefore, consumption of these )

contaminated foods poses a significant risk to human hea@in. the i"' SH 5 0@
other hand, exposure to ethylmercury (Ethigsan another serious SN N‘\'J | Me—Hg—ci Ho,llv\s,uga °5°
concern in developing countries where Etkgntaining 5 Rng.-g Me—Hg—I i, S-HgEt
antimicrobial agent*imerosal is commonly used as a preservative  Me—Hg—SPh R = Me, MetgCys

i Et—Hg—Ci R =Et EtHoCys Thimerosal
1 {Antirmicrobial agant)

in multiuse vials of vaccines and in other medicihé$n nature, LS., S e
mercury-resistant bacteria havimger operon detoxify a wide variety Fig. 1 (a) Active site of MerB and proposed mechanisms fd€ Hgotonolysis of

of R*Hg" (R = alkyl or aryl) with the help of a seriesy@r proteins  grganomercurials catalyzed by MerB variahgs) The HgC bond protonolysis of various
including organomercurial lyase MerB that catalyzes the protolytieganomercurials including thimerosal byt 21 €.

HgtC bond cleavage and produces’Hand RH (Fig. 14). _ _ _ _ _ _ _
The active site of MerB consists of a catalytic triad of two cysteine Studies with various MerB proteins (they differ in protein
residues (Cys-96 and Cys-159, numbering of Ehecoli MerB sequencely revealed that the reactivity and the substrate specificity
sequence, plasmid R831b) that are strictly conserved in all kno@hall MerB proteins are not similar. The MerB protein, derived from
variants of MerB and either an aspartic acid, ASpresidue (present Bacillus megateriunwith a serine residue at the active site, referred
in most known variants of MerB) or a serine (Ser) residue (presenf B. megateriumMerB2 protein, shows much lower Hg bond
few MerB variants}: Early studies suggest that the deprotonatiorfl€avage activity in comparisonBo megateriunMerB1 protein with
of Cys-96 by Asp99 possibly initiates the nucleophilic attack of C3/- aspartic aCld_ resudge at tht_? active Site. However, the
96 on substrate RHg$Rhe subsequent attack by Cys-159 displacgchanism by which serine-containing MerB2 proteins catalyze the
exogenous thiol BH and formstri-coordinated Hg species HItC protonolysis is not clear yet.
(mechanisntl) 5°In this model, Asp-99 serves as a proton mediator Nevertheless, all MerB variants uses two cysteine residues for
for HgtR protonolysi§:® In an alternative model, the Cy§9 HgIC protonolysisone thiolate (§ group for the activation of
attacks on RHgSRand the second cysteine Cys-96 almoditherwise inert HgR bond and one thiol (SH) group for the
simultaneously coordinates to the Hg center with concomitarfictivation as well as the transfer of thiol proton to the activated R
transfer of SH proton directly to the leaving R group (mechanisr8roup, either directly or via a mediat®f° A few prominent synthetic

1)1 On contrary, a very recent study by Omichinski and co-workdg$earch group$;*’*® over the last few decades, have focused to
emulate the function of MerB using tridentate ligands)(lhaving
either three phosphorous or sulfur donor centers (Hgin ES#), to

*Department of Chemistry, School of Natural Sciences, Shiv Nadar Universit ~ afford a higher coordinated mercury alkyls of type R-Hd(r)the

NH91, Dadri, Gautam Buddha Nagar, UP 201314, India. activation of HgR bond®°® However, in all previous models, an

:it??gggTznt OIfEChe':nistry, %d”ian Institute of Technology Tinipatipati, A.P. - external proton donor, either Bransted aéid’ or excess thiép18

ndia. E-mail: gproy@iittp.ac.in :

c 0 SE}V] Au%e%o U VE EC /V(}EuU S]}v ~ A/e A WasS used for HYC bond protonolysis. A great challenge, therefore,

spectra and details of DFT calculations. See DOI:
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is to design a molecule which can play dual role, i.e., the activatistuctures of a 1:1 adduct of MeHgl ab@nd5 confirmed,that the
of HgtR bond and simultaneously or concurrently donation of protoBe center of imidazole-based selofénteramts omose;/sirargbhsaith
to the activated R group, either directly or via a mediator. In additiothe Hg center of MeHgldfgse = 2.494A) than the Se center of
as the nature of HtC bond of two coordinated MeFigpecies Mé  benzimidazole-based seloBddygse= 3.077A), (Figs 4a and)4b

