
Hydrogen Bonding Makes a Difference in the Rhodium-Catalyzed
Enantioselective Hydrogenation Using Monodentate Phosphoramidites

Yan Liu,† Christian A. Sandoval,† Yoshiki Yamaguchi,‡ Xue Zhang,† Zheng Wang,† Koichi Kato,‡ and
Kuiling Ding*,†

State Key Laboratory of Organometallic Chemistry, Shanghai Institute of Organic Chemistry (SIOC),
Chinese Academy of Sciences, 354 Fenglin Road, Shanghai 200032, P. R. China, and

Graduate School of Pharmaceutical Sciences, Nagoya City UniVersity, Mizuho, Nagoya 467-8603, Japan

Received May 19, 2006; E-mail: kding@mail.sioc.ac.cn

The notion that the chelating structure of bisphosphine ligands
is a prerequisite for efficient chiral induction in asymmetric
hydrogenation (AH)1 has recently been challenged by the develop-
ment of monophosphites,2 monophosphonites,3 and monophos-
phoramidites.4 Their excellent performance as ligands, relatively
simple synthesis from readily available (and cheap) building
materials, and good stability continue to provide tremendous interest
and potential. Compared to the parent itaconic acid or its dimethyl
ester, relatively few catalytic systems have been reported for the
AH of â-aryl itaconic acid derivatives.5 Similarly, AH of the
corresponding enol ester to give importantR-hydroxy esters has
been demonstrated to be more challenging,1,6 possibly due to their
weaker coordinating ability.1 Moreover, no monodentate phosphine
ligands have been described for these substrate classes. We herein
report the use of a new generation of the monodentate phosphora-
midites, DpenPhos (Scheme 1), for the efficient Rh-catalyzed AH
of (Z)-methylR-(acetoxy)acrylates andâ-aryl itaconate derivatives.
The resulting catalysts are very reactive (TOF up to 400 h-1 at
P(H2) ) 40 atm),7 yielding the corresponding products with
excellent enantioselectivities (up to>99% ee). The existence of
intermolecular hydrogen bonding (HB) between two monodentate
ligands in the catalyst is believed to be critical for optimal catalyst
performance.

The use of Rh/(R,R)-1 or Rh/3a for AH of the benchmark
substrate (Z)-methyl R-(acetoxy)phenylacrylate (4a) yielded no
product (see Table 1 for conditions).8 However, replacement of one
methyl group in1 by a proton (2) resulted in excellent reactivity
under analogous conditions.9 The modular nature of2 allowed for
facile R group screening (Supporting Information, SI). Catalyst2b
gave the best results, yielding6a in >99% enantiomeric excess
(ee). There was a negligible influence with variation of R′ in 2,
with (R)- or (S)-1-phenylethyl giving 6a in 96 or 97% ee,
respectively. Under optimized reaction conditions, hydrogenation
catalyzed by Rh/2b of a number of (Z)-methylR-(acetoxy)acrylates
afforded the correspondingR-hydroxy esters in excellent ee’s (96-
99%) (Table 1, entries 1-7).10 Bothâ-aliphatic and aromatic groups
had little impact on the enantioselectivity.

Similarly, the AH of variousâ-aryl itaconate derivatives (E)-
5a-f was also efficiently catalyzed by Rh/(R,R)-2b under optimized
reaction conditions (SI), yielding7a-f in excellent enantioselec-
tivities (96-99% ee; Table 1, entries 8-13). Electron-withdrawing
groups on the aromatic ring showed better reactivity (entries 9 and
10 vs entry 13), whileortho-substitution significantly retarded the
hydrogenation (entry 12). AH of model substrate5gproceeded with
a TON7 of up to 105 (entry 14), which is much higher than that
catalyzed by the analogous Rh/(R,R)-1 complex (TON) 100).8a

No reaction was observed in the hydrogenation of (E)-5a using
Rh/(R,R)-1 or Rh/3a catalysts.11

We consider the drastic improvement in catalyst performance
between Rh/1 and Rh/2 to result from HB involving the NH moiety
in the latter.1H NMR spectra of15N-2b (CD2Cl2) exhibited no
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Scheme 1. Monophosphorus Ligands Used

