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A Mechanism for the Biomethylation of Tin
by Reductive Co-C Bond Cleavage of Alkylcobalamins
Sir:

The alkylation of various metals and metalloids by meth-
ylcobalamin is a reaction of both mechanistic interest and
considerable environmental importance.! When the demeth-
ylating agent is an electrophile such as Hg'!, TI'"!, or Pd", the
cleavage has been found to occur by carbanion transfer from
cobalt to the attacking metal center.2-4 More recently the re-
action of thiols,’ or Cr1!,6 with alkylcobalamins has been found
to occur by reductive homolytic cleavage of the cobalt-carbon
bond with alkyl radical transfer. As part of our continuing
interest in the bicalkylation of heavy metals, we now present
evidence for the alkylation of tin through reductive cobalt-
carbon bond cleavage by a species which is generated by one
equivalent oxidation of Sn'l.

The reaction of methylcobalamin (~5 X 1074 M) with
equimolar aquocobalamin plus a half-fold deficiency of Sn'!
under N, at pH 1.0, in 1.0 M NaCl, was allowed to proceed
for 24 h at 20 °C. This reaction was found to follow

SnCl, 2=* + CHjs-cob(11l)alamin + H,0-cob(I11)alamin

“base off”’ “base on”
— CH3SnCl,377 + 2 cob(Il)alamin + H0 (1)
“base off”’

The product cob(IT)alamin was found in 92% yield based on
tin. Methyltin was identified by 270-MHz NMR. The
CH;-Snresonance appeared at 1.01 ppm relative to TSP with
detectable satellites for 'H coupling with !'7Sn and ''%Sn.”
Unreacted methylcobalamin and aquocobalamin were found
in the ratio 1.3:1. A similar cleavage reaction was found when
FeCl; was substituted for aquocobalamin in the above reaction;
however, excesses of Sn' and Fe!!! over methylcobalamin were
necessary to achieve significant cleavage of the cobalt-carbon
bond. No reaction was observed between Sn! and methylco-
balamin in the absence of an oxidizing agent such as aquoco-
balamin or Fe!'l. Catalytic amounts of aquocobalamin, under
strictly anaerobic conditions produced no appreciable cleav-
age.® Experiments using '4C-labeled methylcobalamin showed
no '“CHy, '*CH;OH, or '*HCHO formation resulting from
Sn!! cleavage of the cobalt-carbon bond.

The kinetics of the reactions of methyl and ethylcobalamin
(2 X 1075 to 2 X 1074 M) were investigated at 20 °C in
aqueous solutions of hydrochloric acid-sodium chloride with
a 10- to 100-fold excess of Sn!!, Fe!l was added to the reaction
mixtures either equimolar or in excess of Sn'l. Reactions were
followed for 2 to 3 half-lives, when possible, by monitoring the
decrease in absorbance at 460 nm for the alkylcobalamin and
the concomitant increase in absorbance at 530 nm for the
aquocobalamin product.® Because of the slow reaction for
ethylcobalamin, initial rates were used in this kinetic study.
Reactions were found to obey the rate expression

—d[B2aiky]/d2 = kopsa[B12,alkyl] (2)

giving good linear plots of —In (A4 — A4) vs. time.'% Pseudo-
first-order rate constants are plotted vs. [Sn'!] in Figure 1. In

© 1978 American Chemical Society



Communications to the Editor 1011
12,0 1.20
9.6 —~0.96

‘s 7.2 B ~0.72
@
w
. o
MO b -
L]
L]
2 4.8 - 0,48
2
[°]
2.4 | H0.24
- o <
0 h { N { N 1 t i ' 0
0 1.6 3.2 4.8 6.4 8.0
(an] x 103. M

Figure 1. Plots of kgpsd vs. [Sn!l] for the reactions of methylcobalamin (open square) and ethylcobalamin (diamond) with ~10 to 100-fold excess of Snl!

and Fe!ll in aqueous, pH 1.0 NaCl-HCl at 20 °C.

