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Dicobalt Octacarbonyl Catalyzed Conversion of Benzylic Alcohols to
Thiols, Hydrocarbons, and Esters Using Hydrogen Sulfide and Carbon
Monoxide
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The first examples of a homogeneous, metal complex catalyzed conversion of alcohols to thiols are reported,
using hydrogen sulfide and catalytic quantities of dicobalt octacarbonyl. If ethanol is employed as one of the
components of the reaction medium, then benzylic alcohols can be transformed into esters, the best yields being
realized when alkoxy groups are present on the arene ring.

The use of metal complexes as catalysts in homogeneous
reactions involving an organosulfur compound as a reactant
has been the subject of few investigations. It is often
assumed that in such a reaction sulfur will poison the
catalyst. Recent studies, however, indicate that dicobalt
octacarbonyl is a useful catalyst for several different re-
actions of sulfur compounds. For example, treatment of
a benzylic or aromatic thiol with carbon monoxide in
aqueous alcohol, using dicobalt octacarbonyl as the cata-
lyst, results in desulfurization and carbonylation to give
carboxylic esters (Scheme I).2 Desulfurization of the
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mercaptan to the hydrocarbon occurs by the use of benzene
as the solvent,? while the presence of a conjugated diene
(e.g., 2,3-dimethyl-1,3-butadiene) in the latter reaction
results in the formation of thicesters in good yields.*
Finally, thiiranes are converted to $-mercapto acids by
treatment with a halide (e.g., methyl iodide), carbon
monoxide, and a catalytic quantity of dicobalt octacarbonyl
under phase transfer catalysis conditions (eq 1).5

R
WS + CO + CHsI

Since one can catalyze the conversion of thiols to esters
or hydrocarbons, it seemed conceivable that dicobalt oc-
tacarbonyl might be capable of transforming alcohols to
thiols and, in so doing, effect overall carbonylation or
deoxygenation of alcohols. The carbonylation reaction
could be considered as an analogue of the Monsanto and
related processes where acids and/or esters are obtained
from alcohols, except that hydrogen sulfide would be used
instead of a halide promoter, and dicobalt octacarbonyl
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would be used in place of a more expensive rhodium
complex as the catalyst. We now wish to report (i) the first
examples of homogeneous, metal complex catalyzed con-
version of alcohols to thiols and (ii) the dicobalt octa-
carbonyl catalyzed carbonylation and deoxygenation of
benzylic alcohols.

Results and Discussion

The dicobalt octacarbonyl catalyzed reaction of benzyl
alcohol (1, R = H) with hydrogen sulfide and carbon
monoxide in hexane (method A) at 60 atm and 150 °C gave
benzyl mercaptan (2, R = H) in 44% yield, toluene (3, R
= H) in 12% yield, and 11% of benzyl sulfide (28% alcohol
was recovered) (eq 2). The ratio of substrate to catalyst

Co(CO)g, 150 °C
CO, 60 atm

RC,H,CH,SH + RC;H,CH; (2)
2 3

RC,H,CH,0H + H,S
1

was 20:1. Two other solvent systems were used for these
reactions. One (method B) consisted of 10 and 5 mL of
ether and hexane, respectively, while a biphasic water/
hexane mixture (10/5 mL) was used as the third method
(C). As the results in Table I indicate, method C is usually
superior to method A for the formation of benzyl mer-
captan from the alcohol. Depending on the particular
alcohol and the method used, thiols can be formed in
moderate yields (23-60%). Hydrocarbons are obtained in
fair to excellent yields, again subject to the reaction con-
ditions (e.g., 1, R = 4-CH;0, method A; C;(H,CH,0H,
method B or C). Sulfides and disulfides were formed as
byproducts in several instances. Note that sulfides are
isolated in good yields when the reaction is effected in the
absence of any solvent. For example, when benzyl alcohol
(50 mmol) was reacted with Co,(CO);s (1.0 mmol), CO, and
H,S under the usual conditions, dibenzyl sulfide was
formed in 77% yield.

The influence of the gas environment on the reaction
was Investigated, and the results are given in Table II
(using method C). Thiol formation by the reaction of
alcohol with hydrogen sulfide should not, in principle,
require carbon monoxide. However, the results in Table
IT show that the yield of the organosulfur compound is
always higher with a carbon monoxide instead of a nitrogen
atmosphere and, furtherore, that more unreacted alcohol
is recovered when the reaction is effected under nitrogen
(i.e., lower conversion). Lower pressures of gases result
in little, if any, reaction (e.g., 1 atm of CO gave no reaction).

