
5172 Chem. Commun., 2012, 48, 5172–5174 This journal is c The Royal Society of Chemistry 2012

Cite this: Chem. Commun., 2012, 48, 5172–5174

Highly enantioselective asymmetric hydrogenation of

(E)-b,b-disubstituted a,b-unsaturated Weinreb amides catalyzed

by Ir(I) complexes of SpinPhox ligandsw

Jian Shang, Zhaobin Han, Yang Li, Zheng Wang and Kuiling Ding*

Received 4th February 2012, Accepted 2nd April 2012

DOI: 10.1039/c2cc30812f

The Ir(I) complexes of chiral spiro phosphino–oxazoline ligands

(SpinPhox) have demonstrated good to excellent enantioselectivity

in the asymmetric hydrogenation (AH) of a variety of (E)-b,b-
disubstituted a,b-unsaturated N-methoxy-N-methylamides, affording

the corresponding optically activeWeinreb amides with up to 97% ee.

N-Methoxy-N-methylamides, well-known as Weinreb amides,1

have been established as an important class of acylating agents

with numerous synthetic utilities.2 Given the wide utilities of

optically active Weinreb amides as a stable chiral acylating

agent in asymmetric synthesis, development of novel and efficient

methodologies for their synthesis would be highly desirable. Among

the rare examples, Hayashi et al. reported in 2005 a Rh-catalyzed

highly enantioselective asymmetric 1,4-addition of arylboronic acids

to a,b-unsaturated Weinreb amides.3 Very recently, Takacs et al.

demonstrated that b,g-unsaturated Weinreb amides are amenable

to Rh-catalyzed asymmetric hydroboration, to afford chiral

organoboronates that can be easily transformed into chiral ketones

or aldehydes.4 Clarke et al. reported an Rh/diphosphine catalyzed

highly regioselective asymmetric hydroformylation of acrylic

Weinreb amide to give the enantio-enriched aldehyde.5 We

envisioned that transition metal catalyzed AH6 of the readily

accessible prochiral unsaturated N-methoxy-N-methylamides

would be an efficient and atom-economical route to optically

active Weinreb amides. While some excellent Ir-based catalytic

systems have been reported for AH of CQC double bonds in

a,b-unsaturated carbonyl compounds in general,7 examples that

are especially effective for the AH of a,b-unsaturated amides are

relatively rare.8 In particular, to the best of our knowledge,

there has been no systematic study on the catalytic AH of

unsaturated Weinreb amides so far.9 Herein, we present the

iridium-catalyzed AH10 of (E)-b,b-disubstituted a,b-unsaturated
Weinreb amides with iridium(I) complexes 3 bearing a spiro P4N

ligand11,12 (SpinPhox)13 as the catalysts.

The a,b-unsaturated Weinreb amide substrates 1a–r were

readily synthesized in good to high yields by following a

literature method (see ESIw).14 The chiral iridium complexes

(R,S)-3a–e and (S,S)-3b–e were synthesized according to our

previously published procedure.13a To examine the feasibility of

the catalysis, initial investigations were performed with 1a as the

model substrate and (R,S)-3a as the catalyst. As shown in

Table 1, the solvent effect is dramatic for this reaction

(entries 1–7), and dichloromethane was found to be the superior

solvent (92% conversion, 89% ee). Lowering the initial hydrogen

pressure from 50 to 20 atm resulted in a marked decline in

the substrate conversion (92 vs. 66%, entries 1 and 8), albeit the

effect on the enantioselectivity is only marginal (89 vs. 87% ee).

Table 1 Screening of reaction conditions for (R,S)-3a-catalyzed AH
of a,b-unsaturated Weinreb amide 1aa

Entry Solvent P(H2)/atm T/1C Conv.b (%) eec (%)

1 CH2Cl2 50 25 92 89
2 DCE 50 25 74 89
3 CHCl3 50 25 57 89
4 PhCH3 50 25 26 77
5 Et2O 50 25 14 6
6 EtOAc 50 25 38 66
7 MeOH 50 25 33 20
8 CH2Cl2 20 25 66 87
9 CH2Cl2 20 40 32 81
10 CH2Cl2 50 40 70 89
11 CH2Cl2 50 50 77 88
12d CH2Cl2 20 25 5 N.D.
13e CH2Cl2 50 25 >99 89

a Unless otherwise specified, all reactions were carried out with

0.1 mmol of the substrate ([1a] = 0.1 M) in 1.0 ml of the solvent for

24 h, in the presence of 0.001 mmol (1 mol%) of the Ir catalyst (R,S)-3a.
b Determined by 1H NMR analysis. c Determined by HPLC on a

