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The kinetics and mechanism of the reaction of aqueous Hg(ll) with methyl iodide have been investigated. The
overall reaction is best described as Hg(ll)-assisted hydrolysis, resulting in quantitative formation of methanol and,
in the presence of excess methyl iodide, ultimately, Hgl, via the intermediate Hgl*. The kinetics are biexponential
when methyl iodide is in excess. At 25 °C, the acceleration provided by Hg?* is 7.5 times greater than that caused
by Hgl*, while assistance of hydrolysis was not observed for Hgl,. Thus, the reactions are not catalytic in Hg(ll).
The kinetics are consistent with an Sy2-M* mechanism involving electrophilic attack at iodide. As expected, methylation
of mercury is not a reaction pathway; traces of methylmercury(ll) are artifacts of the extraction/preconcentration
procedure used for methylmercury analysis.

Introduction sediments and has been proposed as a means to recover
metals from their naturally occurring ores as well as
scrap’ %10

Methyl iodide reacts with metal ions in several distinct
ways. With reduced metals, oxidative addition results in
methylation of the metal. Reaction of methyl iodide with
ores containing metal chalcogenides and pnictides results in
methylation of the main group anion, illustrated by the
reaction with iron(Il) sulfide”

Methyl iodide plays a key role in the natural cycling of
iodide and is the principal source of iodide to the atmo-
spheré:? A product of both exo- and endocellular biological
processes in the marine environméits annual production
in seawater is estimated to be %4 10 kg* Reported
concentrations of methyl iodide in open ocean waters range
from 1.2 to 235 ng/15 but levels can be thousands of times
higher in coastal areas with intensive biomass production.
Methyl iodide has been implicated in the mobilizafias FeS+ 2Mel = Fel, + Me,S 1)
well as the methylatioff of metal ions in the environment.

It has been shown to liberate metals from contaminated In cases where both ligand metathesis and metal oxidation
are possible, methylation of both constituents may be
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Figure 1. (a) Evolution of the UV spectrum of 0.20 mM Hg(ll)(aq) in % 4 6 & 10
the presence of 4.0 mM Mel at 38°€ and pH 2.0 (HCIQ). (b) Kinetic [Mel] / mM

profile for the reaction, showing single exponential (dashed line) and double
exponential (solid line) curve fits. Figure 2. Dependence of pseudo-first-order rate const&pss (filled

circles) andkzops (Open circles) for the aqueous reaction between Hg(ll)
its potential to methylate mercury is of concern because of and excess Mel on the concentration of Mel at 3&&nd pH 2.0 (HCIG).
the high toxicity of methylmercury(ll) and its propensity for
bioaccumulation and biomagnification in the food chain.
Present as a thiolate complex (likely with cysteite),
methylmercury(ll) represents up to 95% of total mercury in
top predators. Methylation of Hg(ll) by methyl iodide has
been reportedf in addition to methylation of various reduced
forms of mercury* As part of our efforts to investigate rates
and mechanisms of abiotic mercury methylation in natura
waters, we undertook to examine the reaction of methyl
iodide with Hg(ll).

corresponding spectra of Hgland Hgk?~ extend further
into the visible regior;} their presence can be confidently
ruled out.

The yield of Hgk(aq) was determined from the final UV
spectra of the reaction mixtures, using its extinction coef-
ficient €265 = 5500 M~ cm™*. Hgl, was found to be formed

| guantitatively (within experimental error). The overall reac-
tion stoichiometry can therefore be represented by eq 3:

2Mel + Hg”" + 2H,0 — 2MeOH+ Hgl, + 2H" (3)
Results and Discussion

Kinetics of the Reaction between Excess Methyl lodide
and Hg(ll). At ca. 40°C, changes in the UV spectrum occur
on a sufficiently rapid time scale to allow ready monitoring
of the kinetics. The course of the reaction was monitored as
the increase in absorbance at 275 nm, Figure 1b. The time
evolution of the absorbance change is poorly described by a
single-exponential function but is better described by a
biexponential functio?