Low conversion of alcohol to hydrocarbon results in the
absence of hydrogen sulfide (see Table II, R = 4-CHj).
Hydrocarbons may thus arise in one of two ways: direct
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Table I. Conversion of Benzylic Alcohols to Thiols and Hydrocarbons by Carbon Monoxide, Hydrogen Sulfide,
and Dicobalt Octacarbonyl®

solvent, mL products,’ %
1,R = method H,0 CeHy, ether 1 2 3 sulfide disulfide
H A 10 28 44 12 11
B 5 10. 43 34 16 6
C 10 5 91 6 1
2-CH;3 A 10 32 28 30
B 5 10 12 38 39
C 10 5 34 49 15
3-CH,4 A 10 35 49 16
B 5 10 6 53 34 6
C 10 5 54 31 10
4-CH, A 10 30 36 34
B 5 10 43 42 14
C 10 5 4 51 21 19
4-CH, A 10 51 48
B 5 10 44 26 27
c 10 5 8 60 30
4-CH,0 A 10 2 93 3
B 5 10 16 83
C 10 5 3 45 47
2-C,,Hy,CH,0H B 5 10 23 73
C 10 5 37 9 44

41 (10 mmol), Coy(CO)g (0.5 mmol), CO (47 atm), H,S (13 atm) (total pressure of 60 atm), 150 °C. ®Products were identified by com-
parison of spectral properties and GC retention times with those of authentic materials.

Table II. Conversion of Benzylic Alcohols to Thiols and

Hydrocarbons®
products,® %
1,R= gas 1 2 3 disulfide

2-CH, (0]0] 34 49 15
N, 47 36 16
3-CH, (ofe)4 54 31 10
N, 65 27 4

4-CHj,4 CO 4 51 21 19

N, 28 50 17 4
COs¢ 78 12
4-CH,CH, CO 8 8 30
N, 52 31 12

@1 (10 mmol), Coy(CO)s (0.5 mmol), hexane (5 mL), water (10
mL), 150 °C, 60 atm. ®Isolated yields of 1-3. ¢No H,S. ¢No sul-
fide was obtained.

metal-catalyzed deoxygenation of the alcohol or desul-
furization of the in situ generated thiol. .

Other cobalt complexes can be used for the conversion
of benzylic alcohols to thiols (and hydrocarbons), including
tetracobalt dodecacarbonyl, cobalt acetate, cobalt ace-
tylacetonate, and (2,3-dimethyl-1,3-butadiene)dicobalt
tetracarbonyl (Co,(CO),(dmb) (Table III)). However,
dicobalt octacarbonyl is superior to all these catalysts in
terms of consumption of reactant alcohol and yield of thiol.
Of course, ho reaction occurs in the absence of a cobalt
catalyst. Rhodium complexes are inert as catalysts for
these reactions.

In order to achieve the direct conversion of alcohols to
esters by carbon monoxide, hydrogen sulfide, and dicobalt

octacarbonyl, another alcohol was required as a component
of the solvent mixture. After many experiments with
different solvent compositions, the best reslts were realized
with 10 mL of ethanol and 2 mL of water (Table IV; a
higher proportion of water is not beneficial). The ethyl
esters of phenylacetic and p-tolylacetic acids were obtained
in very low yields under these conditions. However, if the
benzene ring contains one or two alkoxy substituents, then
carboxylic esters (4) can be formed in fair to good yields

Co,(CO)s/H;0

R'C6H4(13H20H + CO W

RCH,CH,COOR’
4 :

(20-60%). In other words, alcohols give esters in ac-
ceptable yields by Co,(CO)g catalysis, provided an acti-
vating substituent is present on the benzene ring. The
principal byproducts in these reactions are the hydro-
carbon and the mercaptan. Methariol or tert-butyl alcohol
can be employed as the alcohol, but yields are lower than
with ethanol (Table IV). The other cobalt catalysts used
in the conversion of alcohols to thiols (Table III) were
ineffective for the carbonylation of alcohols to esters.
A possible mechanism for the formation of thiols, hy-
drocarbons, and esters is outlined in Scheme II. Dicobalt
octacarbonyl may react with hydrogen sulfide to give
mercaptocobalt tetracarbonyl (5) and the hydride (6). This
is analogous to the known reaction of hydrogen with
Co,(CO)g, and the proposed reaction of the metal carbonyl
with a thol.* Oxidative addition of the alcohol to 5 would
afford 7. Recently, Milstein and co-workers® have de-

