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Finally, the synthesis of these dinuclear carbyne complexes
may be achieved alternatively and more directly in moderate
yield, by treatment of the parent dimer [CpFe(CO),], with
alkyl- or aryllithium reagents, followed by acidification with
HBF4. In this manner complexes 13b and 13c¢ are obtained as
cis isomers and 13a as a mixture of cis and trans isomers.

Further examination of these reactions and of the chemistry
of the carbyne complexes is in progress.
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Methanesulfenic Acid!
Sir:

Sulfenic acids play a pivotal role in mechanistic organosulfur
chemistry;? yet with rare exceptions these lowest members of
the sulfur oxy acid family have defied isolation and structural
characterization, The sulfenic acids that have been isolated
in pure form? are sufficiently encumbered with polar linkagés
to obscure key structural aspects such as the preferred position
of hydrogen

R-S-O-H == RS(O)H
A B
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as well as conformational features of the singly bonded isomer
(form A, eq 1). Simpler sulfenic acids have eluded isolation
because of their high reactivity as either electrophiles or nu-
cleophiles* and because of their very facile conversion to
thiosulfinate esters (eq 2; the mechanism shown?2® incorporates

oMo M
[4 4]  — RSOOSR + HO ()
RS—= SR
the dual electrophilic/nucleophilic character of sulfenic acids).
Thus information on these intriguing molecules is based for
the most part on kinetic and trapping studies.?* Structural
characterization of sulfenic acids takes on added importance
with the recent demonstration that specific sulfhydryl groups
in some enzymes can be oxidized to stable sulfenic acids and
that these modified enzymes show altered catalytic activity.”
We now wish to report that we have succeeded in generating
by flash vacuum pyrolysis (FVP) the simplest organic sulfenic
acid, methanesulfenic acid (1), and have fully characterized
it by microwave spectroscopy. We report herein aspects of the
structure and chemistry of this elusive molecule.

FVP-mass spectrometric examination!®® of rert-butyl
methyl sulfoxide (2), a likely precursor to methanesulfenic
acid,”10 indicated the conversion of 2 above 250 °C to species
with molecular ions of m/e 56 and 64. Definitive evidence for
the formation of methanesulfenic acid and 2-methylpropene
(mfe 64 and 56, respectively) from 2 under FVP conditions was
obtained by following the decomposition of 2 by microwave
spectroscopy. When 2 at its vapor pressure of 0.1-0.2 Torr was
evaporated through a pyrolysis tube into a microwave ab-
sorption cell, generation of methanesulfenic acid and 2-
methylpropene (whose microwave spectrum is known'') was
detected first at a pyrolysis temperature of 240 °C and was
complete above 400 °C; above 750 °C the microwave spectrum
of methanesulfenic acid had been replaced by that of thiofor-
maldehyde. A tandem pyrolysis experiment confirmed the gas
phase dehydration of methanesulfenic acid to thioformal-
dehyde.!2 When condensed at —196 °C methanesulfenic acid
could not be recovered on warming in vacuum. Analysis of the
condensate warmed to room temperature revealed the presence
of methyl methanethiosulfinate (3), water, 2-methylpropene,
and traces of dimethyl disulfide (a known disproportionation
product of 32013), 1t was also shown that methanesulfenic acid
readily exchanges with D,O in the wave guide affording
methanesulfenic acid-hAydroxy-d;. The several reactions of
methanesulfenic acid are summarized in eq 3.

7 -H.O0
CHSOICH, t 2> (CH,),C=CH, + CH,SOH — > CH=S
1
150, oy sonsch,
25°C
3
CHSOD  (3)

D,0
25 °C

A number of other thermal sources of methanesulfenic acid
were found using FVP-microwave techniques, although none
of these sources were as efficient as 2. Methyl methanethio-
sulfinate (3) at 250 °C afforded methanesulfenic acid and
thioformaldehyde presumably by a mechanism previously
described by one of us (eq 4).2° Dimethyl! sulfoxide also proved

H
=%l — cHson + cu=s "
CH&S{S/CH.’