chiral AD-H column. In all cases, the absolute configuration of 2a was

determined to be (R) by comparison of the corresponding specific

rotations with the literature value. d Ir(I)/(S)-tBuPHOX was used as

the catalyst. N.D. = not determined. e [(R, S)-3a] = 2 mM (2 mol%).
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Elevation of the reaction temperature from rt to 50 1C also

exhibited a minor effect on the enantioselectivity, however, the

conversion of 1a decreased considerably presumably as a result of

catalyst decomposition (entries 1 vs. 10 and 11, entries 8 vs. 9). The

use of an Ir(I) complex of an analogous tBuPHOX ligand11a

afforded only 5% conversion of 1a under the identical experimental

conditions (entry 12). Finally, the full conversion of 1a in 24 h was

realised under 50 atm of H2 in CH2Cl2 by increasing the catalyst

(R,S)-3a loading from 1 to 2 mol% (entry 13).

To further improve the enantioselectivity of the catalysis, a range

of (R,S)-3 or (S,S)-3 catalysts were screened in the AH of 1a under

the above-mentioned optimized reaction conditions. As shown in

Table 2, the chirality at the spiro backbone of the ligands obviously

plays a key role in determining the stereochemical outcome of the

asymmetric induction, as the (R,S)- and (S,S)-catalysts 3 always

afforded the hydrogenation product 2a with opposite absolute

configurations (entries 1–5 vs. 6–9). The (R,S)-3b, 3d, and 3e

generally demonstrated a higher conversion and ee value than their

corresponding (S,S)-analogues (entries 2, 4 and 5 vs. 6, 8 and 9,

respectively), even though irregularities do exist for the catalysis by

(R,S)- or (S,S)-3c (entries 3 vs. 7). This observation suggests

that the (R,S)-3 tend to be the chirality-matched catalysts for

enantioselectivity control. Among the Ir complexes (R,S)-3a–e

bearing various oxazolinyl substituents, (R,S)-3b turned out to

be optimal in terms of both reactivity and enantioselectivity

(>99% conversion, 95% ee, entry 2).

With these results in hand, we proceeded to further extend

the substrate scope by examining AH of (E)-b,b-disubstituted

a,b-unsaturated Weinreb amides 1a–s. As shown in Table 3, for

the reactions of substrates with a Me group at their b-position
(1a–o), quantitative conversions were generally attained in 24 h,

and enantioselectivities were good to excellent, ranging from 79

to 97% ee (entries 1–15). Among these substrates, reactions

involving those with a para- or meta-substituted b-phenyl ring
(1a–c and 1e–k) afforded uniformly high ee values (92–97%,

entries 1–3 and 5–11), irrespective of the electron-donating or

electron-withdrawing nature of the substituent. In contrast, the

enantioselectivities were slightly lower for reactions involving 1d

and 1l, both having a sterically somewhat more demanding

ortho-substituent on their b-phenyl rings. These observations

suggest that the steric properties of the b-substituent seem to

play a more substantial role than the electronic ones in

determining the enantioselectivity, and the steric congestion

of the b-substituent should have a negative impact on the

catalysis. This was also confirmed by the performance of

reactions involving 1m and 1n with a b-2- or b-1-naphthyl
substituent (95 vs. 79% ee, entries 13 and 14), which can

formally be viewed as 3,4- or 2,4-disubstituted phenyl rings,

respectively. Furthermore, the reactions involving (E)-b,b-dialkyl
substituted amides 1o, 1p, and 1s are also consistent with this

generalized trend. While AH of 1o afforded the corresponding

product in full conversion with 91% ee (entry15), the reaction

with 1p that bears a bulky b-t-Bu group proceeded much more

sluggishly to afford only a poor conversion (12%, entry 16), and

the reaction with 1s needs higher catalyst loading (6 mol%) for

full conversion (entry 19). In addition, AH of substrate 1q gave a

result comparable to that of its homologue 1a (entries 17 vs. 1),

Table 2 Catalyst optimization for the SpinPhox–Ir-catalyzed AH of 1aa

Entry Catalyst Conv.b (%) eec (%)

1 (R,S)-3a >99 89 (R)
2 (R,S)-3b >99 95 (R)
3 (R,S)-3c 36 79 (R)
4 (R,S)-3d 29 82 (R)
5 (R,S)-3e 70 77 (R)
6 (S,S)-3b 18 61 (S)
7 (S,S)-3c >99 84 (S)
8 (S,S)-3d 6 50 (S)
9 (S,S)-3e 34 45 (S)
10d (R,S)-3b 88 94 (R)
11e (R,S)-3b 98 94 (R)

a Reaction conditions: [1a] = 0.1 M, [3] = 2 mM (2 mol%), T=25 1C,

P(H2) = 50 atm, t = 24 h, dichloromethane solvent. b Determined by
1H NMR analysis. c Determined by HPLC (chiral AD-H column). The

absolute configuration was assigned by comparison of the specific

rotation with the literature value. d t = 12 h. e T = 0 1C.

