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Cooperative Catalysis: Enantioselective Propargylic Alkylation of
Propargylic Alcohols with Enecarbamates Using Ruthenium/
Phosphoramide Hybrid Catalysts**
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Abstract: The diastereo- and enantioselective propargylic
alkylation of propargylic alcohols with E-enecarbamates in
the presence of a catalytic amount of thiolate-bridged diruthe-
nium complexes bearing an optically active phosphoramide
moiety gives the corresponding propargylic alkylated products
(up to 97% ee).

Considerable attention has been paid to the development of
reactions undergoing cooperative catalysis using distinct
catalysts.[1] This methodology realizes unprecedented trans-
formations. In particular, the development of reactions
undergoing cooperative catalysis using transition-metal cata-
lysts and organocatalysts has opened up new fields in organic
synthesis.[2,3] Many such reactions have been achieved by
simple mixing of two distinct catalysts as shown in Scheme 1a.

To develop a new type of cooperative catalysis, we envisaged
the use of hybrid catalysts derived from both transition-metal
catalysts and organocatalysts within the same molecule
(Scheme 1b). The use of such hybrid catalysts may increase
the reactivity and enantioselectivity of the reactions. As
a result, the development of new types of cooperative
transformations is anticipated by using the hybrid catalysts.

As an extension of our study,[4,5] we have recently found
the application of cooperative catalytic reaction systems,
having two distinct catalysts, to enantioselective reactions of
propargylic alcohols with carbon-centered nucleophiles, such
as aldehydes, to give the corresponding propargylic alkylated
products in high yields with an excellent enantioselectivity.[6]

In these reaction systems, ruthenium complexes activate the
propargylic alcohols to afford the corresponding allenylidene
complexes, and organocatalysts, such as optically active
amines, activate the carbon-centered nucleophiles to afford
the corresponding enamines. As a result, the activated
carbon-centered nucleophiles attack the electrophilic g-
carbon atom in the allenylidene ligand to give the corre-
sponding propargylic alkylated products with a high enantio-
selectivity. However, unfortunately, available nucleophiles
are quite limited in these cooperative catalytic reaction
systems.[7]

Based on this background, we have now designed novel
hybrid catalysts such as thiolate-bridged diruthenium com-
plexes bearing a phosphoramide moiety which is based on the
BINOL skeleton (1).[8] The phosphoramide moiety in the
ruthenium complex may activate nucleophiles such as ene-
carbamates[9] and control the nucleophilic attack by the
allenylidene ligand on the ruthenium complexes (Scheme 2).

In this reaction system, the intramolecular organocatalyst
plays a crucial role in achieving high enantioselectivity.
Herein, we report the reactions undergoing cooperative
catalysis using hybrid transition-metal complexes bearing an
organocatalyst.

Treatment of 1-phenyl-2-propyn-1-ol (2a) with 2 equiv-
alents of methyl (E)-1-phenylbut-1-enylcarbamate (3 a) in the

Scheme 1. a) Reactions involving cooperative catalysis by simple
mixing of two distinct catalysts. b) Reactions involving cooperative
catalysis using hybrid transition-metal complexes bearing an organo-
catalyst.

Scheme 2. Reactions involving cooperative catalysis using hybrid
ruthenium complexes bearing a phosphoramide moiety as an organo-
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presence of a catalytic amount of a chiral thiolate-bridged
diruthenium complex (1a), which was generated in situ from
the tetranuclear ruthenium(II) complex [{Cp*RuCl}4] (Cp* =

h5-C5Me5) and dialkyl disulfide bearing an optically active
phosphoramide[10] (4a) in tetrahydrofuran (THF) at room
temperature for 12 hours, and NH4BF4 in dichloromethane at
0 88C for 5 hours gave 2-ethyl-1,3-diphenylpent-4-yn-1-one
(5a) in 79% yield (NMR) as a mixture of two diastereoiso-
mers (syn-5a/anti-5a = 3:1), with 21% ee for syn-5a, after
acid hydrolysis of the corresponding crude imine products
(6a) (Table 1, entry 1). Separately, a similar result was