3
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to be a source of methanesulfenic acid at 500-650 °C. We have
previously established the formation of sulfine in the FVP of
dimethyl sulfoxide® and can readily amend our mechanism to
account for formation of the sulfenic acid via a hydrogen atom
abstraction step (eq 6) or less likely by way of ethyl methyl
sulfoxide (eq 10, 11) which we also find to be a thermal source
of methanesulfenic acid. Thioformaldehyde is also detected
in the pyrolysis of dimethyl sulfoxide at 600-800 °C and pre-
sumably arises from dehydration of methanesulfenic acid. It
is clear that dimethyl sulfoxide, in addition to being a key or-
ganosulfur reagent and valuable solvent with an extensive
chemistry22.14 is also a remarkably rich thermal source of re-
active molecules. Yet another thermal source of methanesul-
fenic acid is allyl methyl sulfoxide, which affords both the
sulfenic acid and sulfine at temperatures above 250 °C. It is
likely that allyl methyl sulfoxide decomposes by a radical
mechanism similar to that indicated in eq 5-8 (a competing
retro-ene!® route to sulfine cannot be excluded).

CH;S(0)CH; — CH;SO- + CHj- (5)
CH,S(0)CHj; + CH;S0- — CH;SOH + CH;S(0)CH,-

(6)

CH,S(0)CH; + CH; — CH, + CH;S(O)CHy  (7)

CH;S(0)CHy — CH,SO + CH;- (8)

CH;SOH — CH,S + H,0 (9)

CH,S(O)CHy + CH3- — CH;S(O)CH,CH;  (10)

CH;S(0)CH,CH; — CH3SOH + C,H, (1)

Microwave spectroscopic study of the thermolysis products
of several isotopic modifications of ferz-butyl methyl sulfoxide
allows spectral assignments to be made for the 13C, 348, 18Q,
hydroxy-d;, methyl-ds, and methyl-d3 34S modifications of
methanesulfenic acid,!> These and the normal species as-
signments result in the following “substitution” structure for
methanesulfenic acid: C-S = 1,806 (2) A, S-O = 1.658 (2)
A,0-H =0.957(10) A, 2CSO =100.1 (1)°, 2SOH = 107.7
(4)°; dihedral angle (displacement from “eclipsed” cis)
ZCSOH = 93.9 (1)°; dipole moment = 1.87 (7) D17.19
Methanesulfenic acid has thus been found to contain dicoor-
dinate rather than tricoordinate sulfur (form A rather than B,
eq 1); we find no evidence for the presence of the isomeric form
of methanesulfenic acid containing tricoordinate sulfur with
hydrogen bonded to sulfur.

A number of overall rotational transitions are found to be
split into “quartets” by the internal rotation of the methyl and
hydroxyl groups. Analysis of these splittings gives a 2.4 (1) kcal
mol~! threefold potential barrier to internal rotation about the
C-8S bond and 5.4 (2) and 4.1 (2) kcal mol™! c¢is and trans
potential barriers to internal rotation about the S-O bond,
Compared with the internal rotation in H,O, and H,S,, the
hindering potential for rotation about the S-O bond in
methanesulfenic acid bears much more resemblance to the
latter.20 The half-life of methanesulfenic acid in the gas phase
at 0.1 Torr and 25 °C is ~1 min. We shall report elsewhere on
a photoelectron spectroscopic study of methanesulfenic
acid.
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Catalysis of Carbon Monoxide Hydrogenation
by Soluble Mononuclear Complexes
Sir:

We report the homogeneous hydrogenation of carbon
monoxide to methanol, higher primary alcohols, and their
formate esters in the presence of soluble, mononuclear cata-
lysts. In the course of an investigation of the proposed! free-
radical mechanism for the cobalt-carbonyl catalyzed homo-

geneous hydrogenation of arenes, we decided to verify the
predicted slow reduction of benzene. Accordingly, 160 mL of
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