Products of the Reaction between Methyl lodide and
Hg(ll). Agueous solutions of methyl iodide kept in the dark
are stable for several days, consistent with the low reported
rate for uncatalyzed hydrolysigy = 7.4 x 108 s ™! at 25
°C.Y” No other organic components were detected by GC/
FID in a methyl iodide solution incubated for 16 h at ca. 40
°C. However, in the presence of Hg(ll) ions, methanol is
formed rapidly. With methyl iodide in excess (2.0 mM) over
Hg(ll) (0.050-0.20 mM), the methanol yield was twice that
of the initial concentration of Hg(ll). After 1224 h, the
solutions were analyzed for monomethylmercury(ll). None .
was detected in methyl iodide solutions in the absence of TWO pseudo-first-order rate constarkssss and kaobs Were

added mercury. In the presence of Hg(ll), the yield was very oPtained from a five-parameter (Absa, f, Kiobs Keobd
low, <0.1%. Longer reaction times, up to 17 days, did not nonlinear least-squares fit of the experimental data to eq 4.
result in greater yields of methylmercury. Both observed rate constants depend linearly on the con-

The UV spectral changes observed upon mixing weakly centration of excess methyl iodide, Figure 2. From the slopes
absorbing Hg(ll) with Mel are shown in Figure 1a. They of these curves, the values of the second-order rate constants

are consistent with the sequential formation of intensely a'€Kast= 1.31+ 0.06 M s™ andksow = 0.176+ 0.003
absorbing mercuryiodide complexes: Hglexhibits peaks =~ M~ s*at38.8°Cand pH2.0. _

at 217 and 275 nm, while maxima for Hgbccur at 210 The blexponentlal_for_m o_f the klnetlcs_for_ the reaction of
and 265 nni%1° The apparent displacement of the lower H_g(ll)_ wher_1 methyl |od|(_je Is in excess indicates a mechg—
energy peak maximum in Figure 1a from 275 to 265 nm as MiSM involving consecutive reactions. Furthermore, the shift

the reaction proceeds suggests the initial formation ofHgl N Peak maximum from 275 nm (characteristic of Fgto
followed by its subsequent conversion to bigsince the 265 nm (characteristic of Hgl as the reaction proceeds
suggests that these two complexes are formed sequentially:

A[ — Aoo + ae*klobsi + ﬁe*kzmast (4)

(15) Harris, H. H.; Pickering, I. N.; George, G. Bcience2003 301, 1203.

(16) Ilz??5|nghaus, R.; Wilken, R. DAppl. Organomet. Chemi993 7, 127 ng+ + Mel + H20_> HgI* + MeOH + H+ (5)
(17) Rudakov, E. S.; Zamashchikov, V. V.; Belyaev, V. D.; Gushchina, E. n +
G. Reakts. Sposobn. Org. Soedl971, 8, 219-236. Hgl" + Mel + H,O — Hgl, + MeOH+ H (6)
(18) Templet, P.; McDonald, J. R.; McGlynn, S.R.Chem. Physl973
56, 5746.
(19) Griffiths, R.; Anderson, R. AJ. Chem. Soc., Faraday Trans1984 (20) Espenson, J. HChemical Kinetics and Reaction Mechanisriad
80, 2361-2374. ed.; McGraw-Hill: New York, 1981; p 281.
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Figure 3. Kinetic profiles for the formation of Hdi (filled circles) and Figure 4. Kinetic profiles for the reactions of (a) 0.50 mM Hglith
Hgl, (open circles) extracted from the UV absorbance spectra in the reaction 10.0 mM Mel (filled circles) and (b) 0.20 mM Hglwith 5.0 mM Mel
of 0.10 mM Hg(ll) with 2.0 mM Mel at 38.8C, pH 2.3 (HCIQ), and (open circles), at 38.8C, pH 2.3, angt = 0.10 M (HCIQ/NaClQy). The
0.010 M ionic strength (HCIgINaClQy). Solid lines are 5-parameter fits  solid line is the single-exponential fit to the experimental data.
to eq 4 (see text).

