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Synthesis of estersVia carbonylation with carbon monoxide
is one of the principal transformations in organic chemistry.1

These processes are roughly classified into two categories: (i)
transition-metal-catalyzed carbonylation as represented by the
Reppe reaction2 and (ii) acid-catalyzed carbonylation (Koch
reaction).3 As for the synthesis of thiol and selenol esters using
carbon monoxide, transition-metal-catalyzed carbonylation of
disulfides,4 sulfides,4a,5thiols,4a,6and diselenides4c,7has already
been developed. It is also known that thiol esters can be formed
by trapping ofin situ generated acyllithiums with disulfides,
CS2, or sulfur.8 Here we disclose a new methodology for
carbonylation of acidic hydrocarbons with selenium and carbon
monoxide, leading to the formation of selenol esters.
Organolithium compounds are known to react with selenium

to give lithium selenolates.9 Indeed, when (9-methylfluorenyl)-
lithium generated from1a and BuLi was allowed to react with
selenium at 20°C, the corresponding selenide3awas obtained
in 93% yield after quenching with MeI (Scheme 1). However,
we found that, when CO was introduced at 20°C into a THF
solution of selenolate2a, a stoichiometric amount of CO was
absorbed within 90 min. Addition of MeI followed by usual
workup gave carbonylated product4a in 93% yield (run 1 in
Table 1).
The representative results of carbonylation of fluorenes1 are

listed in Table 1. Addition of HMPA accelerated CO absorption
(run 2), and carbonylation proceeded even at-23 °C (run 3).
Fluorenes having a butyl or cyclohexyl group afforded the
corresponding selenol esters4b and4c in high yields (runs 4
and 5). Carbonylation of phenyl derivative1dwas slow, giving
4d in a moderate yield (run 6). Under similar conditions,
fluorene (R) H) gave a complex mixture of products including

only 8% of4aprobably due to an equilibrium of benzylic anions
arising from the abstraction of the second benzylic proton of
intermediates.
To examine the generality of the present carbonylation,

several benzylic substrates were tested under similar conditions,
and the results are presented in Table 2. 1,3-Dimethylindene
and 4-methyl-4H-cyclopenta[def]phenanthrene were carbony-
lated in 40% and 77% yields, respectively (runs 1 and 2).
Carbonylation of triphenylmethane and 1,1-diarylethanes also
proceeded to give the desired selenol esters in moderate yields
(runs 3-5). As an example of allylic substrates, we tested

† Osaka University.
‡ Osaka Dental University.
(1) For reviews of ester synthesisVia carbonylation, see: (a) Tkatchenko,

I. In ComprehensiVe Organometallic Chemistry; Wilkinson, G., Stone, F.
G. A., Abel, E. W., Eds; Pergamon Press: Oxford, 1982; Vol. 8, pp 101-
223. (b) Colquhoun, H. M.; Thompson, D. J.; Twigg, M. V.Carbonyla-
tion: Direct Synthesis of Carbonyl Compounds; Plenum Press: New York,
1991; pp 111-143.

(2) (a) Falbe, J.New Syntheses with Carbon Monoxide; Springer-
Verlag: New York, 1980; Chapter 3. (b) Bates, R. W. InComprehensiVe
Organometallic Chemistry II, Abel, E. W., Stone, F. G. A., Wilkinson, G.,
Eds; Pergamon Press: Oxford, 1995; Vol. 12, pp 349-386.

(3) Chapter 5 in ref 2a.
(4) (a) Holmquist, H. E.; Carnahan, J. E.J. Org. Chem.1960, 25, 2240.

(b) Antebi, S.; Alper, H.Tetrahedron Lett.1985, 26, 2609. (c) Kuniyasu,
H.; Ogawa, A.; Miyazaki, S. -I.; Ryu, I.; Kambe, N.; Sonoda, N.J. Am.
Chem. Soc.1991, 113, 9796.

