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Abstract: The rhodium complex pre-
pared in situ by simply mixing [{RhCl-
(c-octene)2}2] and [(Phebox)SnMe3] (1)
(Phebox� 2,6-bis(oxazolinyl)phenyl)
was found to serve as an efficient
catalyst for the asymmetric Michael
addition of �-cyanopropionates (4) to
acrolein under mild and neutral condi-
tions. In the present catalytic system,
both the temperature of catalyst prepa-
ration and the order of the addition of
the substrates were very important for
the catalytic efficiency and enantiose-
lectivity. Detailed mechanistic studies of

this catalytic system revealed that the
[(Phebox)RhIII(SnMe3)Cl] complex (9),
generated by oxidative addition of
[{RhCl(c-octene)2}2] to 1, is an active
catalyst and the turnover number
(TON) of the present actual catalyst
existing in a reaction mixture is greater
than 10000. The obtained (R) stereo-

chemistry of the Michael adducts 5 can
be explained by N-bonded enol inter-
mediates C�, which are formed by eno-
lization of 4 bound to the Lewis acidic
rhodium complex 9. We also found that
the active catalyst 9 gradually decom-
posed in the presence of the remaining
[{RhCl(c-octene)2}2] in the reaction mix-
ture to form the catalytically nonactive
[(Phebox)RhCl2] fragment A, whose
structure was characterized by an
X-ray crystallographic study after con-
verting to the tBuNC complex 10.
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Introduction

The Michael addition of carbon nucleophiles to alkenes that
contain an electron-withdrawing group (EWG) is widely
recognized as one of the most important carbon ± carbon
bond-forming reactions in organic synthesis.[1] Although these
reactions proceed by the use of Br˘nsted bases, such as
tertiary amines, alkali metal alkoxides, or hydroxides, these
basic conditions are often a limiting factor because there is a
variety of side and subsequent reactions. To carry out the
reactions under mild and neutral conditions, much attention
has been recently focused on the transition-metal complexes
as catalysts. Accordingly, numerous catalytic processes that
use chiral transition-metal complexes have been reported.[2]

Among various nucleophiles, �-cyanocarboxylates are useful
substrates for this reaction in order to produce a quarternary
carbon center with many different functional groups.[3] Never-

theless, there are only two reports of chiral catalysts, prepared
from RhI precursors and trans-chelating ligands that have
deep chiral surroundings, for the Michael addition with good-
to-high enantioselectivities because the enantioselective car-
bon ± carbon bond formation would be accomplished at the �-
carbon atom very distant from the metal center (Scheme 1).[4]
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Scheme 1. Chiral catalysts for asymmetric Michael addition of �-cyano-
propionates to enals or enones.

Previously, we have designed a chiral anionic ™N-C-N
pincer∫ ligand,[5, 6] namely 2,6-bis(oxazolinyl)phenyl (abbre-
viated to Phebox),[7, 8] and synthesized the stannyl compounds
1 (Scheme 2) as stable aryl anion precursors since aryltri-
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Scheme 2. Structures of [(Phebox)SnMe3] (1), Phebox-Pt and Phebox-Rh
aqua complexes 2 and 3.

alkylstannanes are known to react with metal halides (by
transmetalation) or low-valent transition metals (by oxidative
addition).[9] Furthermore, we have also succeeded in the
asymmetric alkylation of benzaldimine,[7b] enantioselective
addition of allyl tins to aldehydes,[7c,d] and hetero-Diels ±
Alder reaction of Danishefsky×s dienes[7e] by the use of
Phebox-Pt and Phebox-Rh aqua complexes 2 and 3 as chiral
Lewis acids (Scheme 2). In this context, we have been very
interested in the application of Phebox ligands containing a
deep chiral pocket to the asymmetric Michael addition of �-
cyanocarboxylates and electrophiles as a further challenging
subject. Although we examined the reaction of �-cyanopro-
pionates 4 and acrolein with Phebox-derived Pt and Rh
complexes, these aqua complexes 2 and 3 showed no catalytic
activities without tertiary amines. In sharp contrast, we found
that the rhodium catalyst generated in situ by simply mixing
[{RhCl(c-octene)2}2] and [(Phebox)SnMe3] (1) acts as an
effective catalyst for the reaction of �-cyanopropionates 4 and
acrolein (Scheme 3). We now report the novel asymmetric
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Scheme 3. Asymmetric Michael addition of �-cyanopropionates 4 to
acrolein.

Michael addition of �-cyanopropionates to acrolein with a
Phebox-derived RhIII catalyst. We also describe X-ray crys-
tallographic and NMR evidence for the basis of the reaction
mechanism and transition-state assembly in this catalytic system.

Results and Discussion

Asymmetric Michael addition of �-cyanopropionates to
acrolein : At first, several Phebox precursors (1, 6 ± 8) and
RhI sources were examined in toluene for their catalytic
activities and enantioselectivities in the asymmetric Michael

addition of ethyl 2-cyanopropionate (4a) to acrolein. To a
solution of the catalyst in toluene, prepared in situ from [(iPr-
Phebox)SnMe3] (1a, 2 mol%) and [{RhCl(c-octene)2}2]
(1 mol%), was added 4a (0.5 mmol) and acrolein (0.75 mmol,
1.5 equiv) at 25 �C (Method A; see Experimental Section) for
2 h to produce the Michael adduct 5a in quantitative yield
with 64% ee (Table 1, entry 1). Depending on the temper-
ature, the reactions were dramatically sluggish and the

enantiomeric excesses of 5a decreased below 20 �C. A slightly
lower catalytic activity and enantioselectivity for the reaction
with catalyst derived from [(Phebox)SnBu3] (2) were ob-
served than those obtained with the catalyst derived from
[(Phebox)SnMe3] (entries 1 vs. 2 in Table 1). The rhodium
catalyst prepared from other Phebox precursors 7 and 8
showed remarkably low catalytic activities and enantioselec-
tivities (entries 3 and 4 in Table 1). The reactions that
employed other RhI sources, such as [{RhCl(cod)}2] (cod�
1,5-cyclooctadiene) or [{RhCl(CO)2}2], proceeded smoothly
under the same conditions; however, the enantioselectivities
of 5awere both decreased (entries 5 and 6 in Table 1). Among
the solvents tested, toluene proved to be effective for both
chemical yield and enantioselectivity (entries 1 vs. 7 ± 10 in
Table 1). The substituent on the oxazoline rings had a great
effect on the chemical yields and % ee values (entries 11 ± 14
in Table 1). The activities of catalysts derived from both Ph-
Phebox and tBu-Phebox were lower than those of the others.
The enantioselectivities obtained with Ph-, Bn-, and Me-
Phebox-derived stannanes 1b ± d were remarkably decreased.
Finally, an enantioselectivity of�69% ee was achieved by the
use of the bulky tBu-substituted 1e. We also found that the
addition order of the substrates was a significant factor
governing the reaction rate: the reaction rate on adding 4a to