The kinetic profiles are insensitive to the presence or M ' 0-14
absence of oxygen, implying that methyl radicals are not 12 a 0.12
involved. Both rate constants are independent of the initial 1L |
concentration of the limiting reagent, Hg(Il), and the ionic . o
strength. The latter is consistent with a mechanism involving ,;’ 08 7 =008
at least one uncharged reactant, i.e., Mel. ~_o06f i 20.06

Although kinetic ambiguity precludes the direct assignment £ 04l | * 0.04
of fitted values forks: and ksjow to individual elementary ' '
reactions in a consecutive mechani¥hi, is reasonable to 0.2 a 0.02 b
assume thal,s corresponds to the reaction of excess methyl ol 1 oL vy
iodide with Hgt*, since its affinity for iodide K, = 6.4 x 0 2 468101214 0246 8101214
101 is higher than that of Hdl (K, = 1.3 x 10'%).2! The (H1/mM [H]/mM
concentrations of each mercuriodide complex were cal- Figure 5. Dependence of the second-order rate constagisand Ksiow

. for the aqueous reaction of Hg(Il) with Mel on the concentration of hydrogen
culated from absorbance values at 275 and 265 nm iNjon at 38.8°C and 0.050 M ionic strength (HCKNaCIQ). The solid

individual spectra recorded during the course of the reactionlines are nonlinear curve fits to eqs 10 and 11, respectively (see text).
with methyl iodide, using measured extinction coefficients
for Hgl" and Hgk at each wavelength. Figure 3 shows the Thjs further confirms our assignment of rate constants in
initial formation of Hgl, whose concentration passes through the consecutive mechanism, egs 5 and 6.
a maximum and then decreases as it is converted ta. Hgl At higher concentrations (i.e., J > [Hg(Il)]), iodide
The latter begins to appear after a short induction period, jnhibits the reaction with methyl iodide completely.
corresponding to the time at which [Hglpasses through  Thyus no reaction was detected when a solution contain-
its maximum. Biexponential curve fits of each of the jng 0.20 mM Hg(ll) and 0.40 mM1 was mixed with 5.0
individual concentration profiles yield the same values for my cHyl, Figure 4. Under these conditions, mercury is
Kiobs@ndkzonsas biexponential fits to the overall absorbance njtially converted to Hg, which is unreactive toward methyl
time profile. iodide.

Effect of lodide. The kinetic profiles remain distinctly pH Dependence of the Rate ConstantsBoth second-
biphasic, and the magnitudes of the second-order rateprger rate constant.siandksoy depend on the concentration
constants are unchanged by the addition of small amountsyf hydrogen ion and show saturation behavior at high][H

of iodide ion, up to 0.32 MM in a 0.50 mM Hgsolution.  Figyre 5. The pH dependence of the rate constants implies
However, when 0.50 mM iodide was added to a 0.50 MM that the Hg(ll) reactants are subject to preequilibrium

Hg(ll) solution, the kinetics of the reaction upon addition of pyqrolysis:

10.0 mM methyl iodide became pseudo-first-order, Figure

4. Under these conditions, Hg(ll) is immediately converted Hg?" + H,0 = HgOH'" + H" K_, @
to Hgl*, which is responsible for the high initial absorbance
(ca. 0.8) at 275 nm. The primary reaction occurring in these
solutions is that shown in eq 6. From the fitted valuegpt

= 0.001 524 0.000 02 s, the second-order rate constant . N
is calculated to be 0.168 0.002 M s%, in reasonable Hgl™ + H,0=Hg()(OH) + H" K, 9)
agreement with the value fdgo,, 0.115 M™* s72, obtained

under biphasic reaction conditions at this pH (see below). According to this scheme, the acid dependence of the
rate constants will be described by eqs 10 and 11,

(21) Hepler, L. G.; Olofsson, GChem. Re. 1975 75, 585-602. assuming that Hg and Hgl" are reactive species, while

