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Rhodium-catalyzed rapid synthesis of substituted phenols from
cyclobutenones and alkynes or alkenes via C–C bond cleavage
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Abstract—A novel rhodium-catalyzed synthesis of substituted phenols by the ring-opening reaction of cyclobutenones with alkynes
as well as electron-deficient alkenes has been developed. Both reactions involve C–C bond cleavage of cyclobutenones, and an (g4-
vinylketene)rhodium complex rather than a rhodacyclopentenone is considered to be a key intermediate.
� 2007 Elsevier Ltd. All rights reserved.
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The reconstruction of new carbon skeletons after C–C
bond cleavage, leading to the rapid and selective synthe-
sis of novel organic molecules,1 is an important goal of
many recent studies in organic, organometallic, and
industrial chemistry from an atom-economical perspec-
tive.2 Recently, we developed the rhodium-catalyzed
direct coupling of cyclobutenones with 2-norbornenes
via C–C bond cleavage of cyclobutenones, to give cyclo-
pentene (under an argon atmosphere) and cyclo-
hexenone derivatives (under 30 atm of carbon
monoxide pressure) in high yield, respectively.3 This
result prompted us to examine the reaction of cyclobute-
nones with alkynes and/or other alkenes to construct
phenols. Although a pioneering study by Liebeskind
and co-workers revealed that rhodacyclopentenones ob-
tained by the stoichiometric reaction of RhCl(PPh3)3

with cyclobutenones are unreactive toward alkynes
and in no case were any phenol products detected,4 we
found that an appropriate choice of the ligands enables
the rhodium-catalyzed ring-opening reaction of cyclo-
butenones with alkynes to phenols. For example, the
reaction of 2,3-dipropylcyclobutenone (1a) with 3-
hexyne (2a) in the presence of a catalytic amount of
[RhCl(CO)2]2 in toluene at 130 �C (bath temperature)
for 12 h under an argon atmosphere gave the corre-
sponding phenol, 2,3-diethyl-5,6-dipropylphenol (3a),
in an isolated yield of 51%, Eq. 1.
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Since a similar nickel-catalyzed synthesis of phenols
from cyclobutenones and alkynes under mild reaction
conditions has already been reported,5 we next investi-
gated the reaction of cyclobutenones with alkenes.6 For-
tunately, we succeeded in developing a direct method for
the synthesis of 2-substituted phenols by the rhodium-
catalyzed ring-opening reaction of cyclobutenones with
electron-deficient alkenes via C–C bond cleavage, fol-
lowed by dehydrogenation/isomerization.

First, the catalytic activity of several transition-metal
complexes was examined in the synthesis of 2-propion-
yl-5,6-dipropylphenol (3b) by the ring-opening reaction
of 2,3-dipropylcyclobutenone (1a) with ethyl vinyl
ketone (4a), Eq. 2.
ð2Þ
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Table 2. [RhCl(C2H4)2]2–P(cyclo-C6H11)3-Catalyzed synthesis of
substituted phenols from cyclobutenones and electron-deficient
alkenesa

Entry Cyclobutenone
(1)

Electron-deficient
alkene (4)

Product of
3b (%)

1

2 4a
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Among the catalysts examined, several rhodium com-
plexes, such as [RhCl(CO)2]2 (3b, 47%), [RhCl(C2H4)2]2
(3b, 42%), and [RhCl(1,5-cyclooctadiene)]2 (3b, 41%),
showed good catalytic activity. [RhCl(cyclooctene)2]2
(3b, 36%), RhH(PPh3)4 (3b, 32%), and [Rh(OAc)2]2
(3b, 15%) also showed moderate catalytic activity. Other
rhodium complexes, such as RhCl(PPh3)3, RhCl-
(CO)(PPh3)3 and RhH(CO)(PPh3)3, and ruthenium
complexes, such as Ru(CO)3(PPh3)2, RuCl2(PPh3)3 and
[RuCl2(CO)3]2, as well as IrCl(CO)(PPh3)2 and
Pd(PPh3)4, were totally ineffective.

The effect of phosphorus ligands was examined in the
[RhCl(C2H4)2]2-catalyzed synthesis of 3b from 1a and
4a. As shown in Table 1, the concomitant use of P(cyclo-
C6H11)3 ligand completely suppressed the formation of
the dimer of 1a3 and dramatically increased the catalytic
activity of [RhCl(C2H4)2]2 to give 3b in the best yield of
75% (entry 2). Catalyst systems combined with other
phosphorus ligands, such as PnBu3, P(nC8H17)3, PiPr3,
PtBu2Me, PtBu3, and PPh3, showed moderate catalytic
activity (entries 3–8). Bidentate phosphines, such as
1,3-bis(diphenylphosphino)propane (dppp) and 1,2-
bis(diphenylphosphino)ethane (dppe), decreased the cat-
alytic activity of [RhCl(C2H4)2]2, leading to lower yields
of 3b (entries 9 and 10). Phosphites, such as P(OPh)3,
and P(OBu)3, were also ineffective (entries 11 and 12).