Table 3 (R,S)-3b catalyzed AH of (E)-b,b-disubstituted a,b-unsatu-
rated Weinreb amidesa

Entry Substrate R1 R2 Conv.b (%) eec (%)

1 1a C6H5 Me >99 95 (R)
2 1b 4-MeC6H4 Me >99 97 (R)
3 1c 4-MeOC6H4 Me >99 96 (R)
4 1d 2,4-(MeO)2C6H3 Me >99 83 (+)
5 1e 4-i-BuC6H4 Me >99 96 (+)
6 1f 4-FC6H4 Me >99 96 (+)
7 1g 4-ClC6H4 Me >99 94 (+)
8 1h 4-IC6H4 Me >99 94 (+)
9 1i 4-F3CC6H4 Me >99 92 (+)
10 1j 3-MeOC6H4 Me >99 95 (+)
11 1k 3-ClC6H4 Me >99 95 (+)
12 1l 2-MeC6H4 Me >99 82 (+)
13 1m Naphthalen-2-yl Me >99 95 (R)
14 1n Naphthalen-1-yl Me >99 79 (+)
15 1o Benzyl Me >99 91 (+)
16 1p t-Bu Me 12 N.D.d

17 1q C6H5 Et >99 96 (+)
18 1r C6H5 i-Pr 94 90
19e 1s n-Bu Me >99 65 (+)
20f 1a C6H5 Me >99 97

a For reaction conditions, see footnote a in Table 2. b Determined by
1HNMRanalysis. c Determined byHPLC on a chiral AD-H column. The

absolute configurations were assigned by comparison of the corresponding

specific rotations with the literature values. d Not determined. e The

catalyst loading is 6 mol%. f The quantity of 1a in this case is 1.0 mmol.
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whereas the reaction with sterically somewhat more crowded

1r resulted in incomplete conversion (94%) and a slightly

declined ee value (90%, entry 18). Finally, the procedure can

be scaled up to 1.0 mmol of the substrate, with even a slightly

higher ee value being obtained in the case of 1a (entry 20 vs. 1).

The structures of catalyst precursors (R,S)-3a and (S,S)-3c

have been determined by single crystal X-ray diffraction

(Fig. 1a, see ESIw for details).15 Inspired by the elegant DFT

study reported recently by Andersson et al.16 on the mechanism of

Ir/P4N catalyzed hydrogenation of unfunctionalized olefins as well

as the structures of (R,S)-3a and (S,S)-3c (Fig. 1a), we tentatively

propose a schematic model to account for the stereoselection in the

(R,S)- or (S,S)-3 catalyzed hydrogenation of unsaturated amides 1,

a class of trisubstituted olefins. As shown in Fig. 1b, the bulky

oxazolyl substituent is forced to situate either above or below the

equatorial plane defined by N–Ir–P of the catalytic intermediates

{[(R,S)-3]Ir(H)2(H2)(1)}
+ or {[(S,S)-3]Ir(H)2(H2)(1)}

+, respectively,

as a result of the constraints of the rigid spiro ligand backbone. The

unsaturated amide is coordinated trans to the phosphorous moiety,

and oriented with the smallest substituent (H atom) pointing

towards the oxazoline fragment. The sense of enantioselection

predicted on the basis of this model can rationalize the

opposite asymmetric inductions in AH of 1a using (R,S)- or

(S,S)-3 catalysts (Table 2).

In summary, catalytic AH of a,b-unsaturated Weinreb amides

using chiral Ir catalysts 3 has provided an efficient and clean

route to enantio-enriched Weinreb amides. Full conversions and

excellent ee values (up to 97%) can be obtained under the

optimized conditions, and the sterically less bulky substituents

at the b-position seem to be more amenable to the present

catalytic protocol. Given the easy access to various unsaturated

Weinreb amide substrates, such a catalytic AH methodology

is expected to find broad applications in the preparation of

optically active Weinreb amides.
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