HgOH" + H,0 = Hg(OH), + H" K, 8
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Table 1. Temperature Dependence of Intrinsic Second-order Rate
Constantsfor the Reactions of Hg(Il) with Mel

temp,°C ki, M~1s1 ko, M~1s1
115 0.165+ 0.003 0.019+ 0.001
20.6 0.382+ 0.004 0.045£ 0.002
29.5 0.83+ 0.02 0.115+ 0.001
38.8 1.43+ 0.06 0.234+ 0.003
48.1 2.31+£0.03 0.456+ 0.004

a Calculated by correctinkastandksiow for their [H*] dependence using
egs 10 and 11, using fitted values ¥, Kao, andK,s determined at 38.8
°C.

HgOH" and Hg(l)(OH) are not:

kfast = 1[H +] 2/(Ka1Ka2 + Ka][H +] + [H +] 2) (10)

Ketow = KolH T/(K g+ [H']) (11)
The three-parameter fit of the data in Figure 5a to eq 10
yields the intrinsic rate constakt = 1.34+ 0.02 M1 st
and the acid dissociation constatg = (3 + 2) x 10*
andK,, = (2.34 0.4) x 1073, at 38.8°C andu = 0.050 M.
(Note: equilibrium constants are dimensionless. They are
defined in terms of relative activities, = C/C°, using the
standard state for solut&® = 1 mol/L.) The fitted values
of Ky and K,, are comparable to literature values for the
sequential hydrolysis of Hg at 25°C, 2.6 x 104 and 2.6
x 107321 The unusual orderinga; < Kaz is well-knowr??
and is likely a consequence of the change in coordination
number from Hg(HO)e?" to Hg(OH).23 The two-parameter
fit of the data in Figure 5b to eq 11 yiel#ts= 0.16+ 0.01
M1 st andKas = (2.24 0.4) x 1073. The fitted value of
Kazis somewhat greater than the literature valuexd.20*
calculated from the reported equilibrium constants for the
binding of iodide to H§", 6.4 x 10, and the formation of
Hg(1)(OH) from Hg*, 17, and HO, 7.9 x 1(®, at 25°C.2*
Instead, our results suggest that the acidities of Hg@hrd
Hgl™ are similar (i.e.Ka2 ~ Kag).
Effect of Temperature on the Rate ConstantsValues
of the pH-independent rate constakisandk, determined
between 10 and 58C are collected in Table 1. Both show
a similar temperature dependence, in which the magnitude
of each rate constant approximately doubles for eactC10
increase in temperature. The Eyring plots are linear, Figure
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Figure 6. Eyring plots for the intrinsic second-order rate constant§illed
circles: slope—6318.7 K, intercept 14.839) and (open circles: slope
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Figure 7. Evolution of the UV spectrum of an aqueous mixture of 10.0
mM Hg(ll) and 0.10 mM Mel at 30.0C, pH 2.3 (HCIQ), and 0.010 M
ionic strength (HCIQNaClQy). Total time elapsed: 30 min. The inset shows
the kinetic profile at 275 nm. The solid line is the single-exponential fit to
the experimental data.

12
[Hg®']/ mM

6, and activation parameters were obtained from their slopesrigure 8. Dependence of the pseudo-first-order rate constests for

and intercept®’ The values ofAH;* andAS* (corresponding
to the elementary reaction shown in eq 5) are£563 kJ
mol~t and —74 &+ 5 J mol! K1, respectively. FOAH,*
andAS* (corresponding to the elementary reaction shown
in eq 6), values are 64 2 kJ mol! and—52 4+ 2 J mol™*
K1, respectively. The uncertainties are based on the
propagation of error:

Kinetics of the Reaction between Excess Hg(ll) and
Mel. When the pseudo-first-order condition was reversed,
such that Hg(ll) was in large excess over methyl iodide, the

(22) Hietanen, S.; Sillen, L. GActa Chem. Scand.952 6, 747—758.

(23) Cotton, A. F.; Wilkinson, GAdvanced Inorganic Chemistryith ed.;
Wiley: Toronto, 1980; p 603.