Consequently, when the reaction of 2,3-dipropylcyclo-
butenone (1a, 1.0 mmol) with ethyl vinyl ketone (4a,
10 mmol) was carried out in the presence of a catalytic
amount of [RhCl(C2H4)2]2 (0.050 mmol) and P(cyclo-
C6H11)3 (0.10 mmol) in toluene (2.0 mL) at 130 �C (bath
temperature) for 12 h under an argon atmosphere, the
corresponding substituted phenol, 2-propionyl-5,6-
dipropylphenol (3b), was obtained in 75% yield (isolated
yield, 65%; entry 2). No regioisomeric byproduct was
obtained at all.

The results obtained from the reaction of several cyclo-
butenones (1a–c) with ethyl vinyl ketone (4a) under opti-
Table 1. The effect of phosphorus ligands on the [RhCl(C2H4)2]2-
catalyzed synthesis of 3b from 1a and 4aa

Entry Ligand Yield of 3ab (%)

1 — 42
2 P(cyclo-C6H11)3 75 (65)
3 PnBu3 71
4 P(nC8H17)3 57
5 PiPr3 30
6 PtBu2Me 44
7 PtBu3 32
8 PPh3 22
9c dppp 27

10d dppe 12
11 P(OPh)3 16
12 P(OnBu)3 14

a 1a (1.0 mmol), 4a (10 mmol), [RhCl(C2H4)2]2 (0.050 mmol), phos-
phorus ligand (0.10 mmol as a P atom), and toluene (2.0 mL) at
130 �C (bath temperature) for 12 h under an argon atmosphere.

b GLC yield (isolated yield).
c 1,3-Bis(diphenylphosphino)propane.
d 1,2-Bis(diphenylphosphino)ethane.
mized reaction conditions are summarized in Table 2.
Cyclobutenones bearing an n-propyl substituent (1a)
and ethyl substituent (1b) as well as bicyclic cyclobute-
none (1c) reacted smoothly with ethyl vinyl ketone
(4a) to give the corresponding substituted phenols
(3b–d) in good yields (entries 1–3). Cyclobutenone 1a
also reacted with other electron-deficient alkenes, such
as propyl vinyl ketone (4b) and methyl acrylate (4c),
to give the corresponding substituted phenols (3e and
3f) in moderate isolated yields (entries 4 and 5). How-
ever, no phenols were obtained from the reactions of
1a with acrylonitrile (4d) and N,N-dimethylacrylamide
(4e), probably due to their high coordination ability to
an active rhodium species.

While the reaction mechanism is not yet clear, a possible
mechanism is illustrated in Scheme 1. We believe that
the oxidative addition of cyclobutenones (1) to an active
rhodium center generated from [RhCl(C2H4)2]2 and
P(cyclo-C6H11)3 would occur between a carbonyl and
the a-carbon of cyclobutenone to give an (g4-vinyl-
ketene)rhodium intermediate (I) rather than a rhoda-
3 4a

4 1a

5 1a

a Cyclobutenone 1 (1.0 mmol), electron-deficient alkene 4 (10.0 mmol),
[RhCl(C2H4)2]2 (0.050 mmol), P(cyclo-C6H11)3 (0.10 mmol) and
toulene (2.0 mL) at 130 �C (bath temperature) for 12 h under an
argon atmosphere.

b Determined by GLC (figures in the parentheses are isolated yields).



Scheme 1. A possible mechanism for Rh-catalyzed synthesis of
substituted phenols 3 from cyclobutenones 1 and electron-deficient
alkenes 4.
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cyclopentenone intermediate (II) in the initial step.4,7

The subsequent regioselective Diels–Alder-type reaction
of an intermediate (I) with electron-deficient alkenes (4)8

would give cyclohexenones, which are easily converted
into the corresponding substituted phenols (3) by rapid
dehydrogenation and isomerization.