Table 1. Rh(I)-Catalyzed AH of (Z)-Methyl R-(acetoxy)acrylates
(4) and (E)-â-Aryl itaconate Derivatives (5)a

entry R2 H2 (atm) S/Cb ee (%)c configd

1 C6H5 (4a) 60 100 >99 S
2 CH3(CH2)2 (4b) 60 100 99 S
3 (CH3)2CH (4c) 60 100 99 S
4 4-FC6H4 (4d) 60 100 >99 -e

5 3-ClC6H4 (4e) 60 100 96 -e

6 2-BrC6H4 (4f) 60 100 96 -e

7 2-naphthyl (4g) 60 100 98 -e

8 C6H5 (5a) 40 4000 97 R
9 4-FC6H4 (5b) 40 1000 99 -e

10 3-ClC6H4 (5c) 40 1000 97 R
11 2-naphthyl (5d) 40 1000 96 R
12 2-BrC6H4 (5e) 40 100 97 -e

13 3-MeOC6H4 (5f) 40 100 99 R
14 H (5g) 30 105 94 R

a Conditions: [Rh(cod)BF4] ) 2 mM; [2b] ) 4 mM (Rh/2b ) 1/2); [4] )
0.2 M; [5a-f] ) 0.37 M, [5g] ) 5.0 M. Conversion was always 100% (1H
NMR). b Substrate/catalyst molar ratio.c Determined by chiral HPLC or
GC. d Absolute configurations determined by [R]D. e Not established.
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change over the concentration range of 0.036-0.68 M. However,
upon complex formation, the resonance for the NH moiety
significantly shifted downfield fromδ 3.12 to 5.08 ppm (Figure
1). Upon addition of CD3OD (CD3OD/CD2Cl2, 1:4), the NH proton
of free 15N-2b showed a downfield shift (∆ +0.31 ppm) relative
to CD2Cl2 and underwent gradual H/D exchange. In contrast, the
complexed ligand in the Rh/15N-2b complex was unchanged upon
addition of CD3OD, and H/D exchange was ca. 2 times slower under
the same conditions.12 The same behavior was observed for the
Rh/15N-3b complex (SI). These results clearly show the existence
of HB between two constituent2b ligands situated adjacently about
the Rh metal center in the precatalyst.

To gain an insight into the HB interactions in the Rh/2b complex,
calculations were performed on a simplified structural mimic (SI).
While two potential HB motifs are possible, N-H‚‚‚N or N-
H‚‚‚O, geometrical optimizations using either starting point con-
verged to the same structure (Figure 2), exhibiting the relatively
small inter-ligand bite angle of 89.9° (cf. 94.8° for Rh/1 complex).8a,13

Here, the attractive nature of the HB and proximity between partici-
pating ligands are expected to subtly influence catalyst structure
and reactivity. In the nonpolar reaction environment, such interac-
tions are expected to persist during AH. Although O-H‚‚‚OdP
HB interactions have been observed14 and self-assembly of
complementary HB monophosphines has been developed,15,16 the
present inter-ligand intramolecular HB mode is unique. Further
studies of HB effects on reaction parameters and catalysis are
currently being pursued.

In conclusion, monodentate phosphoramidite ligands having a
primary amine moiety (2) were found to display comparable or
better efficiency than bisphosphines in Rh-catalyzed AH of chal-
lenging substrates. This exceptional reactivity may be attributable
to the existence of intermolecular HB between adjacent monophos-
phoramidite ligands around the Rh metal center. This unique HB
interaction provides a new basis for bridging the gap between mono-
and bidentate phosphorus ligands.
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Figure 1. 1H NMR spectra for (R,R)-15N-2b (a) and Rh/15N-2b (b) in
CDCl3. The downfield shift for the NH protons is shown in red.

Figure 2. B3LYP/6-31G(d) optimized structure of the Rh/2b structural
mimic. All C-H hydrogen atoms and COD are omitted for clarity.
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