observed when the isolated 1a was used as a catalyst
(entry 2). The molecular structure of 1a was confirmed by
X-ray analysis (see the Supporting Information for exper-
imental details).[11] An ORTEP drawing of 1a is shown in
Figure 1. The use of a disulfide bearing an elongated carbon
chain (4 b) as a chiral ligand gave 5 a with slightly higher
enantioselectivity (30% ee ; entry 3). However, the use of
a disulfide bearing an even longer carbon chain (4 c) gave 5a
with lower enantioselectivity (14% ee ; entry 4). A phosphor-
amide moiety (NH) in the chiral ligand was revealed to be an
essential factor for achieving a good enantioselectivity. In
fact, the use of phosphanate or N-methyl phosphoramide
moiety gave only a low enantioselectivity of 5a under the
same reaction conditions (entries 5 and 6). The introduction
of a methyl group at the 3,3’-positions of the naphthyl moiety

in the chiral ligand (4 f) dramatically increased the enantio-
selectivity of the product (entry 7). However, the introduction
of more bulky substituents such as ethyl and phenyl groups at
the same position (4g and 4h) did not improve the
enantioselectivity (entries 8 and 9). When the reaction using
4 f as a chiral ligand was carried out at ¢50 88C, 5a was
obtained in 86 % yield (NMR; 68% isolated) with high
diastereo- and enantioselectivities (85% ee), however
a longer reaction time (90 h) was necessary to complete the
reaction (entry 10).

To check the effect of the introduction of the phosphor-
amide moiety to the ruthenium complex, we investigated the
reaction of 2 a with 3a in the presence of catalytic amounts of
methanethiolate-bridged diruthenium complex [{Cp*RuCl(m-
SMe)}2] and an optically active phosphoramide (7) at 0 88C for
5 hours to give 5 a in 79% yield (NMR) as a mixture of two
diastereoisomers (syn-5 a/anti-5 a = 1:1) with only 4% ee of
syn-5a and 0% ee of anti-5a after acid hydrolysis (Scheme 3).

Even in the absence of 7, the reaction proceeded smoothly
under the same reaction conditions. This outcome may show
that the presence of the intramolecular phosphoramide
moiety in the ruthenium complex, such as 4 f, realizes the
high enantioselectivity in the present propargylic alkylation.

Next, propargylic alkylation of a variety of propargylic
alcohols was carried out by using 4 f as a chiral ligand at
¢50 88C. Typical results are shown in Table 2. A high enantio-
selectivity was observed when substituents such as methyl,
methoxy, and chloro groups were introduced at the para-
position of the benzene ring of propargylic alcohols
(entries 2–4). The position of the methyl group on the

Table 1: Enantioselective propargylic alkylation of the propargylic alcohol
2a with enecarbamate 3a.[a]

Entry 4 1 5a
Yield [%][b]

syn-5a/anti-5a[c] syn-5a
ee [%][d]

1 4a 1a 79 3:1 21
2[e] 4a 1a 84 3:1 20
3 4b 1b 80 6:1 30
4 4c 1c 84 6:1 14
5 4d 1d 74 6:1 14
6 4e 1e 64 19:1 8
7 4 f 1 f 79 6:1 64
8 4g 1g 89 4:1 56
9 4h 1h 82 7:1 35
10[f ] 4 f 1 f 86 (68) >20:1 85

[a] All reactions of 2a (0.2 mmol) with 3a (0.4 mmol) were carried out in
the presence of 1 (0.01 mmol, generated in situ from [{Cp*RuCl}4] and 4)
and NH4BF4 (0.02 mmol) in CH2Cl2 (5 mL). [b] Determined by 1H NMR
analysis. Yield of the isolated product given within parentheses.
[c] Determined by 1H NMR analysis. [d] Determined by HPLC analysis.
[e] Isolated 1a was used as a catalyst. [f ] At ¢50 88C for 90 h.

Figure 1. ORTEP drawing of 1a.

Scheme 3. Propargylic alkylation in the presence of an achiral ruthe-
nium complex [{Cp*RuCl(SMe)}2] and an optically active phosphora-
mide 7.
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benzene ring affected the enantioselectivity. In fact, the
introduction of methyl group at the meta- and ortho-positions
increased the enantioselectivity (89% ee and 97% ee,
respectively; entries 5 and 6). When a phenyl group was
present at the ortho-position of the benzene ring of the
propargylic alcohols, the enantioselectivity was also high
(entry 7). The enantioselectivity was slightly lower when 1-
(1-naphthyl)-2-propyn-1-ol (2h) was used as a substrate
(entry 8). No reaction occurred at all under the same reaction
conditions when 1-cyclohexyl-2-propyn-1-ol (2 i) was used as
a substrate (entry 9), thus indicating that the presence of an
aryl group at the propargylic position is necessary to promote
the present propargylic alkylation.