(24) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S.
Organometallics1994 13, 1646-1655.

2510 Inorganic Chemistry, Vol. 44, No. 7, 2005

the reaction between excess Hg(ll) and Mel on the concentration of Hg(ll)
at 30.0°C and pH 1.0 (HCIQ).

spectral changes observed were those shown in Figure 7. In

contrast to the results described above, the peak maximum
at 275 nm does not shift over the course of the reaction and
the kinetic profile is no longer biexponential. The inset to
Figure 7 shows the data fit to a single-exponential function.
Values of the pseudo-first-order rate constaitsys
measured at pH 1.0, 0.10 M ionic strength, and 30
depend linearly on the concentration of Hg(ll), Figure 8.

These observations are consistent with the occurrence of a
single reaction, corresponding to eq 5. The second-order rate

constant for this reaction is 1.46 0.03 M s, compared
to 1.354 0.02 Mt s 1 obtained fork; under the conditions
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of excess Mel at the same temperature and pH, and furthedower the §2 character of the transition stafeHowever,
confirming the attribution of rate constants in the consecutive the fraction of hydrolysis occurring by theg&M* mech-
mechanism. anism (relative to the fraction of the reaction occurring as

Mechanism of the Reaction between Hg(ll) and Methyl Sv2-MH) is still expected to be very low for methyl iodide.
lodide. Our results show that the major, if not only, In fact, it was estimated previously at only 0.04%.
interaction of Hg(ll) with methyl iodide is its electrophilic Hgl, is ineffective in promoting the hydrolysis of methyl
promotion of hydrolysis. Methylmercury, while detected in iodide due to its much lower iodide affinity compared to
trace amounts, is probably not a reaction product. We Hgl™ (Ko/Ks = 2.1 x 10’ at 25 °C).2* Furthermore, since
recently showed that the commonly used preconcentration/HgX, (X = OH, Cl) is more abundant in natural (fresh)
extraction analysis method gives methylmercury artifacts at waters than electrophilic Hg and HgX", we conclude that
these levels when Hg(ll) solutions are analyzed, even in the Hg(ll) is unlikely to react directly with methyl iodide in the
absence of added methylating agént. aquatic environment.

The rates of solvolysis of alkyl halides have long been
known to be strongly accelerated in the presence of certainExperimental Section

metal electrophiles, in particular by those with high MX Reagents All solutions were prepared with distilled deionized
stability constants, such as Ag(l), Hg(ll), and TI(I#):> (18 MQ Milli-Q Plus) water in glass bottles and handled with all-
The rate enhancement is often accompanied by dramaticglass syringes and analytical micropipets (Eppendorf). Glassware
changes in selectivity, for example, in the yields of elimina- was soaked overnight in 10% HNQinsed with copious amounts
tion, rearrangement, and racemization. In metal cation- of distilled deionized water, and stored capped and filled with
assisted hydrolysis, the role of the electrophile is to replace deionized water until prior to use.
the departing X by the better leaving group MX1*. This Stock solutions of 20 mM mercury(ll) perchlorate were prepared
is analogous to the well-known role of metal cations, Py dissolving red HgO (99.999%, Aldrich) in 0.2 M HCIQAnalr,
especially Hg(ll), in inducing the aquation of transition metal /0%) followed by dilution with water. These solutions were
complexes via the formation of [MX—Hg] intermediate$? star_1dard|zed by tu_traglon with KSCN (Baker ACS rea_gent)_ (o the
Although the metal cation is often described as a catalyst ferric alum end point® Stock solutions were diluted daily, prior to

o I | h viic eff &t ' kinetic experiments. Solutions of potassium iodide and,kigire
It Is not always clear that a catalytic effect existsror prepared by dissolving a measured amount of Kl (Aldrich ACS

primary and secondary alkyl halides, the mechanism of reagent 999%,) or red Hg(Aldrich ACS reagent 99%), respectively,
electrophilically assisted hydrolysis isx&M*, and the  in water. Hgb solutions were stirred for c& h at ca. 5¢°C to
transition state for methyl halides is described as ensure complete dissolution and were prepared at concentrations
[HoQ0t e e HaCOTeee X0+« M), 26-28 | grge negative values for  lower than the reported solubility (6 g/100 g of wat&nHgl*

