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Despite impressive recent advances in the catalytic Pauson-
Khand-type reaction (PKR hereafter),1-3 the development of the
enantioselective version is far behind the expectation. A titanium
catalyst, (S,S)(EBTHI)Ti(CO)2, has been used for this end
successfully.4a,b Although a number of late transition metal
catalysts, which might be more useful because of their stability
toward moisture and air and well-defined structure, have been
successfully employed for PKR variations meantime, only cobalt
with BINAP has been used for the catalytic enantioselective
transformation with limited success recently.4c,d This is attributed
to the fact that most of the late transition metal catalysts required
carbon monoxide, a strongπ-acceptor and a nontunable ligand,
as a ligand because of their intrinsic high electron density of metal
center. Since the modification of catalyst by introduction of other
ligands, e.g. phosphine ligand, made it much less effective, it has
been difficult to introduce the chiral environment on the catalyst.

We have recently shown that rhodium(I) catalysts bearing
bisdentate phosphine ligands were also effective for this cycliza-
tion and opened the possibility for the development of new cata-
lytic asymmetric reaction by tuning of phosphine ligands.3q Herein,
we would like to report our preliminary results in this endeavor.

In a control experiment we confirmed that the reaction with a
catalyst bearing a phosphine ligand, e.g. RhCl(CO)(dppe),3q was
significantly decelerated compared to the reaction with [RhCl-

(CO)2]2.3p It might be attributed to the diminished Lewis acidity
of the phosphine-bound catalyst and this was also true for Co
catalyst.4d It implied that catalysts with strongly bound phosphine
ligand were desirable to suppress the unwanted competition arising
from the phosphine-free catalyst, which might be in equilibrium
with the phosphine-bound catalyst at high temperature under CO
atmosphere.

After extensive study to identify the optimum reaction condi-
tions, we were able to figure out the following features in this
transformation: (1) The catalysts prepared in situ by mixing of
a slight excess of chiral bisphosphine ligands and [RhCl(CO)2]2

based on the protocol of Sanger5 were effective for this cycliza-
tion. (2) Choice of solvent is important. Although the reaction
proceeded more efficiently in toluene than in a coordinating
solvent such as THF, it must be run in THF for high enantiose-
lectivity. (3) Silver salt, e.g. AgOTf, is required for the proper
initiation of the reaction in THF. (4) Among a number of ligands
we have screened, (S)-BINAP turned out to be the best.6 (5)
Balancing of CO pressure from case to case is quite critical for
the high enantioslectivity as well as the chemical yield because
there is a tradeoff between the chemical yield and enantioselec-
tivity of PKR product. More PKR products tend to occur under
higher CO pressure, but better enantioselectivities might be
obtained under lower CO pressure because the unfavorable
equilibrium between potential catalysts is suppressed.

On the basis of these preliminary results, we set up the
experimental protocol for further studies as follow: the reaction
was carried out with 1 equiv of enynes (1) in the presence of 3
mol % [RhCl(CO)2]2, 9 mol % (S)-BINAP, and 12 mol % AgOTf
under 1 atm of CO in THF at appropriate reaction temperatures
(Scheme 1).

A variety of 1,6-enynes (1) were converted to bicyclic
cyclopentenones (2) and the results are summarized in Table 1.
In most cases, this transformation proceeded nicely to furnish
the PKR products with good to excellent enantioselectivity in
reasonable reaction time (4-6 h) under 1 atm of CO.

Substrates with oxygen and nitrogen tethers (1-h to 1-l)
proceeded smoothly to give the corresponding products (2-h to
2-l) with high chemicalyields(greater than 80%) and enantiose-
lectivities (74-86% ee) (entry 11, 13, 15, and 17 in Table 1).
Under forcing conditions, there are significant improvements in
chemical yield at the cost of enantioselectivity (entries 11 and
12; 85% yield of2-h with 86% ee at 3 atm of CO pressure vs
40% yield of2-h with 96% ee under 1 atm).

In general, aryl-substituted acetylenes provided better chemical
yields of PKR products but lower ee than alkyl-substituted
acetylenes, some of which required mildly forcing conditions
(2-3 atm of CO) for the clean reaction (entry 1, 2, 3, 7, and 10
vs 4, 5, 6, 8 and 11).

Substrates (1-a to 1-g) with the malonate tether are inferior to
the previous substrates in terms of chemical yields and enanti-
oselectivities. Steric factors played a critical role. Changing
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Scheme 1.Rh(I)-Catalyzed Enantioselective
Pauson-Khand-Type Reaction
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substrate from1-a and1-d to 1-b and1-e (entries 1 and 2 and 6
and 8, respectively) made significant improvements in enanti-
oselectivities without loss of chemical yields. However, introduc-
tion of a bulkier group such as the isopropyl group (1-c) changed
the reaction pathway to give PKR product (2-c) in only 40% yield
but in higher enantioselectivity (90% ee; entry 5).

