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Abstract: The Kowalski ester homologation protocol has
been applied to a representative range of R-amino esters to
provide â-amino esters with excellent levels of enantio- and
diastereocontrol. A key feature of this chemistry is the
nature of the N-protecting group that is employed.

â-Amino acids represent an important class of biologi-
cally relevant molecules, being present within natural
products and because of their use as key structural
elements within medicinal chemistry.1 More recently,
â-amino acids have been utilized to produce unusual
oligopeptide variants (“foldamers”) that possess a range
of interesting characteristics.2 A number of methods are
now available for the asymmetric synthesis of 2-substi-
tuted â-amino acids, which have been the subject of
recent reviews.3 The method of choice does, of course,
depend on the specific target molecule, but the direct
homologation of readily available and enantiomerically
pure R-amino acids or esters provides a particularly
attractive entry to their â-amino acid analogues, e.g., 1.

Currently, homologations are based primarily on the
Arndt-Eistert procedure, as outlined in Scheme 1.
However this method, while widely used, necessarily
requires the stoichiometric use of diazomethane and the
generation and subsequent Ag(I)-catalyzed rearrange-
ment of a diazoketone intermediate.4 These are both
significant drawbacks, especially for larger scale work,
but a direct homologation strategy nevertheless retains
significant advantages. Some years ago, Kowalski5 re-
ported a conceptually different approach to ester homolo-

gation involving an ynolate6 as a key intermediate. This
involves direct use of an ester substrate and avoids the
need for both further activation and involvement of
diazomethane and diazoketones. While the Kowalski
protocol has been applied to a number of different
substrates,7 this chemistry had not been applied to the
homologation of R-amino esters (see Scheme 1), and in
this paper we outline our initial studies in this direction.

We had a particular requirement for enantiomerically
pure homopipecolic acid, which has been prepared by the
classical Arndt-Eistert sequence starting with pipecolic
acid.8 Initially two substrates were evaluated, the N-
benzyl and N-Boc variants 2a9 and 2b.10 Under the
Kowalski conditions, 2a underwent smooth homologation,
and after workup (MeOH, HCl) the corresponding ho-
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SCHEME 1. Arndt-Eistert vs Kowalski Protocols
for the Homologation of r-Amino Acids or Esters
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mologated ester 3a11 was isolated in 85% yield. Subject-
ing the N-Boc derivative 2b to the same conditions gave
the desired ester 3b12 but in only 23% isolated yield
(Scheme 2).13,14 The effect of the N-substituent is note-
worthy, which also applied (and to a more significant
extent) to the corresponding proline variants. Homolo-
gation of 2c15 gave the homoproline ester 3c16 in 72%
yield, but when we attempted to use the N-Boc derivative
2d, no homologated product 3d was detected, although
2d was consumed.

Crucial to the broader synthetic application of this
methodology was the level of enantiomeric integrity
associated with the homologated products. Using chiral
HPLC, and with the corresponding racemate serving as
the standard, the enantiomeric purity of 3a was deter-
mined as being >98% ee; we were unable to detect any
significant degree of racemization using the Kowalski
procedure. Similarly, the proline derivative 2c also
underwent homologation to give 3c in >98% ee.17,18

Given these observations, and the preference for N-
benzyl over N-Boc, we examined a range of other readily
available N-benzyl- or N,N-dibenzylamino esters as
substrates for the Kowalski homologation procedure, the
results of which are shown in Table 1. Methyl 4-hydroxy-
prolinate 2e19 underwent smooth homologation to provide

3e as a single diastereomer in 57% yield.20 This reaction
proceeded without the requirement to protect the second-
ary hydroxyl group, which would be difficult to achieve
under Arndt-Eistert conditions. Acyclic amino esters 2f21

and 2g22 also reacted well to provide the corresponding
â-amino esters 3f23 and 3g24 in good yield with complete
retention of stereochemistry.25 In the case of 2f, the ethyl
ester was employed and the final quench was carried out
with acidic ethanol to provide the homologated ethyl ester
3f. The valine-derived ester 2h26 performed less ef-
ficiently. The yield of the homologated product 3h27 was
poor (10%), and the enantiomeric purity of 3h was not
determined.

In summary, the Kowalski homologation protocol
provides a viable and complementary alternative to the
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SCHEME 2. Kowalski Homologation of Pipecolic-
and Proline-Derived Esters

TABLE 1. Other Representative r-Amino Ester
Homolgations
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Arndt-Eistert procedure for the synthesis of enantio-
merically pure â-amino esters. This chemistry, though
it looks operationally complicated, is quite straightfor-
ward and is all carried out in a one-pot procedure. Since
the Kowalski protocol avoids the need to handle poten-
tially hazardous intermediates, such as diazomethane
and diazoketones, this becomes attractive for larger scale
work. Further work is underway to extend the scope of
this chemistry, given the obvious advantages associated
with the ability to apply this procedure to carbamate-
protected amino esters. These results will be reported in
due course.