(5) Crudden, C. M.; Alper, H.J. Org. Chem.1995, 60, 5579.
(6) (a) Reppe, W.Justus Liebigs Ann. Chem.1953, 582, 1. (b) Reppe,
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Scheme 1

Table 1. Carbonylation of Fluorene Derivativesa

run substrate R
temp
(°C)

time
(min) product

isolated yield
(%)

1b 1a Me 20 90 4a 93
2 1a Me 20 40 4a 96
3 1a Me -23 60 4a 93
4 1b n-Bu 20 40 4b 93
5 1c c-C6H11 20 50 4c 98
6 1d Ph 20 120 4d 47

aConditions: 1 (2.0 mmol), n-BuLi (2.2 mmol), THF (25 mL),
HMPA (6.0 mmol),-78 °C, 30 min; Se (2.4 mmol),-78 to∼+20
°C (or-23°C in run 3), 30 min; CO (1 atm), under conditions specified
in the table; MeI (4.0 mmol), 0°C (or -23 °C in run 3), 30 min.
bWithout HMPA.

Table 2. Carbonylation of Acidic Hydrocarbonsa

a Substrate (2.0 mmol),n-BuLi (2.2 mmol), Se (2.4 mmol), CO (1
atm), MeI (4.0 mmol), THF (25 mL), HMPA (6.0 mmol). Methyl
iodide was added after absorption of carbon monoxide ceased.b t-BuLi
(2.2 mmol) was used instead ofn-BuLi in the presence of TMEDA
(3.0 mmol).
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1,2,3,4,5-pentamethylcyclopentadiene, which underwent carbon-
ylation efficiently to give the corresponding selenol ester in 74%
under the same conditions (run 6).
Plausible pathways of the present carbonylation are shown

in Scheme 2. Reaction of5awith selenium affords2a, which
then reacts with CO to give selenocarboxylate7aprobablyVia
formal rearrangement of6a. It is still a question whether the
rearrangement proceeds intramolecularly or intermolecularlyVia
5awith elimination of carbonyl selenide.10 Selenol ester4a is
formed by trapping of7a with methyl iodide. An alternative
pathwayVia generation of acyllithium8aby the direct reaction
of 5awith CO and subsequent trapping with selenium (which
is similar to that proposed by Seyferth in the thiol ester
synthesis8) seems unlikely since5a may not be present in
substantial concentration in the reaction media. This was
supported by the fact mentioned above that3awas obtained in
a quantitative yield by the addition of MeI to a mixture of5a
and selenium in the absence of CO. Moreover, even if8a is
generated, decarbonylation seems to be much faster under the
present reaction conditions than intermolecular trapping with
selenium.11 When BuLi was employed instead of fluorenyl-
lithiums under the same conditions, only BuSeMe was obtained
without any carbonylated products. This result may suggest
that migration of the butyl group does not proceed, probably
due to the thermodynamic instability of the butyl anion.
Carbonylation at benzylic and allylic positions with CO has

been attained by means of transition-metal-catalyzed reaction
of the corresponding halides. But these reactions have been
applied to only relatively simple compounds, and no precedents
have been reported for carbonylation of fluorene, indene, and
triphenylmethane derivatives.12 Alternative methods without the
use of transition metals are not suitable for carbonylation of

these benzylic and allylic compounds. For example, acid-
catalyzed carbonylation of benzyl cations occurs at thepara
position in the phenyl ring,13 and CO reacts sluggishly with di-
or triaryl-substituted benzylic cations.14 Carbonylation of benzyl
anions hardly proceeds.15 Carbonylation of benzyl radicals with
CO has never been attained because of fast reverse decarbon-
ylation.16

Selenol esters17 are synthetically very useful compounds as
precursors of acyl radicals18 and acyl cations.19 They can also
be converted easily to the corresponding acids,20 esters,20

amides,20 ketones,21 aldehydes,22 and alkenyl selenides.23 Hy-
drocarbons employed in this study have pKa values ranging from
18 to 31,24 and the present reaction provides a useful method
for carbonylation of these compounds.
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