Table 1. Asymmetric Michael addition of ethyl 2-cyanopropionate (4a) to
acrolein with the Phebox-RhI system.[a]
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Entry Ligand RhI Solvent Yield [%] ee [%][b]

1 1a [{RhCl(c-octene)2}2] toluene � 99 64
2 6 [{RhCl(c-octene)2}2] toluene 71 58
3[c] 7 [{RhCl(c-octene)2}2] toluene 12 16
4[c] 8 [{RhCl(c-octene)2}2] toluene 10 8
5 1a [{RhCl(cod)}2] toluene � 99 49
6 1a [{RhCl(CO)2}2] toluene � 99 45
7 1a [{RhCl(c-octene)2}2] benzene 90 60
8 1a [{RhCl(c-octene)2}2] CH2Cl2 � 99 17
9 1a [{RhCl(c-octene)2}2] THF 51 20
10[d] 1a [{RhCl(c-octene)2}2] Et2O � 99 48
11 1b [{RhCl(c-octene)2}2] toluene 63 33
12 1c [{RhCl(c-octene)2}2] toluene 99 18
13 1d [{RhCl(c-octene)2}2] toluene � 99 30
14 1e [{RhCl(c-octene)2}2] toluene 70 69
15[d, e] 1e [{RhCl(c-octene)2}2] toluene 96 69

[a] All reactions were carried out with Phebox ligand (0.01 mmol; 1, 6 ± 8),
RhI dimer (0.005 mmol), ethyl 2-cyanopropionate (0.5 mmol; 4a) and
acrolein (0.75 mmol) in 1.5 mL of solvent at 25 �C for 2 h (Method A).
[b] Determined by capillary GLC analysis using Astec ChiraldexG-TA
(30M). [c] 8 h. [d] 1 h. [e] Ethyl 2-cyanopropionate (4a) was added to the
catalyst/acrolein mixture (Method B).
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the mixture of the catalyst and acrolein solution (Method B)
was more than twice as fast as that found for the addition of
acrolein to a mixture of catalyst and 4a (Method A), without
loss of the enantiomeric purity of the product 5a (entries 14
vs. 15 in Table 1).
Next, the effects of the ester substituent on enantioselec-

tivity and reactivity were investigated for both methods
(Table 2). Remarkable improvement in the enantioselectiv-

ities was achieved by employing �-cyanopropionates with
bulkier ester groups. The reaction with iPr and diphenyl-
methyl esters 4b and 4c by Method A afforded the corre-
sponding adducts 5b and 5c with 74% and 80% ee, respec-
tively (entries 2 and 3 in Table 2). Although reactivities of
both the bulky diisopropylmethyl and di(tert-butyl)methyl
esters, 4d and 4e, were lower than those of the less hindered
ones, extension of the reaction time to 24 h led to satisfactory
yields with good enantioselectivities (entries 4 and 5 in
Table 2). In spite of the steric bulkiness, the reactions of aryl
esters 4 f and 4g were much faster than those of the aliphatic
esters (entries 6 and 7 in Table 2). The reaction rates were
dramatically increased (within 2 h) by the use of Method B
(entries 1 ± 7 vs. 8 ± 14 in Table 2). Although the enantiomeric
excesses of 5a ± e derived from the aliphatic esters were not
improved by Method B, the enantioselectivities of the reac-
tion with aromatic esters 4 f and 4g were higher than those
obtained by Method A (entries 6 ± 7 vs. 13 ± 14 in Table 2).
Finally, the enantioselectivities in the reaction were obtained
with 85 ± 86% ee for both bulky aliphatic and aromatic esters
4e and 4g. The absolute configuration of the isopropyl ester
5b was determined as (R) by comparison of the optical
rotation with the literature value ([�]20D ��3.1� (c� 5.0 ± 5.1,
CHCl3) for 87% ee, (R)).[4a,b]

Reaction of [(Phebox)SnMe3] with [{RhCl(c-octene)2}2]: To
obtain information about catalytically active species, we first

checked the reaction between [{RhCl(c-octene)2}2] and [(iPr-
Phebox)SnMe3] (1a). On the basis of TLC studies and
1H NMR spectroscopy, it was found that the reaction between
the RhI complex and 1a scarcely proceeded under 20 �C.
However, the 1H NMR spectrum of the reaction mixture in
[D6]benzene at 25 �C showed a small intensity of signals
attributed to two nonsymmetrical complexes 9a with an
SnMe3 group in a ratio of 5:1. These SnMe3 signals appeared
(���4.97 and �8.76) with 103Rh ± 13C couplings (2.0 Hz for
both complexes) in the 13C NMR spectrum. In addition,
formation of Me3SnCl (�� 0.23 ppm; satellite J(Sn,H)� 58.2,
55.6 Hz) by transmetalation of RhI with 1awas not confirmed.
Therefore, we concluded that the two [(iPr-Phebox)RhIII(Sn-
Me3)Cl] complexes 9a, which are conformational isomers
with a five-coordinate structure, are formed by oxidative
addition of [{RhCl(c-octene)2}2] to 1a (Scheme 4). Similar
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Scheme 4. Formation of [(Phebox)RhIII(SnMe3)Cl] complexes 9 and yields
detected by 1H NMR spectroscopy.

results were obtained by the reaction of tBu- and dMe-
Phebox-derived stannanes 1e and 1 f with [{RhCl(c-oc-
tene)2}2] (Table 3). In spite of an extension of the reaction
time, the yields of the product [(Phebox)RhIII(SnMe3)Cl]
complexes 9 in the reaction mixture were not increased and
only �3 ± 9% of 9 were detected in 1H NMR spectra.
Therefore, most of the stannyl compound 1 could be
recovered from the reaction media.