HgtX is critically dependent upon the type of MeéHgnding ligand ) 3 N  Se SH Se
1920t | i i i Se R L i A
XP20jtis, therefore, essential to develop a synthetic molecule which 3 j‘H L T L e T T I SNONT
can facilitate the protolytitgtC bond cleavage of a wide variety of ~ N i s b T "'_-.““/ }'ﬂ L @ \N\:..IN/

environmentally and biologically relevant organomercurials (Fig. 1b) 2 | Xrayorz 7 H__,- . 4

Herein, we report a simple imidazole-based seldpénaving ant

@

5
N(CH)sSH substituent, which showed remarkable ability to § em Se gy S oy 8e oy Se oy “-NJ'SLN-H
protolytically cleave the HtfC bonds of various organomercurialg (R xNiN.ﬂ}j \NJLN l \NJLN,;J,S xNJLN,J}S -.‘_NJ'LN,()I]SZ
HgtX) under mild conditionsvia direct proton transfer to the o \T=‘ = = \=d @
activated R group, in the absenceanfyexternal proton donor. ® ’ ° 10 H
Toour surprise, the addition df (25 mM) to a solution of EtHgCI, ) (- 0.469) .
at a 1:1 molar ratio, led to a gradual decrease of ethifigEt) peak o di For HgC bond Gy el LS g“p”rf_;mn

in 'H NMR spectroscopy with concomitant formation of ethane JL ‘\) ,J\ ’\) source

i . - i B i W08
(GHe) gas, which was o.bserved at 0.82 ppm in PI\IH&@(HQS. 3a, g - @ Yo" treecarbon
S2-S6). All NMR experiments were performed in sealed NMR tube C-Se bond order: 1.19 “7 L..os spacer, —(CHy)y
at 21 &. Likewise, the evolution of methane (Cbs was observed Fig. 2 (a) Structures of various selones and X-rag. qb) Zwitterionic resonance
at 0.2 ppm in DMS@s)?'?in the reactions of MeHgX (25 mM, X =structuresof 1 showing atomic partial charge on Se center (calculated).
SPh, Clor I) ant in 1:1 molar ratio at 21 (Fig. 3b). The gradual

increase of dissolved GHr GHs in DMSGHs (in a sealed NMR tube) 2 1+EtHgCI(1:1) i b) 1+ MeHgl (1:1)
was observed over time which disappeared in open air (Figs. 3c ar (082 PP”‘IJZ 5 o CH,
3d). Similarly, the cleaved product benzoic acid was detected b e R
LC/MS when 4-Chloromercuribenzoic acid was treated with 1 equi || 1h J.,\ 95 h |
of 1 (Fig. S29Detailed kinetic studies revealed thate HgtC bond o . : . “HoMe
cleavage of EtHgCI liyoccurred at a faster rate than thdgtC bond * -HgEt *
cleavage of MeHgl or MeHgCI. The initial ratesHofC bond ‘ N
protonolysis of RHgX are in the order of EtH®leHgl ! ! MeHgClI .—-'f»’*. - Jhﬁ"l .Dh_ - ———
under identical conditions at 2%, indicating that the Htf bond in 23 19 5 ppn: 1.1 07 23
MeHgCl is relatively inert in nature compared to thetBdonds in ) i d
EtHgCl and MeHgl. Itis pertinent to mention here that theé®&gond 5"1 0 e _E_.,f’ < 0'43-“ == 1014
protonolysis occurs slowlgt the initial stage of the reaction. Thisis 244 W CoH, 03T T 08
mostly due to the time require to form 1:1 adduct followed by the %M u}ﬂ_ 0'2 = B
activation of theHg”C bond yide infrg. This induction time is more 5 naxp\‘&% T = )
in case of MeHgCl than MeHgl or EtHgCl. F 04 L N g 3%
To investigate the role of Se centerliron HgtC bond cleavage EO.fo.',E VS 00l Z g .
we have employe@ anda benzimidazole-based compoudn our iz g & 8 W 0) 24 4% 72 99

g A it Tirne {h) Time (h)
StUdy (Flg' 2)' A slow pl’OtO|ytI(? Iﬂg t_)ond clea_vage of MeHgl’ eltherFig. 3'H NMR spectra of a 1:1 solutionof EtHgCI (25 mM) (a},/ MeHgl (25 mM) (b),
by 2 or 3, was observed under identical reaction conditions (Table daowing onlytHgEt andtHgMe peaks and formation of the correspondingiéand Ch