Table III. Effectiveness of Catalysts for the Reaction of 1 with CO/H,S/Co,(CO)4*

solvent, mL products, %
LR = catalyst H,0 CsH,, 1 2 3 sulfide disulfide
H Co,(CO)q 10 28 44 12 11
Co,(CO);, 10 25 41 16 16
4-CH, Co,(CO)g 10 5 4 51 21 19
Co(0OAc), 10 5 37 40 16 10
Co(acac), 10 5 41 37 14 4
Co,(CO)4(dmb) 10 5 30 31 10 5 8
[Rh(C0),Cl], 10 5 97
Rhg(CO)1q 10 5 96
10 5 98

@1 (10 mmol), catalyst (0.5 mmol), CO (47 atm), H,S (13 atm), 150 °C.
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Table IV. Co,(CO)s-Catalyzed Carbonylation of 1 to Esters®

solvent, mL products,® %
1,R= H,0 R'OH,R’ = 1 4 2 3 sulfide
H 2 C,H,, 10 39 8 22 18 6
3-CH, 2 C,Hs., 10 84 3 5 7
5 C,H;, 10 23 10 10 53
4-CH, 1 CH,, 10 60 1 11 16 3
2 C,H,, 10 2 11 29 28 17
2 CH, 5 3 8 15 41
2 C,H,, 10° 76 22
4-CH, 2 C,H,, 10 2 10 18 65
4-CH,0 2 C,H,, 10 tr 23 7 67
4-C,H;0 2 C,H,, 10 22 1 62 11
3,4-CH;0 2 C,H,, 10 58 40 1
2 CH,, 10 32 13
2 n-C,H,, 10 15 64 20
2,4-CH;0 2 C.H,, 10 60 26 6
5 CH,, 5 80 10 3 4
2 CH,, 10 97 2

¢1 (10 mmol); Coy(CO)g (1.0 mmol), 60 atm (47 atm of CO, 13 atm of H,8), 150 °C. bProducts were identified by comparison of spectral
properties and GC retention times with those for authentic materials. *No H,S. ¢No Coy(CO)s.
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scribed the oxidative addition of water and methanol to
tetrakis(trimethylphosphine)iridium hexafluorophosphate.
Protonation of 7 by 6 may generate 8, and the accompa-
nying cobalt tetracarbonyl anion can cleave the carbon—
oxygen bond of 8 to form alkylcobalt tetrcarbonyl (9) and
10, reductive elimination of water from the latter gener-
ating 11 and subsequently regenerating 5. The thiol 2 may
arise by reaction of the alkylcobalt complex 9 with
HSCo(CO),, while the hydrocarbon 3 would be produced
by treatment of 9 with HCo(COQ),. Carbonylation of 9 to
the acylcoblat complex 12 and then reaction with ethanol
(or another alcohol) would give the ester (4) and regenerate
6. The ester can also arise from the thiol by the mecha-
nism previously proposed for the desulfurization and
carbonylation of thiols.2

In summary, dicobalt octacarbonyl can catalyze the
formation of benzylic thiols from alcohols. To our
knowledge, these are the first examples of such a reaction

(6) Milstein, D.; Calabrese, J. C.; Williams, I. D. J. Am. Chem. Soc.
1986, 108, 6387.

catalyzed by a transition-metal complex. There are other
methods for converting an alcohol to a thiol, but problems
such as overreaction to the sulfide or elimination can take
place.” Dicobalt octacarbonyl is also capable of catalyzing
the production of esters directly from benzylic alcohols,
provided an activating group is present. For benzylic
alcohols lacking such an activating group, one can effect
ester formation from alcohols as a two-step process—i.e.,
conversion of the alcohol to the thiol as described above,
followed by the previously reported desulfurization and
carbonylation of the thiol.?

Experimental Section

General Data. The substrates and all of the catalysts except
Co,(CO)(dmb) were purchased from commercial sources and were
used as received. (2,3-Dimethyl-1,3-butadiene)dicobalt tetra-
carbonyl was prepared according to a literature procedure.®
Organic solvents were purified by standard techniques.