[(Phebox)RhIII(SnMe3)Cl] complex as an active catalyst :
Next, we examined the differentiation between the Methods

Table 2. Asymmetric Michael addition of various �-cyanopropionates (4)
to acrolein.[a]

Entry Substrate/
Product (4/5)

Method Time[h] Yield [%] ee [%][b]

1 4a/5a A 2 70 69
2 4b/5b A 4 82 74 2(R)[c]

3 4c/5c A 4 80 80[d]

4 4d/5d A 24 81 82
5 4e/5e A 24 71 85
6 4 f/5 f A 2 93 70[d]

7 4g/5g A 2 94 80[e]

8 4a/5a B 1 96 69
9 4b/5b B 1 97 73 2(R)[c]

10 4c/5c B 1 97 79[d]

11 4d/5d B 2 82 80
12 4e/5e B 2 82 86
13 4 f/5 f B 0.5 93 75[d]

14 4g/5g B 0.5 95 85[e]

[a] All reactions were carried out with [(tBu-Phebox)SnMe3] (0.01 mmol;
1e), [{RhCl(c-octene)2}2] (0.005 mmol), �-cyanopropionate 4 (0.5 mmol),
and acrolein (0.75 mmol) in toluene (1.5 mL) at 25 �C. [b] Determined by
capillary GLC analysis (Astec ChiraldexG-TA). [c] Determined by
comparison of the reported [�]D data: see ref. [4a, b]. [d] Determined by
HPLC analysis (Daicel CHIRALPAKAD) of the alcohol after reduction
of 5 with NaBH4. [e] Determined by HPLC analysis (Daicel CHIRALPA-
KAS) after conversion to the chiral acetal with (S,S)-2,4-pentandiol.

Table 3. NMR data for the SnMe3 signals of [(Phebox)RhIII(SnMe3)Cl]
complexes 9.

Complex 1H NMR[a] 13C NMR[b]

(major/minor) � (ppm) � (ppm) (J(Rh,C)) [Hz]
(J(Sn,H)) [Hz] (J(Sn,C) [Hz]

9a major 0.16 � 4.97 (2.0)
(5:1) (50.7, 47.8) (266)

minor 0.30 � 8.76 (2.0)
(42.6) ±[c]

9e major 0.13 ±[c]

(�98:2) (48.5, 46.3)
minor ±[c] ±[c]

9 f major 0.14 � 4.13 (2.2)
(3.5:1) (50.2, 48.2) (276, 262)

minor � 0.05 � 8.33 (1.5)
(44.5) ±[c]

[a] Observed at 400 MHz in [D6]benzene at room temperature. [b] Ob-
served at 100 MHz in [D6]benzene at room temperature. [c] Not detected.
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A and B in detail. When �-cyanoester 4a was added to the
catalyst solution (Method A), which includes the formed
[(Phebox)RhIII(SnMe3)Cl] complex 9 and remaining (Phe-
box)SnMe3 (1) and [{RhCl(c-octene)2}2], complex 9 gradually
decomposed resulting in the formation of the catalytically
nonactive dichloride fragments A (Scheme 5). Such a di-
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Scheme 5. Decomposition of [(Phebox)RhIII(SnMe3)Cl] complex 9 (Meth-
od A) and the formation of [{RhCl(acrolein)2}2] complex (Method B).

chloride structure was characterized by a single-crystal X-ray
structure study of an isonitrile complex 10 (Figure 1). On
adding acrolein to the catalyst solution (Method B), the
remaining [{RhCl(c-octene)2}2] complex was removed com-
pletely from the reaction media as an insoluble [RhCl(acro-
lein)2] species, whose composition was determined to be

Figure 1. ORTEP drawing of [(dMe-Phebox)RhCl2(CNtBu)] complex 10.
Selected bond lengths [ä] and angles [�]: Rh1�Cl1 2.342(3), Rh1�Cl2
2.339(3), Rh1�N1 2.067(7), Rh1�N2 2.087(7), Rh1�C17 2.11(1), C17�N3
1.15(1), Rh1-C17-N3 174.4(9), N1-Rh1-N2 157.0(3), Cl1-Rh1-Cl2 179.7(1).

[RhCl(acrolein)2] ¥ (H2O) (11) by elemental analysis after
isolation. The [(Phebox)RhIII(SnMe3)Cl] complexes 9 still
remained in the reaction mixture, and the ratio of the formed
9 and the starting stannyl compounds 1 were 1:16 for 9e and
1:30 for 9e, respectively (1H NMR spectroscopy). As soon as
the [(Phebox)RhIII(SnMe3)Cl] complex forms, the present
Michael addition proceeds, even at 0 �C. For example, the
reaction of 4g and acrolein with tBu-Phebox-derived catalyst
9e at 0 �C for 18 h afforded the Michael adduct 5g in 90%
yield with 82% ee (c.f. : 25 �C, 0.5 h; 95% yield, 85% ee).
These results indicate that the [(Phebox)RhIII(SnMe3)Cl]

complex 9, generated by the oxidative addition of [RhCl(c-
octene)2]2 to 1, is an active catalyst and the decomposition of
the formed complex 9may be inhibited by Method B because
the RhI source was eliminated from the reaction mixture.

High catalytic efficiency of [(Phebox)RhIII(SnMe3)Cl] com-
plex : Since the catalytically active (tBu-Phebox)RhIII(Sn-
Me3)Cl] complex 9e was formed in only 3% by Method B
(prepared from 2 mol% of 1e and 1 mol% of [{RhCl(c-
octene)2}2]), the calculated amount of the actual catalyst was
�6.7� 10�2 mol%; S/C� 1500 (S/C� substrate/actual cata-
lyst ratio) (entries 1 and 3 in Table 4). To confirm the high

catalytic activity of the [(tBu-Phebox)RhIII(SnMe3)Cl] com-
plex 9e, we also examined the reaction at very low catalyst
loadings. The catalyst solution was prepared from [(tBu-
Phebox)SnMe3] (1e) (5.0� 10�3 mmol) and [{RhCl(c-oc-
tene)2}2] (2.5� 10�3 mmol) in toluene (2.5 mL) at 25 �C for
15 min. In this mixture, therefore, 1.67� 10�4 mmol of the
active catalyst 9e was thought to be present. When acrolein
(3.0 mmol, 1.5 equiv) and �-cyanoesters 4a or 4d (2.0 mmol,
S/C� 12000) were added to the catalyst solution, the corre-
sponding Michael adducts 5a or 5d were obtained without
loss of enantioselectivities (entries 2 and 4 in Table 4). The
turnover numbers (TON) of the present catalytic system were
thus found to be 10800 for 4a and 10920 for 4d, respectively.