FigsS%S10). The rate of protonolysis by these selones is in the ordeapectively ( = external standard, mesitylene; recorded in DMB@t 21 ). Graphs

of 1 12 13. The Natural Population Analysis (I\Hﬁ%?fof optimized showing the degradation of EtHgCI (c) and MeHgl (d)dnd formation of the dissolved
o . dC tively, at 21,

structures revealed that these selones exist in zwitterionic form wu%ﬂS and CHl respectively, at 21

large negative charge on the Se center and the delocalized positiygie 1 initial rates of HE protonolysis by various selones at 21 °C.

charge in the ring (Fig. 2b and Schemg.?&8nterestingly, the

amount of negative charge on Se center of these selones is in the—>RNO- _ compd. ;Egél '";t'ggaéeS(XM'l?
same order of their reactivity] (-0.469)! 2 (-0.456) ! 3 (-0.409), 1 1 MeHgl 421+02x 10
(Table S3). Moreover, HOMO/LUMO analysis confirmed that the MeHgCl 0.07+0.5x 19
energy gap between the HOMO b{donor) and the LUMO of MeHgl 2 2 MeHgl 1.96£0.2x 19
(acceptor) is the lowest and, hence, the most reactive among these j 3 m:gg: (1)'2? : 8'3 X ig
three selones (Fig. SB7 5 6 MeHgl 1.78+0.14 x 10
1H resonance of Me group of MeHGNMR study) in the presence Thimerosal 207+02x10
of a chelating ligand provides very useful information on the extent 1 EtHgCys 12+03x19
of HgtC bond activation by ligand. Detailétl resonance study MeHgCys 0.4+0.02x 10
clearly showed that (' G= 0.168pm) exerted large upfield shift of MeHgSPh 016+ 0.14x 19

Me resonance of MeHgl compared to other selones suck @ss=  ap experiments were carried out ia sealed NMR tube in DMS@-at 21 °C;
0.157ppm), 3 (' G= 0.154ppm), and4 (' G= 0.06ppm), (see details [RHgX] = [Compd.] = 25 mRI6] = [MeHgl] = 10M.

in ES}, Fig. S13). Moreover, tH€Hg NMR of a 1:1 solution af/

MeHgl (0.1 M) showed a resonance at -850 pp#fHEG of MeHgl Interestingly, when Se atom was replaced with S atoni,itthe

appeared at -1153 ppm, G= 303 ppm), suggesting thatinteracts protonolysis reaction bg (25 mM) occurred very slowlyno Hg C

strongly to the Hg center of MeHgl (Fig. S13c). In fact, the X-R@nd cleavage was observed even after 4 days a2 However, at

2| J Name, 2012,00, 1-3 This journal is © The Royal Society of Chemistsx20
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higher concentration (100 mM) we did observe the sloWsee synthetic procedure and Figs. S28-S32 i¥.ERbe (ibbs,free
disappearance oMe (of MeHgl) orEt (of EtHgCl) peak in NMRenergy values of the reactions of productcfiormatid B frarsthe
spectroscopy with the appearance of £éf GHs gas, (Fig. S12).reactions ofl and MeH@land PS-3 and PS-4 from the reaction$ of

Moreover, the rate of HgC bond cleavage by is ~3 times higher and MeHgX, Scheme S6 and Fig. S38) and the corresponding K values

than the rate obtained by, indicating that the three-carbon spacer,(Tables S4 and S5) indicate that the protonolysis reactiorisdrg
t(CH)s tin tN(CH)sSH, is likely assisting -SH group to locate closetteermodynamically more favourable than its S analogte
the tHgR group for facile Hg protonolysis. Moreover, the Hg€ bond protonolysis of MeHgCI thyoccurs at a

