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Dynamic Kinetic Resolution in the Asymmetric Synthesis of b-Amino Acids
by Organocatalytic Reduction of Enamines with Trichlorosilane

Andrei V. Malkov,*[a, b] Sigitas Stončius,[a] Kvetoslava Vrankov/,[a] Matthias Arndt,[a] and
Pavel Kočovský*[a]

In recent years, interest in b-amino acids has continued to
grow, being driven by their successful application in peptido-
mimetics and as valuable building blocks.[1] Therefore, devel-
opment of new enantioselective approaches to b-amino
acids and their derivatives remains in the focus of the fine
chemicals industry, in spite of the existence of numerous
methodologies,[2,3] . Readily available b-ketoesters 1 or relat-
ed b-ketonitriles 2 can serve as convenient precursors of b-
amino acids, into which they can be converted, for example,
by asymmetric reduction of the corresponding enamines 3
and 4 (Scheme 1). Catalytic hydrogenation, a preferred
methodology in industry, generally requires the presence of
an N-acyl steering group to attain high enantioselectivity[4]

and works best when pure enamine isomers are used.[4b] Re-
cently, improved catalytic systems were reported to attain
high selectivity with (E/Z) mixtures[2d,4b,5] and the methodol-
ogy was further extended to unsubstituted enamines (3,
Ar=H)[6] and their N-aryl derivatives.[7] On the other hand,
the sensitivity of asymmetric hydrogenation to the steric
bulk of the substituents surrounding the enamine moiety
makes the synthesis of certain b3- and b2, 3-amino acids a sig-
nificant challenge.[8] Herein, we present a new methodology
based on the organocatalytic asymmetric hydrosilylation of
enamines that allows a direct access to a range of b3- and
b2, 3-amino acid derivatives for some of which other methods
proved less satisfactory.

We have recently developed an efficient procedure for
the asymmetric reduction of prochiral N-arylketimines with
trichlorosilane (�95% ee), catalyzed by Lewis-basic form-
ACHTUNGTRENNUNGamides, such as Sigamide (8).[9–11] The method was then ex-
tended to the reduction of a-chloro imines and successfully
applied to an enantioselective synthesis of N-arylaziri-
dines.[12] To further expand the scope, we have now turned
to the synthesis of b-amino acids. Treatment of the b-ke-
toester/nitrile 1a/2a (R2=H, R3=Ph; Scheme 1) with p-ani-
sidine produced enamines 3a/4a, which themselves cannot
be reduced by Cl3SiH.[13] On the other hand, a slow equili-
bration of the E- and Z-isomers of enamines 4, observed by
NMR spectroscopy, is likely to proceed through the imine
form (5), the reduction of which with Cl3SiH can be envis-
aged. Because the enamine–imine equilibration is facilitated
by Brønsted acids, traces of HCl in commercial Cl3SiH may
have a beneficial effect on the reaction. Indeed, under stan-
dard reduction conditions (enamine (1 equiv), Cl3SiH
(2 equiv), and 8 (5 mol%) in toluene at RT),[9,12] enamine
3a afforded the amino ester (S)-6a in 78% yield and 92%
enantiomeric excess (ee); however, the reaction suffered
from poor reproducibility, giving a wide distribution of
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Scheme 1. Enantioselective synthesis of b-amino acids and nitriles; for R2

and R3 see Table 1.
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yields and enantioselectivities, presumably due to varied
concentrations of H+ . It proved difficult to control the acid
content, even with freshly distilled Cl3SiH. To “buffer” the
reaction medium, a number of acid additives were exam-
ined, of which AcOH emerged as the most promising
choice. However, AcOH in fact catalyzed the competing
nonselective reduction, which lowered the overall enantiose-
lectivity. In the optimized protocol, the use of one equiva-
lent of AcOH provided a healthy compromise between re-
activity and selectivity. Thus, enamine 3a was now reduced
to afford the amino ester (S)-6a in high yield and 89% ee,
from which an enantiopure product was obtained by a single
crystallization (Table 1, entry 1).

Reduction of the aromatic substrates 3b–g was equally
successful (Table 1, entries 2-7), whereas the sterically more
hindered ortho-substituted derivatives 3h,i and the thio-
phenyl analogue 3 j exhibited lower reactivity, which led to
the erosion in ee (Table 1, entries 8–10). With the aliphatic
enamine 3k, selectivity dropped to a moderate level
(Table 1, entry 11). Nitriles 4a,s mirrored the reactivity of
the esters (Table 1, entries 12 and 13); the amino nitrile (S)-
7s was obtained as a pure enantiomer after a single crystalli-
zation (Table 1, entry 13). The absolute configuration in
both amino esters 6 and amino nitriles 7 was found to be S
by chemical correlation (see the Supporting Information).

As a more challenging target, we then focused on the syn-
thesis of b2, 3-amino acids. In this case, fast enamine–imine
equilibration is crucial because imines 5 are chiral but race-
mic, so that dynamic kinetic resolution (DKR) is required
to operate here[14] (along with the enantioselective reduc-
tion) to provide diastereo- and enantiocontrol. Whereas
some a-alkyl b-amino acids can be accessed, for example, by
the asymmetric Mannich reaction,[3a–c,e] no suitable method-
ology is currently available for their a-aryl analogues.