Transition-state assembly : By the use of low-valent transition
metal complexes as catalyst precursors, the active intermedi-
ates are known to be N-bonded enolate complexes which are
formed by oxidative addition of low-valent transition metal
complexes to �-cyanoesters.[10] Similar enolate intermediates
are formed by the Lewis acid catalyzed reaction of �-
nitroesters or �-ketoesters: Lewis acids initially coordinate
to �-nitroesters or �-ketoesters at the carbonyl oxygen, then
enolate complexes are generated.[11] In our catalytic system,
the high-valent RhIII complex 9 is formed and the nitrile group
at the �-carbon atom is necessary for the Michael addition to
proceed: no product was obtained in the reaction of �-
ketoesters or �-nitro compounds with acrolein. Therefore, we
assumed that complex 9 is coordinated to the N atom of �-
cyanoesters 4 as a Lewis acid (Scheme 6B), then the bound
esters 4 may enolize resulting in the formation of N-bonded
enol C. This hypothesis can explain the higher reactivities of
aromatic esters 4 f and 4g than that of the aliphatic esters

Table 4. Experiments on the catalytic efficiency of complex 9e.[a]

Entry Substrate/
product

cat. S/C[b] Time Yield TON ee[c]

4/5
[mol%] [h] [%] [%]

1[d] 4a/5a 6.7� 10�2 1500 1 96 1440 69
2[e] 4a/5a 8.3� 10�3 12000 1 90 10800 66
3[d] 4d/5d 6.7� 10�2 1500 2 82 1230 80
4[e] 4d/5d 8.3� 10�3 12000 7 91 10920 81

[a] All reactions were carried out in toluene at 25 �C. [b] S/C�Ratio of
substrate (4):catalyst (9e). [c] Determined by capillary GLC analysis
(Astec Chiraldex G-TA). [d] �-Cyanopropionate 4 (0.5 mmol) and acrolein
(0.75 mmol) in toluene (1.5 mL). [e] �-Cyanopropionate 4 (2.0 mmol) and
acrolein (3.0 mmol) in toluene (2.5 mL).
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4a ± e : enolization of an aryl ester is easier than that of an
aliphatic one because of the high electron-withdrawing ability
of its aryloxy group.
The observed R stereochemistry of the Michael adducts 5

on using the (S,S)-[(tBu-Phebox)RhIII(SnMe3)Cl] complex 9e
can be unambiguously explained by the intermediate C�. The
enol plane bound to the Rh atom is parallel to the Phebox
plane, and the Si face of the enol is masked by both one
substituent on the oxazoline rings and the bulky SnMe3 group.
The acrolein attacked the exposed re face of the bound enol,
so the R product was obtained (Figure 2).
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Figure 2. The transition state model C� for the present reaction.

Conclusion

We have found a novel catalytic system for the asymmetric
Michael addition of �-cyanopropionates and acrolein by the
use of a Phebox-derived rhodium(���) catalyst prepared in situ
by simply mixing [{RhCl(c-octene)2}2] and [(Phebox)SnMe3].
We have clarified that the chiral [(Phebox)RhIII(SnMe3)Cl]
complex, generated by oxidative addition of [{RhCl(c-oc-
tene)2}2] to [(Phebox)SnMe3], is an active catalyst and the
turnover number of this catalytic system is �10000 within a
few hours. We also deduced that the obtained R stereo-
chemistry of the Michael adducts is attributed to the
N-bonded enol intermediates formed by enolization of �-
cyanopropionates bound to the Lewis acidic [(Phebox)-
RhIII(SnMe3)Cl] complexes. To our knowledge, the [(Phe-
box)RhIII(SnMe3)Cl] complexes reported herein are the first
examples of chiral Lewis acid catalysts for asymmetric
Michael addition with extremely high catalytic efficiency.[12]

Application of this catalytic system to other asymmetric
reactions is currently under investigation.

Experimental Section
General methods : [{RhCl(CO)2}2], anhydrous dichloromethane, ether,
benzene, toluene, and tetrahydrofuran were purchased from Kanto
Chemical Co. Ethyl 2-cyanopropionate (2a), tributyltin chloride, and

trimethylsilyl trifluoromethanesulfonate (TMSOTf) were purchased from
Tokyo Chemical Industry Co., Ltd. 1H and 13C NMR spectra were
measured on a VARIAN Inova-400 (400 MHz) spectrometer. Chemical
shifts in 1H NMR are given relative to tetramethylsilane as an internal
standard (�� 0) in CDCl3, unless otherwise noted. Chemical shifts of
13C NMR are given relative to CDCl3 as an internal standard (�� 77.1),
unless otherwise noted. IR spectra were measured on a JASCO FT/IR-230
spectrometer. Melting points were measured on a Yanaco MP-J3.
Elemental analyses were measured on a YanacoCHN CORDERMT-6.
Gas chromatography (GC) analyses were performed with a Shimadzu GC-
14A gas chromatograph, and C-R5A chromatopac equipped with an
ASTEC Chiraldex G-TA (30M) column. High-performance liquid chro-
matography (HPLC) analyses were carried out with a JASCO PU-980
HPLC pump, UV-975 and 980UV/VIS detector, and CO-966 column
thermostat (at 25 �C) with Daicel CHIRALPAKAD and AS columns.
Optical rotations were measured on a JASCO P-1030 polarimeter. Column
chromatography was performed with silica gel (Merck, Art. No. 7734).
Analytical thin-layer chromatography (TLC) was performed on glass plates
and aluminum sheets precoated with silica gel (Merck, Kieselgel60F254,
layer thickness: 0.25 and 0.2 mm, respectively). Visualization was accom-
plished by UV light (�� 254 nm), anisaldehyde, and phosphomolybdic
acid. All reactions were carried out under a nitrogen or argon atmosphere.
[{RhCl(c-octene)2}2][13] and [{RhCl(cod)}2][14] were prepared by the liter-
ature methods. [(Phebox)SnMe3] (1) was prepared by our method.[7] (iPr-
Phebox)H (8) was prepared by the literature method.[15] �-Cyanopropio-
nates (4b and 4d) were prepared by the literature method.[4a,b]