Propargylic alkylation with other enecarbamates as
carbon-centered nucleophiles proceeded smoothly to give
the corresponding propargylic alkylated products with a high
enantioselectivity. Typical results are shown in Table 3. The
reaction with benzyl (E)-1-phenylbut-1-enylcarbamate (3b)
at ¢50 88C for 120 h gave the corresponding propargylic
alkylated product 5 f in 86% yield with 95 % ee for syn-5 f
(entry 1). When other alkyl moieties, such as methyl and n-
propyl, were used in place of the ethyl group in 3a, a similarly
high enantioselectivity was observed in both cases (90 % ee
and 96 % ee, respectively; entries 2 and 3). A variety of aryl
groups can be used in place of the phenyl group in 3 to give
the corresponding products with high diastereo- and enantio-
selectivities (entries 4–8). Unfortunately, when the methyl
group was used in place of aryl group in 3, only low diastereo-
and enantioselectivities were observed (entry 9).

In sharp contrast to the use of E-enecarbamates, the
reaction with the Z-enecarbamate 3k at ¢50 88C for 90 hours
gave 5 f in 71 % yield (NMR) as a mixture of two diastereo-
isomers (syn-5 f/anti-5 f = 1:1) with only 3% ee for syn-5 f and
2% ee for anti-5 f [Eq. (1)]. In addition, the reaction with
2 equivalents of methyl 1-phenylvinylcarbamate (3 l) under
the same reaction conditions gave 1-phenyl-3-(o-tolyl)pent-4-

yn-1-one (5 r) in 79% yield with 11 % ee [Eq. (2)]. These
results indicate that the use of E-enecarbamates is necessary
to achieve the high enantioselectivity.

A proposed reaction pathway is shown in Scheme 4. The
initial step is the formation of an allenylidene complex[12] (B)
by the reaction of 1 f with 2 via a vinylidene complex (A). The
phosphoramide moiety in the chiral ligand activates 3 which
then attacks the g-carbon atom of B to result in the formation
of another vinylidene complex (D) via the alkynyl complex C.
After transformation of the D into the corresponding p-
alkyne complex, the product 6[13] is formed by ligand
exchange with another propargylic alcohol 2. The corre-
sponding propargylic alkylated product 5 is obtained quanti-
tatively after acid hydrolysis of 6. Separately, we confirmed
that no reaction occurred with a propargylic alcohol bearing
an internal alkyne moiety under the same reaction conditions.

Table 2: Enantioselective propargylic alkylation of propargylic alcohols 2
with enecarbamate 3a.[a]

Entry 2 t [h] 5
Yield [%][b]

syn-5/anti-5[c] syn-5
ee [%][d]

1 R = Ph (2a) 90 68 (5a) >20:1 85
2 R = p-MeC6H4 (2b) 90 76 (5b) >20:1 85
3 R = p-MeOC6H4 (2c) 120 74 (5c) 19:1 83
4 R = p-ClC6H4 (2d) 90 77 (5d) >20:1 79
5 R = m-MeC6H4 (2e) 90 82 (5e) >20:1 89
6 R = o-MeC6H4 (2 f) 90 73 (5 f) 20:1 97
7 R = o-PhC6H4 (2g) 120 80 (5g) >20:1 92
8 R = 1-naphthyl (2h) 120 80 (5h) 6:1 86
9 R = cyclohexyl (2 i) 90 0 (5 i) – –

[a] All reactions of 2 (0.2 mmol) with 3a (0.4 mmol) were carried out in
the presence of 1 f (0.01 mmol; generated in situ from [{Cp*RuCl}4} and
4 f) and NH4BF4 (0.02 mmol) in CH2Cl2 (5 mL). [b] Yield of the isolated
product. [c] Determined by 1H NMR analysis. [d] Determined by HPLC
analysis.