Figure | the linearity and zero intercept are consistent with the
rate law

—d[B)2.aiky]/d? = kaneyi[Sn''][B2,aky1] 3)

with kmcthyl =1.4+01M sl kethyl =33+04X%X1072
M~1s 12X 1073 < [Fell] <1 X 10724, p = 1.0-1.2 M, [H]
= 0.1 M. The reactions were found to be zero-order in the ex-
cess Fe!'l |1 Addition of Sn'Y equimolar with Sn!! yielded no
rate enchancement. No cleavage reaction occurred when Sn'V
was substituted for Sn''. No dealkylation of methylcobalamin
was observed under either anaerobic or aerobic conditions with
Fe!l in the absence of Sn'l.

The kinetics for these cleavage reactions proved to be sen-
sitive to added nitroso salt and slightly sensitive to changes in
pH. For example, the addition of the disodium salt of 1-ni-
troso-2-OH-naphthalene-3,6-disulfonic  acid [HO-
CoH4(NO)(SO;3Na),], in threefold excess of methylcobala-
min and in Y of the Sn!! concentration used, completely in-
hibited cobalt—carbon bond cleavage.'? Over the pH range of
0-2.0 kmerhyl Was found to increase by a factor of 2.

A dramatic effect on the reaction rate was observed upon
changing the anion in the reaction mixtures. In aqueous
Na,S04-H,S04, or NaClO4-HCIOy, at pH 1.0, Sn'" was
found not to react with methyl- or ethylcobalamin in the
presence of Fe!ll, even though the Sn!! was oxidized by Fe!!l
to Sn'Y. At higher pHs it was possible to run cleavage reactions
by using appropriate complexing anions. For example, at pH
3.0-5.0 in aqueous sodium tartrate-tartaric acid, methylco-
balamin was found to undergo cobalt-carbon bond cleavage
by Sn!! with added Fe!'!. A reasonable mechanism for these
reactions is presented in eq 4-6.

k
Snl! + Fe!ll (or Coll) === Sn!!! + Fe!l (or Coll)  (4)

k-4
ks
Sn''' + By a1y —> alkyl-Sn'V + By, (5)

k
Sn'll + Fel!l (or Colll) —> Sn'V + Fe!l (or Coll). (6)

In this mechanism the initial step is one equivalent oxidation
of Sn!! to Sn'"" by either Fe!!! or Co!!! (aquocobalamin). Such

an oxidation of Sn!! by Felll has previously been reported by
Wetton and Higginson.!3 When the Sn'! is stabilized to de-
composition by the k_4 and k¢ paths, as the coordinating an-
ions CI~ and tartrate appear to do, cobalt-carbon bond
cleavage occurs by eq 5. If a steady-state concentration of Sn!!!
is assumed and if k¢[Fe''"] > k _4[Fe!'] or ks[B12.aikyi], then
the observed kinetics result.'® Cleavage by eq 5 appears to be
a bimolecular reaction between complexed Sn'!! and the co-
balt-carbon bond where either the greater bulkiness of the
ethyl group or the ease of reduction of methylcobalamin rel-
ative to ethylcobalamin may account for the rate differences
found. Such a reaction by a complexed Sn!!! species, as SnCl,*+
or SnCl,,'3 is analogous to but slower than the cleavage of
methyl and ethylcobalamin by Cr', kae = 3.57 £ 0.30 X 102
and kg, = 4.40 £ 0.35 M~! s~ The mode of cleavage simi-
larly appears to be either an Sy;2 displacement of the saturated
carbon atom or a site-specific reduction of the alkylcobalamin
at the alkyl group with concurrent carbanion transfer to tin.
The high yield of methyltin from the reaction of methylco-
balamin with a deficiency of Sn!!, and with added aquocoba-
lamin, indicates that the oxidation of Sn"!" by Co!!! is not a very
facile process. This may be a consequence of the protection
afforded the cobalt atom by the corrin macrocycle.

Recently, Huey and coworkers'® have reported the microbial
methylation of tin by a Pseudomonas species isolated from
Chesapeake Bay. Our discovery that methylcobalamin alk-
ylates tin merits serious consideration as a possible metabolic
pathway for this microbial process.
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Anodic Oxidation of Uranocene. Evidence for New
Organouranium Cations in Solution
Sir:

The synthesis of uranocene (di-w-cyclooctatetraenyluran-
ium(IV)) (1) by Streitwieser and Miiller-Westerhoff in 1968!
opened an exciting new era in organoactinide and lanthanide
chemistry. We have extended this area by investigating the
existence and properties of the uranocene mono- and possibly
dication, and present evidence for formation of a diuranium
cluster complex.