[(iPr-Phebox)SnBu3] (6): Prepared from (iPr-Phebox)Br and nBu3SnCl
according to our method in 73% yield.[7] Colorless oil; IR (neat): �� � 2956,
1651, 1463, 1348, 1247, 1127, 1072, 982 cm�1; 1H NMR (400 MHz, CDCl3):
�� 0.86 (t, J� 7.3 Hz, 9H), 0.93 (d, J� 6.8 Hz, 6H), 0.93 ± 0.97 (m, 6H),
1.04 (d, J� 6.8 Hz, 6H), 1.21 ± 1.32 (m, 6H), 1.39 ± 1.47 (m, 6H), 1.77 ± 1.89
(m, 2H), 4.01 ± 4.13 (m, 4H), 4.40 ± 4.49 (m, 2H), 7.33 (t, J� 7.7 Hz, 1H),
7.89 (d, J� 7.7 Hz, satellite J(Sn,H)� 10.5 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 13.6, 13.8 (satellite J(Sn,C)� 366, 352 Hz), 18.7, 19.2, 27.7
(satellite J(Sn,C)� 69, 65 Hz), 29.2 (satellite J(Sn,C)� 18 Hz), 33.2, 71.0,
73.4, 127.6 (satellite J(Sn,C)� 8 Hz), 131.0 (satellite J(Sn,C)� 27 Hz), 136.7
(satellite J(Sn,C)� 16 Hz), 146.4 (satellite J(Sn,C)� 369, 353 Hz), 165.6
(satellite J(Sn,C)� 12 Hz); elemental analysis calcd (%) for
C30H50N2O2Sn: C 61.13, H 8.55, N 4.75; found: C 61.13, H 8.54, N 4.76.

(iPr-Phebox)SiMe3 (7): To a stirred solution of (iPr-Phebox)Br (500 mg,
1.40 mmol) in tetrahydrofuran (3 mL) was added nBuLi in hexane (1.52�,
1.20 mL, 1.82 mmol) at �78 �C. The mixture was stirred for 10 min, then
TMSOTf (405 mL, 1.82 mmol) was added and the reaction mixture was
warmed to �20 �C and stirred for 1 h. The mixture was diluted with ether
(5 mL), washed twice with water (total of 10 mL), dried over Na2SO4, and
concentrated under reduced pressure. Purification by silica gel chromatog-
raphy (hexane/ethyl acetate� 3:1) gave 7 in 89% yield (466 mg,
1.25 mmol). Colorless oil ; IR (neat): �� � 2959, 1655, 1467, 1347, 1118,
978 cm�1; 1H NMR (400 MHz, CDCl3): �� 0.28 (s, 9H), 0.95 (d, J� 6.8 Hz,
6H), 1.07 (d, J� 6.8 Hz, 6H), 1.85 (dsept, J� 6.8, 6.8 Hz, 2H), 4.02 (td, J�
9.2, 6.8 Hz, 2H), 4.09 (dd, J� 9.2, 8.0 Hz, 2H), 4.44 (dd, J� 9.2, 8.0 Hz,
2H), 7.36 (t, J� 7.6 Hz, 1H), 7.79 (d, J� 7.6 Hz, 2H); 13C NMR (100 MHz,
CDCl3): �� 1.5, 18.8, 19.4, 33.1, 70.9, 73.6, 128.3, 131.5, 136.4, 141.4, 166.0;
elemental analysis calcd (%) for C21H32N2O2Si: C 67.70, H 8.66, N 7.52;
found: C 67.74, H 8.64, N 7.55.

Synthesis of �-cyanopropionates (4c, 4e, 4 f, 4g): Prepared from corre-
sponding alcohols and �-cyanopropionic acid according to a literature
method.[4a,b]

Diphenylmethyl �-cyanopropionate (4c): Yield: 48%, white solid; m.p.
66 ± 67 �C; IR (KBr): �� � 3033, 2924, 2252, 1748, 1496, 1456, 1181, 1107, 744,
697 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.61 (d, J� 7.5 Hz, 3H), 3.64 (q,
J� 7.5 Hz, 1H), 6.92 (s, 1H), 7.31 ± 7.38 (m, 10H); 13C NMR (100 MHz,
CDCl3): �� 15.2, 31.8, 79.4, 117.2, 126.9, 127.2, 128.4, 128.5, 128.8 (2C),
139.02, 139.05, 165.6; elemental analysis calcd (%) for C17H15NO2: C 76.96,
H 5.70, N 5.28; found: C 76.99, H 5.73, N 5.29.

Di(tert-butyl)methyl �-cyanopropionate (4e): Yield: 43%; colorless oil; IR
(neat): �� � 2965, 2251, 1741, 1480, 1455, 1400, 1371, 1335, 1259, 1198, 1110,
1038, 968, 934, 911, 876, 742 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.04 (s,
9H), 1.05 (s, 9H), 1.63 (d, J� 7.5 Hz, 3H), 3.58 (q, J� 7.5 Hz, 1H), 4.66 (s,
1H); 13C NMR (100 MHz, CDCl3): �� 15.6, 28.6, 28.7, 31.8, 37.37, 37.43,
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89.3, 117.6, 166.2; elemental analysis calcd (%) for C13H23NO2: C 69.29, H
10.29, N 6.22; found: C 69.31, H 10.32, N 6.20.

2,4,6-Trimethylphenyl �-cyanopropionate (4 f): Yield: 68%; white solid;
m.p. 45 ± 46 �C; IR (KBr): �� � 2924, 1766, 1484, 1456, 1383, 1237, 1190, 1135,
859 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.77 (d, J� 7.3 Hz, 3H), 2.13 (s,
6H), 2.28 (s, 3H), 3.83 (q, J� 7.3 Hz, 1H), 6.89 (s, 2H); 13C NMR
(100 MHz, CDCl3): �� 15.6, 16.2, 20.8, 31.5, 117.0, 129.4, 129.6, 136.3, 145.4,
164.7; elemental analysis calcd (%) for C13H15NO2: C 71.87, H 6.96, N 6.45;
found: C 71.72, H 6.95, N 6.48.