A Perkin-Elmer 783 spectrometer was used for infrared spectral
determinations, and Varian EM-360 and X1.-300 instruments were
used for nuclear magnetic resonance determinations. Mass spectra
were recorded on a VG Micromass 7070E spectrometer. Gas
chromatographic determinations were made on a Varian Vista
6000 gas chromatograph (FID detector) equipped with a 2-m 5%
Carbowax 20M on Chromsorb W column.

General Procedure for the Conversion of Alcohols to
Thiols and Hydrocarbons. Into a 45-mL screw-cap autoclave
(inconel) were placed a magnetic stirring bar, the substrate (10
mmol), and the solvent mixture (see tables). The metal complex
(0.5 mmol) was added, and the autoclave was quickly closed and
purged twice with carbon monoxide before being loaded with
hydrogen sulfide (13 atm) and carbon monoxide (47 atm). The
reaction mixture was stirred for 10 h at 150 °C (oil bath tem-
perature). The mixture was then cooled to room temperature,
and the gases were carefully vented from the autoclave (fume
hood). The pale brown homogeneous mixture was poured into
a beaker and allowed to stand in air for a few minutes. During
this time, the mixture turned black and some precipitate was
formed. The autoclave was washed with hexane (3 X 10 mL), ether
(3 X 10 mL), and ethanol (3 X 10 mL), and the washings were
added to the reaction mixture. The mixture was treated with
Celite and then magnesium sulfate, filtered using additional ether
(70 mL) and then hexane (30 mL), and concentrated to afford
an oil. The oil was analyzed by gas chromatography, aided by
spiking with authentic materials, as well as by gas chromato-
graph—mass spectrometry. Products were isolated by fractional
distillation or column chromatography and identified by infrared,

(7) Wardel, J. L. In The Chemistry of the Thiol Group; Patai, S., Ed,;
New York, 1974.
(8) Winkhaus, G.; Wilkinson, G. J. Chem. Soc. 1961, 602.
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nuclear magnetic resonance, and mass spectrometry, in addition
to gas chromatography.

Reaction of Benzyl Alcohol in the Absence of a Solvent.
Benzyl sulfides were isolated as white needles in 77% yield when
5.4 g (50 mmol) of benzyl alcohol was treated with 0.34 g (1.0
mmol) of Cog(CO); following the general procedure except for the
absence of a solvent.

General Procedure for the Carbonylation of Alcohols to
Esters. The procedure used was identical with the previous one
except for the use of an alcohol-water mixture instead of
water—hexane, hexane, or hexane-ether.
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The intramolecular cyclization of aryl groups to tertiary epoxide positions was investigated, and the results
were used to test the applicability of Baldwin’s rules to this specific class of reactions. As a probe into the mechanism
of reactions studied earlier, the cyclizations of some meta-substituted 1,2-epoxy-5-phenylpentanes were examined
to determine positional selectivities. The data obtained were compared with those of other studies, and comments

are made on the reaction mechanism.

Although epoxy—ene cyclizations have been extensively
investigated,’ epoxy—arene cyclizations (called cyclialky-
lations*?) have received only recent attention.!* Yet de-
spite their recent appearance, epoxy—-arene cyclizations
have already been useful in the synthesis of natural
products.®*® In our earlier studies,#2 we determined the
relative facility of cyclialkylation at primary and secondary
epoxide positions to form five-, six-, and seven-member
rings. We also demonstrated that several of the cycliza-
tions are stereospecific {eq 1 and 2), catalytic, selective,

“d
)

high-yield reactions. These processes involve minimal
rearrangements, particularly when compared to the cy-

nCl
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W
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clialkylations of arylalkyl halides, alcohols, and alkenes.®
In a linear free energy relationship study, we presented
evidence that epoxide ring opening is important in de-
termining the rate of the reaction! except where elec-
tron-withdrawing groups are attached to the aromatic ring.

We now complete these studies with this report on the
relative facility of cyclialkylations at tertiary epoxide
positions and on the positional selectivities of the cy-
clialkylation of meta-substituted arenes at secondary ep-
oxides.

Results and Discussion
In earlier work, we were unable to cyclize tertiary
arylalkyl epoxides.”? Similarly, in a report directed toward
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