a) |F\'53\g>~13 b)3_0% A ’*0/1_0139‘ c) slower rate, than MeHgl, with higher activation energy barrier of 38.1
aoh H\’"@? L SO kcal mott (TS-2).
o a) : |
f52| 170.6”:"015p\ ‘(\{(}‘r b 1 Hg '1,,'19}‘ @ : b/
R - ) I k2 — s — ) .
N NG W P @S 2 Yl H \ CH,
{\fﬁ\ * L 1 X w . .
d \, Fik ; Separate T ‘\ l ! \‘(r A
Fig. 4 X-ray structures éfMeHgl (a)5.MeHgl (b), and2 (c). e st e ’ =
b) 1 1 (-1-11:"15) . (Methanol
In g_eneral, thepK, value of acid group COOH) is_ I_ow in s ;E;:goli;r;es
comparison to the hydroxyl groupdH)and, thus, the acidic group )
of 8 is expected to donate a proton to the activated C-atom, simils =0 =
to 1. However, to our disappointment, in the reaction8dnd MeHgl (1' i Se
we observed highly toxi®le,Hg formation via a 4-membered cyclic | ;
. ) ) . o MeHgl X 18-1-MeOH (top)
intermediate (Fig. 55),%* instead ofCH,. Addition of excess amount -
i i _ i c) 30 AGE : 38.1 (TS-2) — 2O B{TS2)
of 8 to the above reaction led to the formation of a tetra selenlum ) AGE 342 (T80 Soa e
coordinated mononuclear neutral Hg complég (Fig. 4c), which 207] 2 o
: ; ; . T 10 Separate . 9.7 {TS-1-H,0 (t
confirms that the carboxyll_c group (hard_ pase)_ls Ioc_:ated fa_r_awc 2] molecules oo & §Ts_1_MeOL°([’gL"
from the Hg center (soft acid) and, thus, it is unlikely in a positiont § °1 o0 % -116(rs-=2
transfer its proton to the activated C-atom (F§Bb). This is in g;c' T SR
contrast to MerB enzyme, where carboxylic group of Asp99 is locati ~ 2° .26_4(Rs.1.u N o Sl ik / -30.8 (PS-1)
in close proximity to the Hg center at the active site of the enzym ] 211 (RS-1-McOH) i
; i i i i ; -401 AGH : 30.1 {TS-1-H,0 (top)} o T
and, thus possibly participates in proton transfer. Similarly, in th A e g Eg:m;;:)m

case of9 or 10 (devoid of any acidic proton) we observed g Fig. 5 (a) Reaction pathway of protonolysis of MeHgl.ldy) Optimized structures of
format!on (Figs Sland $15b) suggesting tha!: the presence (bsH MeHgl, TS-1, TS-1-MeOH (top). NPA atomic partial charge on C-attifg®©H is
group is extremely crucial for HG protonolysis. Recently, Parkitt  mentioned in parentheses. Important distances (A) are also mentioned. (c) The total
al. in their pioneer work reported thé& E}S}oCsS] ,P> } venergy profile Pf the reactions betweehand MeHgX (X = 1 or Cl) in the presence or
of MeHgX (X = Cl or 1) i via an unknown reaction mechanism absence of solvents (MeOH ang). All energies are in kcal mptelative to the free
. ‘molecules. RS = reactant states; PS = product states; TS = transitionRE2e3 2,

when mercury al!<yls MeHgX were heated with excess amouht of |\ e 5 correspond to the reactioht. and MeHgCl.
for overnight at high temperature (106 )?° Unfortunately, N center _
being a hard base is unlikely to coordinate to the Hg center in the The HgtC bond protonolysis of MeHgl by or 2 was also
presence of mercurophilic Se center in the molecule and, as a resliyestigated in the presence of protic solvents (Me@H+,0O-d, or
11 produces toxic Me;Hg, instead o€H, in reaction with MeHgX at AcOHéd,) to understand their role in assisting proton transfer to the
21 € (FigSH¥). It is noteworthy to mention here that imidazole-activated C-atom. Interestingly, protonolysis of MeHgRlycreases
based biomolecule selenoneine, with two Mi protons in the with addition of protic solvent into the reaction solution in DM8£)-
heterocycle, was reported to detoxify MeHag a different pathway, " NMR tube (Figs S22-327The protonolysis rate increases with
i.e., through conversion of biologically inert HgSe speiBecently, decreasing the pivalue of the protic solveriddedinto the reaction
we have also shown that the imidazole-based thione/selone, havifigxture (Initial rates (M.H): 4.21 + 0.21 x 10in DMSQde only, 4.54
an tN(CH),OH substituent, degrades various RHg®#d the * 0.19 x 16 in HO-d/DMSOdg; 5.20 + 0.20 x 1®in MeOH-