In spite of the fact that numerous related actinide and lan-
thanide complexes have been prepared,? uranocene is the most
interesting. It, for example, has remarkable thermal stability
and is resistant to attack by water and weak acids.? Streitwieser
has proposed an ingeneous bonding scheme for uranocene? in
which 5f orbitals on the metal and molecular orbitals (MOs)
on the ligand, both having the proper energy and symmetry,
interact to form a covalent bond.* The model also predicts that
1 should have two unpaired electrons in nonbonding orbitals
which are largely 5f in character.

Many laboratories have conducted experiments on 1 de-
signed to test the Streitwieser model.> One interesting ap-
proach has been to study the photoelectron spectrum of 1.6
Although these spectra are largely in agreement with the
bonding model, much information is lost because little is
learned about the ions, particularly the ground-state ion,
formed by photoejection.” However, problems with the model
remain. Is the covalency ascribed to 1, which is based on its
stability to water, due to the 5f electrons on the uranium, or
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are they truly nonbonding as the model suggests? Loss of these
electrons would form the uranocene dication, a species which
is isoelectronic with thoracene (2), the latter being largely ionic
in nature® and highly sensitive to water. Thus we anticipated
that solution oxidation of uranocene would lead to simple
cation species, making further tests of the uranocene bonding
scheme possible via comparison to the known properties of
2.

Because chemical oxidants proved unsatisfactory in the
controlled oxidation of uranocene,? anodic oxidation was in-
vestigated. Owing to the extreme air sensitivity of 1, cyclic
voltammograms were obtained under argon in an inert atmo-
sphere box using a Pt disk working electrode with (n-Bu)y-
N*PF;~ as the supporting electrolyte.'® Figure 1 shows cyclic
voltammograms of 1 in benzonitrile, a solvent which showed
good electrochemical characteristics and in which 1 was rea-
sonably soluble.!! Simple reversible faradaic processes are not
observed at sweep rates up to 20 V/s, and only at subambient
temperatures is a quasi-reversible (E} — E} = 200 mV) one-
electron oxidation wave obtained at 0.06 V vs. SCE.'2 Added
cyclooctatetraene (COT) in THF at room temperature had
no effect on the general appearance of the voltammogram and
the position of the uranocene oxidation wave. This result
implies that COT is not lost reversibly by the uranocene cation
formed in the initial electron-transfer process. Based on the
known ionization potential of uranocene,! an E | ;; value may
be calculated by Miller’s formula'“2 which corresponds very
closely to the experimental value.'4t It would appear that a
uranocene cation is being generated but that it is unstable
under our reaction conditions.

—e

U(COT);
U(COT); == U(COT);* —> —> products

If the potential is swept past the first wave, a broad poorly
defined oxidation process is observed which consists of at least
two waves (+0.445 and +0.679 V). The best resolution of these
two waves was observed when the voltammograms were ob-
tained in the presence of suspended alumina.!*!® The position
of the third wave corresponds very closely to that observed in
cyclic voltammograms of exhaustive electrolysis solutions.

Coulometric electrolyses were carried out on ~25-mg
samples of uranocene in THF/(n-Bu)4N*PFg~ using a reti-
culated vitreous carbon working electrode (100 pores per inch,
Chemitronics).!” The oxidation proceeded smoothly at po-
tentials up to 0.85 V vs. SCE with continuous argon flushing
of the working electrode compartment.'8 After all of the ura-
nocene had reacted (20-35 min), an air-stable, yellow-green
solution was produced.

Although the separation of this green material from the
supporting electrolyte defied our best efforts,!% the evidence
below leaves little doubt that it is an organouranium cation
possessing two or more uranium atoms. An n value of 1.42 +
0.08 was obtained from 12 coulometry experiments indicating
3e~ were lost per 2 molecules of uranocene. Cyclic voltam-
mograms of the oxidized solution demonstrated that COT was
liberated during the electrolysis. By FT NMR it could be
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