Table 3: Enantioselective propargylic alkylation of propargylic alcohol 2 f
with enecarbamates 3.[a]

Entry 3 t [h] 5
Yield [%][b]

syn-5/anti-5[c] syn-5
ee [%][d]

1[e] R2 = Et, R3 = Ph,
R4 = Bn (3b)

120 86 (5 f) >20:1 95

2 R2 = Me, R3 = Ph,
R4 = Me (3c)

90 84 (5 j) 18:1 90

3 R2 = nPr, R3 = Ph,
R4 = Me (3d)

120 73 (5k) 20:1 96

4 R2 = Et, R3 = p-ClC6H4,
R4 = Me (3e)

90 79 (5 l) >20:1 97

5 R2 = Et, R3 = p-BrC6H4,
R4 = Me (3 f)

120 67 (5m) >20:1 92

6[f ] R2 = Et, R3 = p-MeO-
C6H4, R4 = Me (3g)

120 81 (5n) 15:1 95

7 R2 = Et, R3 = p-
MeC6H4, R4 = Me (3h)

120 81 (5o) >20:1 96

8 R2 = Et, R3 = m-
MeC6H4, R4 = Me (3 i)

90 71 (5p) >20:1 96

9 R2 = Et, R3 = Me,
R4 = Me (3 j)

120 58 (5q) 1:4 63[g]

[a] All reactions of 2 f (0.2 mmol) with 3 (0.4 mmol) were carried out in
the presence of 1 f (0.01 mmol; generated in situ from [{Cp*RuCl}4] and
4 f) and NH4BF4 (0.02 mmol) in CH2Cl2 (5 mL). [b] Yield of the isolated
product. [c] Determined by 1H NMR analysis. [d] Determined by HPLC
analysis. [e] Bn = benzyl. [f ] At¢40 88C. [g] ee value of anti-5q was 57 % ee.
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This result supports the proposed reaction pathway via
ruthenium-allenylidene complexes as key reactive intermedi-
ates.

To obtain information on the enantioselective propargylic
alkylation, the stereochemistry of the product syn-5d was
determined. After one recrystallization of syn-5d, the dia-
stereo- and enantiomerically pure syn-5 d was isolated and its
absolute configuration was determined as [(2R,3S)] by X-ray
analysis (see the Supporting Information for experimental
details).[11]

To account for the diastereo- and enantioselective for-
mation of 5, we propose a transition state between the
ruthenium-allenylidene complex and the enecarbamate acti-
vated by the intramolecular phosphoramide moiety as shown
in Scheme 5. A significant change of the N-H chemical shift of

the carbamate was observed when a mixture of 1 f and 3a in
CD2Cl2 at ¢50 88C was measured by 1H NMR spectroscopy.[10]

This result may show a hydrogen-bonded eight-membered
ring between the phosphoramide moiety in the ruthenium
complex and the carbamate moiety in 3 in the transition state,
although the interaction between the P=O of the phosphor-
amide and the N-H of the enecarbamate plays a major role.[14]

We believe that this interaction leads to the high enantiose-
lectivity in the catalytic reaction. In sharp contrast to the
result shown in Scheme 3, where the intermolecular phos-
phoramide did not work as an effective organocatalyst, the
intramolecular phosphoramide moiety in the ruthenium
complex plays an essential role in promoting the propargylic
alkylation with high diastereo- and enantioselectivities.
Although a similar secondary interaction through coordinate
bonds between the reagent and the ligand in the transition-
metal complexes has already been reported in other catalytic
reactions,[2b,d,15,16] we consider the result described in this
paper to provide one of the successful examples of the use of
hybrid transition-metal complexes bearing an organocatalyst,
in enantioselective catalytic reactions.

In summary, we have found the diastereo- and enantio-
selective propargylic alkylation of propargylic alcohols with
E-enecarbamates in the presence of a catalytic amount of
a thiolate-bridged diruthenium complex, bearing an optically
active phosphoramide moiety, as an organocatalyst to give the
corresponding propargylic alkylated products in high yields
with high diastereo- and enantioselectivities (up to 97 % ee).
The use of the hybrid catalysts involving both transition-metal
catalysts and organocatalysts in the same molecule achieves
the catalytic reactions with high diastereo- and enantioselec-
tivities.

Keywords: alkynes · asymmetric catalysis · organocatalyst ·
ruthenium · synthetic methods
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