AS* and ASF are consistent with the expected pre- solutions were prepared by mixing the appropriate volumes of
equilibrium association of Hg(ll) and methyl iodidg, solutions of mercury(ll) perchlorate and Kl. The methylmercury

although no UV spectral changes associated with the standard was prepared by dissolving approximately 20 mg of
formation of intermediates [MelHd] or [MelHgl*] were MeHgCI (Aldrich, ACS reagent, 99%) in 20 mL of methanol (EM
detected Science, ACS reagent, 99.91%) to yield a stock solution of

The rate constant for the reaction of exces&itag) with approximately 1000 ppm. Further dilutions with water were made

. as needed.
Mel was previously reported to be 1.45%s1 (25°C, 0.05 S

17 L Methyl iodide (99%, Aldrich) was vacuum-distilled at room
M HNO3),"" compared to our value fdg (0.51 M s™), temperature to a liquid nitrogen trap to remove traces of adventitious

interpolated for 25°C using the activation parameters jodide. Stock solutions were prepared daily in glass bottles sealed
reported here. However, since Hg(ll) was used in excess inwith white rubber septa and minimal headspace, to minimize losses
the earlier study, it was not clear whether the role of the due to volatilization. Due to its limited solubility in water,
metal cation was catalytic. Our results show that electrophilic concentrations were limited to less than 80 mM. Dilute perchloric
assistance of the hydrolysis of methyl iodide is stoichio- acid solutions were prepared from concentrated HC(EM
metric, not catalytic, in Hg(ll). The binding of iodide to the ~ Science, AC_S 30% solution). lonic strength was established with
Hg?" cation attenuates its electrophilicity, although Hg NaCIO, (Aldrich, ACS reagent, 99%).

slightly more effective at promoting the hydrolysis of Mel Kinetics and Reaction Products.The kinetics Qf Hdl formation
(k/k: = 7.5 at 25°C) than the ratio of the sequential were measured at cons_tant t_emper_ature using a sample holder
formation constants for Hgland Hgb would predict K/ thermostated ta-0.1 °C with a circulating water bath. UV spectra

. . were recorded on a Cary-300 BWisible spectrophotometer in 1
= o) 21
Kz = 49 at 25°C) ** This phenomenon has been attributed cm square quartz cuvettes capped with white rubber septa (Aldrich).

to “inductive retardation™ the stronger the Lewis acid, the  ror variable-pH experiments, the pH was measured using a Thermo-
Orion model 525 A- pH-meter. The instrument was calibrated

(25) Celo, V.; Ananth, R. V.; Scott, S. L.; Lean, D. R./Ahal. Chim. Acta

2004 516, 171-177 using two standard buffers with pH 7 and 10 (Thermo-Orion
(26) Rudakov, E. S.; Kozhevnikov, I. V.; Zamashchikov, V.Riss. Chem. applications solutions). Solutions were stirred continuously during
Rev. 1974 43, 305-316. the pH measurements. Kaleidagraph 3.5 (Synergic Software) was

(27) Kevill, D. N. In The Chemistry of Functional Group$atai, S.,

Rappaport, ., Eds.. Wiley: New York, 1983; Suppl. D, pp 933 used for nonlinear regression analysis of kinetic curves. An HP

984.

(28) Zamashchikov, V. V.; Rudakov, E. S.; Bezbozhnaya, TRéact. (30) Kolthoff, M.; Sandell, E. B.Textbook of Quantitate Inorganic
Kinet. Catal. Lett.1984 24, 65—69. Analysis Macmillan: New York, 1952.

(29) Banerjee, RCoord. Chem. Re 1985 68, 145-167. (31) Choi, S. S.; Tuck, D. GJ. Chem. Socl1962 4080.
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