Therefore, we examined reduction of a-substituted esters
3 l–r and nitriles 4 l–n with emphasis on a-aryl derivatives
(Table 2). a-Aryl b-amino esters 6 l–n were obtained as
single diastereoisomers in good yields and respectable enan-

tioselectivities (Table 2, entries 1–3); single recrystallization
significantly improved the enantiopurity of 6 l (96% ee,
entry 1). Reduction of a-alkyl derivatives 3p–r followed the
same pattern (Table 2, entries 5–7) and only the a-benzyl
analogue 3o turned out to be less diastereoselective (syn/
anti 1:2.6; Table 2, entry 4). High diastereoselectivity and
good enantioselectivity was also observed for the reduction
of nitriles 4 l–n (Table 2, entries 8–10), though at lower reac-
tion rates.

The configuration of the major diastereoisomer of 6 l was
established as follows: reduction of (+)-6 l with LiAlH4, fol-
lowed by cyclization of the resulting amino alcohol 11 l with
triphosgene, afforded the cyclic carbamate (+)-12 l
(Scheme 2), the 1H NMR spectrum of which clearly showed
signals for 4-H, 5-H, and 6-H that were unequivocally as-
signed by the 13C, DEPT edited-13C, HSQC, and COSY
NMR spectroscopy experiments. Because the coupling pat-
tern of these protons was consistent with the cis configura-
tion, compound 6 l must be syn-configured. Then, the amino
alcohol 11 l, obtained from (+)-6 l (see above), was depro-
tected with trichloroisocyanuric acid (TCCA)[15] and the
product was found to be identical to the known (2S,3S)-(�)-
3-amino-2,3-diphenyl-1-propanol (13 l).[16] Hence, the config-
uration of 6 l can be inferred as (2S,3S)-(+)-6 l. The same
relative and absolute configuration was also confirmed for
the a-alkyl derivatives 6p–r by their reduction with LiAlH4

into the known amino alcohols 11p–r.[17] These results show
that the catalytic reduction of the imine intermediate 5, pro-
duced from the a-phenyl (3 l) and a-alkyl enamines 3p–r,
proceeds from the same enantiotopic face as with those

Table 1. Synthesis of b3-amino acid derivatives (S)-6 and (S)-7 by reduc-
tion of enamines 3 (X=CO2Et, R

2=H, Ar=PMP) and 4 (X=CN, R2=

H, Ar=PMP) with Cl3SiH catalyzed by Sigamide (S)-8.[a]

Entry Enamine 3, 4 R3 Yield [%] 6 or 7 [% ee][b]

1 3a Ph 98 89 (99.8[c])
2 3b 4-MeOC6H4 80 88
3 3c 4-FC6H4 95 90
4 3d 4-CF3C6H4 94 88
5 3e 3-MeOC6H4 95 88
6 3 f 3-ClC6H4 91 86
7 3g 2-Naphth 86 88
8 3h 2-MeC6H4 84[d] 79
9 3 i 2-ClC6H4 77[d] 79
10 3j 2-Thiophenyl 63 70
11 3k iPr 83 59
12 4a Ph 75 87
13 4s[e] Ph 97 87 (99.9[c])

[a] The reduction was carried out on a 0.2 mmol scale with Cl3SiH
(2.0 equiv) and acetic acid (1.0 equiv) at RT (18 8C) for 48 h by using cat-
alyst 8 (5 mol%), unless stated otherwise. [b] Determined by chiral
HPLC using Chiralpak IB column. [c] After a single crystallization.
[d] Catalyst loading of 10 mol% was used. [e] Ar=Ph.

Table 2. Synthesis of b2,3-amino acid derivatives (S)-6 and (S)-7 by reduc-
tion of enamines 3 (X=CO2Et, Ar=PMP) and 4 (X=CN, Ar=PMP)
with Cl3SiH catalyzed by Sigamide (S)-8.[a]

Entry Enamine
3, 4

R3 R2 Yield [%] Syn/anti[b] 6 or 7
ACHTUNGTRENNUNG[% ee][c]

syn ; anti

1 3 l Ph Ph 84 >99:1 76 (96[d])
2 3m Ph 4-MeOC6H4 80 >99:1 77
3 3n Ph 4-FC6H4 77 >99:1 73[e]

4 3o Ph Bn 87 27:73 86; 76
5 3p Ph Me 85 98:2 77[e]

6 3q Ph Et 86 95:5 82[e]

7 3r Ph nBu 84 95:5 76[e]

8 4 l Ph Ph 46 >99:1 83
9 4m Ph 4-MeOC6H4 43 >99:1 83
10 4n Ph 4-FC6H4 26 >99:1 79

[a] The enamine reduction was carried out on a 0.2 mmol scale with
Cl3SiH (2.0 equiv) and acetic acid (1.0 equiv) at RT (18 8C) for 48 h by
using catalyst 8 (10 mol%). [b] Determined by 1H NMR spectroscopic
analysis of the crude products. [c] Determined by chiral HPLC using
Chiralpak IB or Whelk-O columns. [d] After a single crystallization.
[e] Enantiomers did not give baseline separation by chiral HPLC.
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formed from the a-unsubstituted enamines 3a and 4a. Anal-
ogous experiments, carried out with the a-benzyl derivative
(6o), that is, reduction and cyclization (6o!11o!12o), re-
vealed the anti-configuration for the major diastereoisomer.