2,6-Diisopropylphenyl �-cyanopropionate (4g): Yield: 79%; white solid;
m.p. 51 ± 52 �C; IR (KBr): �� � 2967, 2872, 2252, 1767, 1710, 1456, 1232, 1166,
1100, 795, 736 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.22 (d, J� 6.8 Hz,
12H), 1.78 (d, J� 7.3 Hz, 3H), 2.87 (sept, J� 6.8 Hz, 2H), 3.86 (q, J�
7.3 Hz, 1H), 7.18 ± 7.28 (m, 3H); 13C NMR (100 MHz, CDCl3): �� 15.5,
22.7, 23.9, 27.7, 31.5, 116.9, 124.3, 127.4, 140.0, 145.1, 165.4; elemental
analysis calcd (%) for C16H21NO2: C 74.10, H 8.16, N 5.40; found: C 73.94,
H 8.07, N 5.53.

General procedure for the Michael addition of �-cyanopropionates to
acrolein : To a stirred solution of [{RhCl(c-octene)2}2] (3.6 mg, 0.005 mmol)
and [(tBu-Phebox)SnMe3] (1e, 4.9 mg, 0.01 mmol) in toluene (1.5 mL) was
added freshly distilled acrolein (50 �L, 0.75 mmol) and the �-cyanopropi-
onate 4 (0.5 mmol) at 25 �C under argon atmosphere. The reaction mixture
was stirred for 0.5 ± 2 h at that temperature, and was then poured into a
mixture of ether and water. The mixture was extracted with ether and the
extract was purified by silica gel chromatography (hexane/diethyl ether�
2:1) to afford 5.

Ethyl 2-cyano-2-methyl-5-oxopentanoate (5a):[3a] Colorless oil; [�]26D �
�2.19� (c� 1.14 in CHCl3 for 69% ee); IR (neat): �� � 2988, 2245, 1741,
1458, 1387, 1254, 1134, 1018 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.33 (t,
J� 7.1 Hz, 3H), 1.62 (s, 3H), 2.10 (ddd, J� 14.3, 10.3, 5.5 Hz, 1H), 2.28
(ddd, J� 14.3, 10.1, 5.7 Hz, 1H), 2.65 (dddd, J� 18.5, 10.3, 5.7, 0.7 Hz, 1H),
2.75 (dddd, J� 18.5, 10.1, 5.5, 0.6 Hz, 1H), 4.27 (q, J� 7.1 Hz, 2H), 9.79 (dd,
J� 0.7, 0.6 Hz, 1H); 13C NMR (100 MHz, CDCl3): �� 14.1, 23.6, 30.1, 39.9,
43.1, 63.2, 119.4, 168.8, 199.2; ASTEC Chiraldex G-TA (30M), column
temperature 125 �C, detection FID, tR� 36.8 min (minor), 42.6 min (major).

Isopropyl 2-cyano-2-methyl-5-oxopentanoate (5b):[4a,b] Colorless oil;
[�]26D ��2.50� (c� 1.24 in CHCl3 for 74% ee, 2 (R)); literature value:[4a,b]

[�]20D ��3.1� (c� 5.0 ± 5.1 in CHCl3 for 87% ee, 2 (R)); IR (neat): �� � 2985,
2247, 1734, 1459, 1383, 1257, 1103 cm�1; 1H NMR (400 MHz, CDCl3): ��
1.30 (d, J� 6.2 Hz, 3H), 1.31 (d, J� 6.4 Hz, 3H), 1.60 (s, 3H), 2.09 (ddd, J�
14.3, 10.4, 5.3 Hz, 1H), 2.26 (ddd, J� 14.3, 10.3, 5.3 Hz, 1H), 2.63 (dddd,
J� 18.5, 10.4, 5.3, 0.9 Hz, 1H), 2.74 (dddd, J� 18.5, 10.3, 5.3, 0.7 Hz, 1H),
5.07 (qq, J� 6.4, 6.20 Hz, 1H), 9.79 (dd, J� 0.9, 0.7 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 21.5, 21.6, 23.5, 30.0, 39.8, 43.2, 71.3, 119.5, 168.3,
199.2; ASTEC Chiraldex G-TA (30M), column temperature 130 �C,
detection FID, tR� 18.9 min (S), 22.6 min (R).

Diphenylmethyl 2-cyano-2-methyl-5-oxopentanoate (5c): Colorless oil;
[�]26D ��3.63� (c� 0.93 in CHCl3 for 80% ee); IR (neat): �� � 2939, 2250,
1744, 1496, 1455, 1385, 1247, 1130, 969, 745, 699 cm�1; 1H NMR (400 MHz,
CDCl3): �� 1.63 (s, 3H), 2.11 (ddd, J� 14.3, 10.8, 5.0 Hz, 1H), 2.27 (ddd,
J� 14.3, 10.6, 4.9 Hz, 1H), 2.40 (ddd, J� 18.5, 10.8, 4.9 Hz, 1H), 2.63 (ddd,
J� 18.5, 10.6, 5.0 Hz, 1H), 6.90 (s, 1H), 7.32 ± 7.38 (m, 10H), 9.64 (s, 1H);
13C NMR (100 MHz, CDCl3): �� 23.5, 30.2, 39.6, 43.3, 79.5, 119.2, 126.9,
127.0, 128.52, 128.55, 128.8 (2C), 138.9, 139.0, 167.8, 198.9; elemental
analysis calcd (%) for C20H19NO3: C 74.75, H 5.96, N 4.36; found: C 74.66,
H 5.89, N 4.41. The ee was determined by HPLC analysis of the alcohol
after reduction of 5c with NaBH4: Daicel CHIRALPAKAD, UV detector
254 nm, 5:1 hexane/iPrOH, flow rate 0.5 mLmin�1: tR� 13.5 min (major),
16.0 min (minor).