To understand the mechanism by which facilitates the increase of rate (6.52 = 0.3 x"104.h7) is also observed when
protolytic Hg C bond cleavage we have performed detailed quantufiaction is performed in a mixture of protic solvents, Aaténd
chemical calculation¥228 The mercurophilic Se center of MeOHsd, (Fig. 6b). Because of the addition of deuterated protic
approaches toward MeHgl to produdsg { MeHgl adduc{RSL1), Fig solvent we have observed both Gldnd CHD peaks ifH NMR (Fig.
5a In RS-1, the Hg and Se distance is 28d&YMe Hg* bond angle 6a), indicating a solvent mediate proton transfer to the activated C-
is 172¢indicating a weak interaction betweehand MeHgl. As the atom (Fig. S40F. DFT calculations on protic solvent assisted Gig
Se center oft further approaches MeHgl and strongly activates thBrotonolysis of MeHgl byl revealed that the solvent molecule,
HgtC bond at the transition state (T$-the tSH group otN(CH),SH MeOH or O, can approach in between thiSHand the activatedt
substituent almost simultaneously or concurrently attacks at HY€ 9roups, either from the top (i.e., from the same side of iodine, as
center and transfers thiol proton to the activateda®m of departed Shown inTS1-MeOH (top), Fig. jlor bottom (i.e., from the opposite
CH group (Mechanisntil) with an activation energy barrier of 34.2side of iodine, as shown in TS-1-MeOH (bottotn)facilitate the
kcal moft (Fig. 5¢). This results the production of ;Gid tri- thiol proton transfer to the activated C-atom with low activation
coordinated Hg complex PS1, a cleaved product, which slowly€nergy barriers. A substantially lewactivation energy barrier was
converts into a higher coordinated stable Hg complexes in soluti@RServed when the solvent molecule approastirom the top (Figs.

This journal is © The Royal Society of Chemistrx20 J Name, 2013 00, 1-3] 3
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respectively. The charge on the departed C-atom is slighty md\Otes and references

negative in TS-1 (-1.10) than MeHgl (-1.01), indicating that the

T. W. Clarkson, L. Magd&it. Rev. Toxicol2006,36, 609.

leaving group in TS-1 is more susceptible to attack by an electropilic (&) P- A- Nogara, C. S. Oliveira, G. L. Schmitz, P. C. Piquini, M. Farina,

thiol proton (Fig 5b}°228 Moreover, the departing C-atom in TS-1-

MeOH (top) (-1.17) possesses even more negative charge thanin TS

1, which accounts for high reactivity in protic solvent. Furthermorg
we noticed that the intramolecular proton transfer is far more
effective than the intermolecular proton transfémlmost 80% 4
demethylation of MeHgl was observed Wy whereas only 40% 5
demethylation was observed by the combination $fand EtSH
(external proton source), (Fig. 6¢).

= © 0~

11

Fig. 6 (a) Formation &H, andCHPD in the reaction o2/MeHgl in DMSQ@/MeOH-d, 12
solution (total volume=0.6 mL). b) Protonolysis rates of MeHgllbgt 21 °C in DMSO-

ds (S1) and in other solvent mixture, S2 (DMBOH,0Od, = 5:1; [HO-d,] = 5.5 mM), S3 13
(DMSOds: MeOHd, = 5:1; [MeOHl,] = 3.1 mM), S4 (DMS®: AcOHd, = 5:1; [AcOH- 14
dj] = 1.7 mM), S5 (DMS®3-: MeOHe, : AcOHd, = 4:1:1). c) Percentage of
demethylation of MeHgl (25 mM) induced by EtSH (25 rdM25 mM)/EtSH (1:1), and

1 (25 mM) in DMS@s at 21  in 7 days. 15

Finally, we have investigated the ability of functional model ¢f6
MerB, 1, to protolytically cleave the Hg bond of biologically
relevant organomercurials. To our delighitjs able to successfully 17
cleave theHgtMe or HgtEt bonds in RHgCys (R = Me or Et)
thimerosal at room temperature with liberation of the corresponding
CH or GHs gas (Talel 1 and Figs. S19-S21). Again, here we noticgd
that the HgtEtbond protonolysis occurs at a faster rate than thetHgpo
Me bond protonolysis.

In summary, we report a synthetic compourddwith a large
negative charge on Se center (selenolate character) and a2l
N(CH)sSH substituent at the ring, which facilitates protolyigtC
bond cleavage of various environmentally and biologically relevant
organomercurials at room temperature, in the absence of a
external proton source. Moreovethe protonolysis oHgtCbond by
1 occurs at a faster rate in protic solvents than in aprotig3
solvent>more rapidly in AcOH than in MeOH (AcOH is more acidic
than MeOH) This may be one of the possible reasons why Asp-
containing MerB1 is more efficient in Mg protonolysis than Ser-
containing MerB2 and, possibly, indicates that the Ser residue at e
active site of MerB2 may assist in proton transfer (mechanism |
Our study is highly significant as it provides an insiglatraw type
of synthetic molecule which could potentially remove Méflom 5
biomolecules and converts it int€H and less toxic selonde?*-
thiolate complex, similar to the bacterial enzyme organomercurial
lyase MerB, which is absent in higher specieshikaan
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