In conclusion, we have developed the first rhodium-cat-
alyzed direct and reconstructive synthesis of substituted
phenols by the ring-opening reaction of cyclobutenones
with alkynes and/or electron-deficient alkenes. The lat-
ter reaction is highly regioselective, and only 2-substi-
tuted phenols were obtained. In addition, since the
alkenes used in this study are a readily available and
inexpensive starting material relative to alkynes, the
present method for the synthesis of phenols should be
a highly useful and attractive process in organic, orga-
nometallic, and industrial chemistry. The isolation of
key intermediates represented by an (g4-vinylketene)-
rhodium complex to elucidate the mechanism is
currently under investigation.
Acknowledgments

This work was supported in part by Grants-in-Aid for
Scientific Research (B), Scientific Research on Priority
Areas, ‘Advanced Molecular Transformations of Car-
bon Resources’, and the 21st-century COE program,
COE for a United Approach to New Materials Science,
from the Japan Society for the Promotion of Science
and the Ministry of Education, Culture, Sports, Science
and Technology, Japan. This research was conducted in
part at the Advanced Research Institute of Environmen-
tal Material Control Engineering, Katsura-Int’tech Cen-
ter, Graduate School of Engineering, Kyoto University.
References and notes

1. For a review, see: (a) Bishop, K. C., III. Chem. Rev. 1976,
76, 461–486; (b) Crabtree, R. H. Chem. Rev. 1985, 85, 245–
269; (c) Jennings, P. W.; Johnson, L. L. Chem. Rev. 1994,
94, 2241–2290; (d) Murakami, M.; Ito, Y. In Activation of
Unreactive Bonds and Organic Synthesis; Murai, S., Ed.;
Springer: New York, 1999; pp 97–129; (e) Mitsudo, T.;
Kondo, T. Synlett 2001, 309–321; (f) Komiya, S.; Hirano,
M. Dalton Trans. 2003, 1439–1453; (g) Jun, C.-H. Chem.
Soc. Rev. 2004, 33, 610–618; (h) Takahashi, T.; Kanno, K.
In Metallocenes in Regio- and Stereoselective Synthesis;
Takahashi, T., Ed.; Springer: New York, 2005; pp 217–236;
(i) Satoh, T.; Miura, M. In Palladium in Organic Synthesis;
Tsuji, J., Ed.; Springer: New York, 2005; pp 1–20; (j)
Kondo, T.; Mitsudo, T. Chem. Lett. 2005, 34, 1462–1467,
and references cited therein.

2. For green chemistry, see: (a) Anastas, P. T.; Warner, J. In
Green Chemistry: Theory and Practice; Oxford University
Press: New York, 1998; (b) Anastas, P. T.; Kirchhoff, M.
M. Acc. Chem. Res. 2002, 35, 686–694; (c) Trost, B. M. Acc.
Chem. Res. 2002, 35, 695–705.

3. Kondo, T.; Taguchi, Y.; Kaneko, Y.; Niimi, M.; Mitsudo,
T. Angew. Chem., Int. Ed. 2004, 43, 5369–5372.

4. (a) Huffman, M. A.; Liebeskind, L. S.; Pennington, W. T.,
Jr. Organometallics 1990, 9, 2194–2196; (b) Huffman, M.
A.; Liebeskind, L. S.; Pennington, W. T. Organometallics
1992, 11, 255–266.

5. Huffman, M. A.; Liebeskind, L. S. J. Am. Chem. Soc. 1991,
113, 2771–2772.

6. A related construction of phenols by the thermolysis of 4-
alkenylcyclobutenones, which were prepared by palladium-
catalyzed cross-coupling of 4-chlorocyclobutenones with
alkenylstannyl and/or zinc reagents, has been reported.
Krysan, D. J.; Gurski, A.; Liebeskind, L. S. J. Am. Chem.
Soc. 1992, 114, 1412–1418.

7. For Co, see: Huffman, M. A.; Liebeskind, L. S. J. Am.
Chem. Soc. 1990, 112, 8617–8618.

8. A few examples of Diels–Alder-type reaction of vinylket-
enes with electron-deficient alkenes have been reported, all
of which were highly regioselective. The regiochemical
outcomes of these reactions are good consistent with the
present results. See: (a) Corey, E. J.; Kozikowski, A. P.
Tetrahedron Lett. 1975, 16, 2389–2392; (b) Danheiser, R.
L.; Sard, H. J. Org. Chem. 1980, 45, 4810–4812; (c)
Loebach, J. L.; Bennett, D. M.; Danheiser, R. L. J. Org.
Chem. 1998, 63, 8380–8389.


	Rhodium-catalyzed rapid synthesis of substituted phenols from cyclobutenones and alkynes or alkenes via C - C bond cleavage
	Acknowledgments
	References and notes