Diisopropylmethyl 2-cyano-2-methyl-5-oxopentanoate (5d):[4a,b] Colorless
oil; [�]26D ��0.09� (c� 0.91 in CHCl3 for 82% ee); IR (neat): �� � 2969,
2260, 1745, 1466, 1388, 1259, 1207, 1099 cm�1; 1H NMR (400 MHz, CDCl3):
�� 0.87 ± 0.94 (m, 12H), 1.64 (s, 3H), 1.91 ± 2.05 (m, 2H), 2.09 (ddd, J�
14.3, 10.6, 5.3 Hz, 1H), 2.30 (ddd, J� 14.3, 10.8, 5.1 Hz, 1H), 2.66 (dddd,
J� 15.9, 10.6, 5.1, 0.7 Hz, 1H), 2.75 (dddd, J� 15.9, 10.8, 5.3, 0.6 Hz, 1H),
4.64 (dd, J� 6.4, 6.0 Hz, 1H), 9.80 (dd, J� 0.7, 0.6 Hz, 1H). 13C NMR
(100 MHz, CDCl3) �� 17.2, 17.4, 19.7, 19.8, 24.2, 29.5, 29.7, 29.9, 40.1, 43.6,
86.5, 119.6, 169.0, 199.4; ASTEC Chiraldex G-TA (30M), column temper-
ature 140 �C, detection FID, tR� 38.4 min (minor), 41.4 min (major).

Di(tert-butyl)methyl 2-cyano-2-methyl-5-oxopentanoate (5e): Colorless
oil; [�]21D ��3.40� (c� 0.79 in CHCl3 for 85% ee); IR (neat): �� 2963,
2727, 2242, 1732, 1699, 1652, 1456, 1372, 1334, 1253, 1038, 910, 783, 744,
519 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.03 (s, 9H), 1.04 (s,9H), 1.65 (s,
3H) 2.09 (ddd, J� 14.3, 10.1, 5.5 Hz, 1H), 2.32 (ddd, J� 14.3, 10.4, 5.3 Hz,
1H), 2.67 (dddd, J� 18.5, 10.1, 5.3, 0.7 Hz, 1H), 2.76 (dddd, J� 18.5, 10.4,
5.5, 0.6 Hz, 1H), 4.64 (s, 1H), 9.80 (dd, J� 0.7, 0.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 24.1, 28.6 (2C), 29.6, 37.3, 37.4, 40.0, 43.3, 89.6, 119.5,
168.4, 199.3; elemental analysis calcd (%) for C16H27NO3: C 68.29, H 9.67, N
4.98; found: C 68.17, H 9.62, N 4.91; ASTEC Chiraldex G-TA (30M),
column temperature 140 �C, detection FID, tR� 69.1 min (minor), 72.7 min
(major).

2,4,6-Trimethylphenyl 2-cyano-2-methyl-5-oxopentanoate (5 f): Colorless
oil; [�]25D ��12.5� (c� 1.19 in CHCl3 for 75% ee); IR (neat): �� � 2922,
2853, 2732, 2245, 1760, 1725, 1485, 1456, 1386, 1189, 1134, 855 cm�1;
1H NMR (400 MHz, CDCl3): �� 1.82 (s, 3H), 2.13 (s, 6H), 2.24 (ddd, J�
15.7, 10.3, 5.5 Hz, 1H), 2.27 (s, 3H), 2.46 (ddd, J� 15.7, 10.4, 5.5 Hz, 1H),
2.80 (dddd, J� 15.9, 10.4, 5.5, 0.6 Hz, 1H), 2.87 (dddd, J� 15.9, 10.3, 5.5,
0.7 Hz, 1H), 6.89 (m, 2H), 9.85 (dd, J� 0.7, 0.6 Hz, 1H); 13C NMR
(100 MHz, CDCl3): �� 16.3, 20.8, 23.9, 29.7, 39.9, 43.1, 119.0, 129.2, 129.7,
136.4, 145.4, 166.9, 198.9; elemental analysis calcd (%) for C16H19NO3: C
70.31, H 7.01, N 5.12; found: C 70.26, H 6.98, N 5.20. The ee was determined
by HPLC analysis of the alcohol after reduction of 5 f with NaBH4: Daicel
CHIRALPAKAD, UV detector 254 nm, 9:1 hexane/iPrOH, flow rate
0.5 mLmin�1: tR� 16.2 min (major), 18.7 min (minor).

2,6-Diisopropylphenyl 2-cyano-2-methyl-5-oxopentanoate (5g): Colorless
oil; [�]23D ��8.70� (c� 0.28 in CHCl3 for 80% ee); IR (neat): �� � 2968,
2872, 2244, 1759, 1726, 1460, 1220, 1165, 1122, 795, 737 cm�1; 1H NMR
(400 MHz, CDCl3): �� 1.22 ± 1.23 (m, 12H), 1.84 (s, 3H), 2.27 (ddd, J�
14.7, 10.3, 6.0 Hz, 1H), 2.48 (ddd, J� 14.7, 10.1, 5.7 Hz, 1H), 2.76 ± 2.91 (m,
4H), 7.18 ± 7.29 (m, 3H); 13C NMR (100 MHz, CDCl3): �� 22.6, 22.7, 23.8,
27.6, 29.6, 39.8, 43.0, 119.0, 124.2, 127.4, 139.9, 145.1, 167.7, 198.9; elemental
analysis calcd (%) for C19H25NO3: C 72.35, H 7.99, N 4.44; found: C 72.32, H
8.01, N 4.42. The ee was determined by HPLC analysis after conversion to
the chiral acetal with (S,S)-2,4-pentanediol: Daicel CHIRALPAKAS, UV
detector 254 nm, 500:1 hexane/iPrOH, flow rate 0.5 mLmin�1: tR� 17.4 min
(minor), 20.1 min (major).