As we anticipated and mentioned earlier, the balancing of CO
pressure is critical for the high enantioselectivity and has to be
tuned from case to case. For example, substrate1-e (entries 7
and 8 in Table 1) produced more PKR product under higher CO
pressure (67% of2-eand 30% of3-eunder 1 atm of CO vs 96%
of 2-e under 3 atm of CO). But the ee values of PKR product
(2-e) substantially dropped from 61% to 22% as CO pressure
increased. The efficiency of the reaction with substrate1-l to 2-l
is independent of CO pressure (96% at 3 atm vs 93% at 1 atm of
CO), but the ee is very much dependent on pressure again (46%
under 3 atm vs 74% under 1 atm) (entries 16 and 17).

A proposed reaction pathway based on the previous results is
given in Scheme 2. The cationic catalytic species [Rh(CO)(S)-
BINAP]+ binds to 1,6-enyne first. This intermediate (ii ) is
converted to octahedral Rh(III) metallacyclopentene intermediate
(iii ) by the aid of THF. Subsequent migratory insertion of CO to
give iv and reductive elimination would eventually yield the PKR
product.

Either low effective concentration of CO in the reaction mixture
or strain energy on intermediate III due to bulkiness of the
substituents would facilitate the formation of CO missing products
such as dienes (3).

Absolute configurations of some products were assigned by
comparison of optical rotation with the previously reported value
by Buchwald.4b,7 Substrate1-a produced (S) 2-a as depicted in
Scheme 1 when (S)-BINAP was employed as a chiral ligand.
From this stereochemical outcome we proposed the cyclometa-
lated intermediate (III) for the origin of enantioselectivity:

Because of the highly skewed structure known for transition
metal complexes coordinated with a (S)-BINAP, only the left-
upper part is available for 1,6-enynes. Of the two possible
structuresb is more stable thana because it can avoid the steric
congestion between one of the phenyl groups of (S)-BINAP and
the substituent on acetylene.

In conclusion, we have developed an efficient catalytic asym-
metric Pauson-Khand-type cyclization with Rh(I). A variety of
1,6-enynes are converted to the corresponding bicyclic cyclo-
pentenones with good to excellent enantioselectivities. Further
optimization and mechanistic study will be reported in due course.
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(7) The optical rotation values reported here are uniformly higher than those
previously reported.4b The following data are given for comparison. ([R]D

25

(in CHCl3), % ee (obtained by HPLC) of this study; from ref 4b);1-b (-81.8,
71% ee (S); +86.4, 87% ee (R)), 1-e (-24.6, 61% ee (S); +20.4, 94% ee
(R)), 1-i (+8.3, 81% ee (R); -7.69, 96% ee (S)), 1-g (+27.5, 51% ee (S);
-19.6, 87% ee (R)).

Table 1. Rh(I)-Catalyzed Asymmetric Pauson-Khand-Type Cyclizationa

entry substrate X R CO (atm)f temp (°C) time (h) yieldb,d (%) ee (%)c [R]D
25 (c in CHCl3)g absolute configg

1 1-a (MeO2C)2C Me 2 130 20 91 62 -55 (1.00)
2 1-b (EtO2C)2C Me 3 130 20 93 71 -91.8 (1.70) S
3 1-b (EtO2C)2C Me 2 130 20 95 67
4 1-b (EtO2C)2C Me 1 130 20 70 70
5 1-c (iPrO2C)2C Me 1 90 4 40 90 +10.8 (0.17)
6 1-d (MeO2C)2C Ph 1 90 5 78 42 -13.9 (1.60)
7 1-e (EtO2C)2C Ph 3 130 20 96 22
8 1-e (EtO2C)2C Ph 1 90 6 67e 61 -24.6 (1.30) S
9 1-f (iPrO2C)2C Ph 1 90 3 80 58 +12.2 (0.20)

10 1-g CH2 Ph 1 90 5 61 51 +27.5 (0.20) S
11 1-h O Me 2 130 20 85 86
12 1-h O Me 1 90 5 40 96 -140 (0.40)
13 1-i O Ph 1 90 5 88 81 +8.3 (1.50) R
14 1-j O C4H9 1 90 3 60 65
15 1-k N-SO2C7H7 Me 1 90 3 80 84 -84.7 (0.60)
16 1-l N-SO2C7H7 Ph 3 130 20 96 46
17 1-l N-SO2C7H7 Ph 1 90 3 93 74 65.8 (1.30)
18 1-l N-SO2C7H7 Ph 0.5j 90 5 99 71

a [RhCl(CO)2]2 (3 mol %)/(S)-BINAP (6 mol %) and AgOTf (12 mol %) were employed in THF.b Isolated yield by Silica gel column
chromatography.c Determined by HPLC analysis with chiral stationary columns. Refer to the Supporting Information.d All starting material was
consumed completely. Full characterizations of side products will be reported.e Diene (3a) product was obtained as a byproduct.f The CO pressure
given in this column is the value at ambient temperature. The reactions under CO pressure higher than 1 atm were carried out in a stainless steel
bomb.g See ref 7.i See ref 4.j Ar:CO ) 1:1 (1 atm).

Scheme 2.A Proposed Mechanism of Rh(I)-Catalyzed
Enantioselective Pauson-Khand-Type Reaction
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