The observed DKR in the reduction of (� )-5 l,p–r is con-
sistent with the model, in which the ester carbonyl and the
imine group are held together either by hydrogen bonding
(in the protonated form) or by chelation to silicon (A,
Scheme 3). In the case of a-aryl derivatives 5 l–n, featuring

high diastereoselectivity, both the chelation and the Felkin–
Anh model, in which Ph assumes a perpendicular orienta-
tion to the C=N bond (B, Scheme 3), predict the formation
of the same syn diastereoisomer. Predominant formation of
the anti isomer in the case of 3o (in �3:1 ratio) is consistent
with conformation C (Scheme 3) of the imine intermediate
(� )-5 in the catalytic reduction, which suggests a small rela-
tive difference in the conformational energies of the transi-
tion state.[18]

In summary, we have developed a new, expedient protocol
for the enantioselective synthesis of b3- and b2,3-amino acid
derivatives 6 and 7 from the enamine precursors 3/4. The
method relies on fast equilibration between the enamine
and imine forms (3/4Q5). Reduction of the equilibrated
mixture with Cl3SiH, catalyzed by the l-valine-derived form-
ACHTUNGTRENNUNGamide 8 (5 mol%), afforded the corresponding amino esters
(S)-6a–k and amino nitriles (S)-7a,s in excellent yields and
with high enantioselectivity (�90% ee). Efficient DKR, op-

erating in the case of the a-aryl and a-alkyl derivatives, pro-
vided a set of highly diastereoisomerically enriched b2,3-
amino acid derivatives 6 l–n, 6p–r, and 7 l–n (syn/anti�95:5)
with good enantioselectivity (76-86% ee).

Experimental Section

General procedure[7] for the synthesis of enamines 3a–j and 3 l–r : A solu-
tion of ketoester 1 (5 mmol), p-anisidine (677 mg, 5.5 mmol), and p-tolu-
ACHTUNGTRENNUNGenesulfonic acid monohydrate (95 mg, 0.5 mmol) in dry ethanol (5 mL)
was heated at reflux for 24–48 h under argon, then cooled and evaporat-
ed. Solid residues were directly purified by crystallization. Oily residues
were dissolved in CH2Cl2 (20 mL) and washed with water (10 mL), the
organic phase was dried (MgSO4), filtered, and evaporated. The residue
was purified by column chromatography on silica gel.

Enamine 3k : A mixture of ketoester 1k (791 mg, 5 mmol), p-anisidine
(677 mg, 5.5 mmol), and acetic acid (29 mL) was placed in an ultrasound
bath for 3 h, then acetic acid was evaporated in vacuo. The residue was
purified by column chromatography on silica gel with a petroleum ether/
ethyl acetate mixture (95:5, Rf=0.36). Yields and spectral data are given
in the Supporting Information.

General procedure[19] for the synthesis of enamines 4a, 4 l–n, 4s : A solu-
tion of ketonitrile 2 (5 mmol) and p-anisidine (800 mg, 6.5 mmol) or ani-
line (605 mg, 6.5 mmol) in glacial acetic acid (2.9 mL) was stirred at 80 8C
for 6 h under argon. The mixture was then cooled to room temperature
and the precipitated solid was filtered off, washed with glacial acetic acid,
vacuum dried, and used without further purification (4n, 4s) or after ad-
ditional recrystallization (4a). In the cases in which no solid precipitated
(4 l, 4m), the reaction mixture was diluted with water (50 mL) and ex-
tracted with CH2Cl2 (3R25 mL). The organic phase was washed with
0.5m HCl (25 mL) and brine (25 mL), dried (MgSO4), filtered, and
evaporated. The residue was purified by column chromatography on
silica gel (4 l) or by recrystallization (4m). Yields and spectral data are
given in Supporting Information.

General procedure for the asymmetric reduction of enamines 3 and 4
with trichlorosilane : A solution of enamine 3 or 4 (0.2 mmol) in dry tolu-
ene (2 mL) was precooled to 0 8C and a 0.1m solution of catalyst 8 in dry
toluene (100 mL, 5 mol%) was added, followed by glacial acetic acid
(11.5 mL, 1.0 equiv) and freshly distilled trichlorosilane (40 mL, 0.4 mmol,
2.0 equiv). The reaction mixture was stirred at room temperature for
48 h, after which time a saturated aqueous solution of NaHCO3 (5 mL)
was added to quench the reaction. The mixture was diluted with brine
(10 mL), extracted with EtOAc (2R20 mL) and the combined organic
fractions were dried over MgSO4. Concentration in vacuo, followed ACHTUNGTRENNUNGby
flash chromatography on silica gel, afforded products 6 and 7,
ACHTUNGTRENNUNGrespectively.
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