[(iPr-Phebox)RhIII(SnMe3)Cl] (9a):

Major isomer : 1H NMR (400 MHz, [D6]benzene) �� 0.16 (s, satellite
J(Sn,H)� 50.7, 47.8 Hz, 9H; SnMe3), 0.56 (d, J� 6.8 Hz, 3H; CHMe2), 0.60
(d, J� 6.8 Hz, 3H; CHMe2), 0.696 (d, J� 6.8 Hz, 3H; CHMe2), 0.697 (d,
J� 6.8 Hz, 3H; CHMe2), 2.89 ± 3.00 (m, 1H; CHMe2), 3.48 ± 3.60 (m, 1H;
CHMe2), 3.69 ± 3.77 (m, 1H; OCH), 3.86 ± 4.13 (m, 5H; OCH, NCH), 6.76
(t, J� 7.5 Hz, 1H; p-Ph), 7.32 (d, J� 7.5 Hz, 1H; m-Ph), 7.36 (d, J� 7.5 Hz,
1H; m-Ph); 13C NMR (100 MHz, [D6]benzene): ���4.97 (d, J(Rh,C)�
2.0 Hz, satellite J(Sn,C)� 266 Hz: SnMe3), 14.1 (CHMe2), 15.3 (CHMe2),
18.9 (CHMe2), 20.1 (CHMe2), 28.8 (CHMe2), 29.1 (CHMe2), 67.6 (NCH),
68.8 (NCH), 71.0 (OCH2), 71.1 (OCH2), 126.6 (Ar), 126.9 (Ar), 127.2 (Ar),
132.3 (Ar), 133.9 (Ar), 174.5 (d, J(Rh,C)� 5.4 Hz: O-C�N), 174.7 (d,
J(Rh,C)� 5.1 Hz: O-C�N), 188.8 (d, J(Rh,C)� 24.2 Hz: Cipso).

Minor isomer : 1H NMR (400 MHz, [D6]benzene): �� 0.30 (satellite
J(Sn,H)� 42.6 Hz, 9H; SnMe3); 13C NMR (100 MHz, C6D6): ���8.76
(d, J(Rh,C)� 2.0 Hz).

[(tBu-Phebox)RhIII(SnMe3)Cl] (9e): 1H NMR (400 MHz, [D6]benzene):
�� 0.13 (s, satellite J(Sn,H)� 48.5, 46.3 Hz, 9H), 1.08 (br s, 18H), 3.86 ±
4.13 (m, 6H), 6.73 (dd, J� 8.0, 7.2 Hz, 1H), 7.32 (d, J� 7.2 Hz, 1H), 7.37 (d,
J� 8.0 Hz, 1H).

[(dMe-Phebox)RhIII(SnMe3)Cl] (9 f):

Major isomer : 1H NMR (400 MHz, [D6]benzene): �� 0.14 (s, satellite
J(Sn,H)� 50.2, 48.2 Hz, 9H), 1.42 (s, 6H), 1.53 (s, 6H), 3.75 (d, J� 8.6 Hz,
2H), 3.77 (d, J� 8.6 Hz, 2H), 6.78 (t, J� 7.6 Hz, 1H), 7.35 (d, J� 7.6 Hz,
2H); 13C NMR (100 MHz, [D6]benzene): ���4.13 (d, J(Rh,C)� 2.2 Hz,
satellite J(Sn,C)� 276, 262 Hz), 26.8, 29.3, 66.7, 83.6, 121.4, 126.9, 134.5,
173.9 (J(Rh,C)� 5.4 Hz), 189.0 (J(Rh,C)� 22.6 Hz).

Minor isomer : 1H NMR (400 MHz, [D6]benzene): ���0.05 (s, satellite
J(Sn,H)� 44.5 Hz, 9H), 1.41 (s, 6H), 1.55 (s, 6H), 3.93 (d, J� 8.3 Hz, 2H),
4.00 (d, J� 8.3 Hz, 2H), 6.73 (t, J� 7.7 Hz, 1H), 7.38 (d, J� 7.7 Hz, 2H);
13C NMR (100 MHz, [D6]benzene): ���8.33 (d, J(Rh,C)� 1.5 Hz:
SnMe3).
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[(dMe-Phebox)RhCl2(CNtBu)] (10): Single crystals for the X-ray diffrac-
tion study were obtained from ethyl acetate/ether at room temperature;
pale yellow solid, m.p. �300 �C; IR (KBr): �� � 2975, 2926, 2191, 1621, 1404,
1384, 1208, 1151, 957, 742 cm�1; 1H NMR (400 MHz, CDCl3): �� 1.52 (s,
12H), 1.73 (br s, 9H), 4.53 (s, 4H), 7.25 (t, J� 8.0 Hz, 1H), 7.60 (d, J�
8.0 Hz, 2H); 13C NMR (100 MHz, CDCl3): �� 27.8, 30.5, 57.2 (J(N,C)�
5.3 Hz), 65.7, 81.8, 123.3, 127.7, 131.4, 144.0 (J(Rh,C)� 35.7, J(N,C)�
13.3 Hz), 171.6 (J(Rh,C)� 3.5 Hz), 194.6 (J(Rh,C)� 15.9 Hz); elemental
analysis calcd (%) for C21H28Cl2N3O2Rh: C 47.74, H 5.34, N 7.95; found: C
47.66, H 5.30, N 8.00.

[RhCl(acrolein)2(H2O)] (11): Pale yellow solid; m.p. 160 �C (decomp.); IR
(KBr): �� � 3339, 3061, 2822, 1665, 1553, 1472, 1361, 1162, 955 cm�1;
elemental analysis calcd (%) for C6H10ClO3Rh: C 26.84, H 3.75; found:
C 26.90, H 3.76.

X-ray structure determination and details of refinement : A crystal of 10
with X-ray quality was obtained directly from the preparations described
above and mounted in a glass capillary. The diffraction measurements were
performed on a RigakuAFC-7R four-circle diffractometer equipped with
graphite-monochromated MoK� radiation; �� 0.71069 ä. The lattice
parameters and orientation matrices were obtained and refined from 24
machine-centered reflections with 29.56� 2�� 29.94�. Intensity data were
collected with a �� 2� scan technique, and three standard reflections were
recorded every 150 reflections. The data were corrected for Lorentz and
polarization effects. Relevant crystal data are given in Table 5. The
structure was solved by heavy-atom Patterson methods[16] and expanded
with Fourier techniques.[17] The non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were included but not refined. The final cycle of
full-matrix least-squares refinement was based on 2414 observed reflec-
tions (I� 3	(I)) and 262 variable parameters. Neutral atom scattering
factors were taken from Cromer and Waber.[18] All calculations were
performed using the teXsan[19] crystallographic software package. Final
refinement details are collected in Table 5, and the numbering scheme
employed is shown in Figure 1, which was drawn with ORTEP with 30%
probability ellipsoids. CCDC-178379 contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336033; or deposit@ccdc.cam.uk).
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