Experimental Section28

Methyl (S)-N-Benzylpiperidin-2-ylacetate 3a. A solution
of LTMP was prepared as follows: A solution of n-BuLi in
hexanes (1.1 mL, 3.1 mmol) was added to a stirred, cold (0 °C)
solution of TMP (0.6 mL, 3.3 mmol) in THF (4.3 mL). In a
separate flask, a stirred mixture of methyl (S)-N-benzylpipe-
colinate 2a (216 mg, 0.9 mmol) and CH2Br2 (0.2 mL, 3.1 mmol)
in THF (4.3 mL) was cooled to -78 °C. After 30 min, the LTMP
solution was cooled to -78 °C and added to the 2a/CH2Br2
mixture dropwise via a double-ended needle, and after 15 min,
a cold (-78 °C) solution of LHMDS in THF (2.8 mL, 3.1 mmol)
was added dropwise via a double-ended needle. The mixture was
then allowed to warm to -20 °C and was then recooled to -78
°C, and a solution of s-BuLi in hexanes (3.6 mL, 4.7 mmol) was
added dropwise. The mixture was then warmed to -20 °C, and
a solution of n-BuLi in hexanes (1.1 mL, 2.8 mmol) was added.
The mixture was warmed to rt, stirred for 1 h, and then
quenched over a 20 min period into a stirred solution of acidic
methanol (12 mL) at 0 °C. (Acidic methanol was prepared by
slow addition of acetyl chloride to ice-cooled dry methanol (1:5
ratio/vol)). The mixture was diluted with ether (150 mL) and
washed with NaHCO3 (sat.). The aqueous phase was reextracted
with ether (2 × 50 mL), and the combined organic extracts were
washed with brine, dried (Mg2SO4), and concentrated in vacuo,
and purifification by flash chromatography (hexane/EtOAc, 9/1-
3/2) gave ester 3a (195 mg, 85%): Rf 0.55 (hexane/EtOAc1/1);
[R]23

D ) -50 (c 1.6, CHCl3); IR (neat) 1734, 1160 cm-1; 1H NMR
(CDCl3) δ 1.21-1.79 (6H, m, H-3, H-4, H-5), 2.18 (1H, m, H-2),
2.47 (1H, dd, J ) 14.6, 7.7 Hz, CH2CO), 2.63 (1H, m), 2.71 (1H,
dd, J ) 14.6, 4.8 Hz, CH2CO), 2.97 (1H, m, H-6), 3.35 (1H, d, J
) 13.2 Hz, benzylic), 3.73 (3H, s, OCH3), 3.78 (1H, d, J ) 13.2,
benzylic), 7.26-7.32 (5H, m, aromatic); 13C NMR (CDCl3) δ 22.4
(C-4), 25.2 (C-3), 30.9 (C-5), 36.1 (CH2CO), 50.2 (C-6), 51.5
(OCH3), 57.6 (benzylic), 58.6 (C-2), 126.8, 128.2, 128.8 and 139.6

(aromatic), 173.2 (CO); MS (CI) m/z 248 (100, MH+); HRMS (CI+)
calcd for C15H22NO2 (MH+) 248.1651, found 248.1652.

Chiral HPLC was carried out using a Chiralcel OD column,
using hexane/propan-2-ol (98:2) at 1 mLmin-1. Under these
conditions, (S)-3a had a retention time of 17.03 min and (R)-3a
had a retention time of 19.01 min. (S)-3a was correlated to (S)-
3b, which has already been described in the literature.13

Methyl (2S,4R)-(N-Benzyl-4-hydroxypyrrolidin-2-yl)ac-
etate 3e. A solution of LTMP was prepared as follows: A
solution of n-BuLi in hexanes (3.9 mL, 9.4 mmol) was added to
a stirred, cold (0 °C) solution of TMP (1.8 mL, 10.2 mmol) in
THF (9 mL). In a separate flask, a stirred mixture of (2S,4R)-
N-benzyl-4-hydroxy-L-proline methyl ester 2e (500 mg, 2.1 mmol)
and CH2Br2 (0.7 mL, 9.4 mmol) in THF (9 mL) was cooled to
-78 °C. After 30 min, the LTMP was cooled to -78 °C and added
to the 2e/CH2Br2 mixture dropwise via a double-ended needle,
and after 15 min, a -78 °C solution of LHMDS in THF (8.6 mL,
8.5 mmol) was added dropwise via a double-ended needle.
Following the addition, the mixture was allowed to warm to -20
°C and was then recooled to -78 °C, and a solution of s-BuLi in
hexanes (14.2 mL, 8.5 mmol) was added dropwise. The mixture
was then warmed to -20 °C, and a solution of n-BuLi in hexanes
(3.5 mL, 8.5 mmol) was added. The mixture was warmed to rt,
stirred for 1 h, and then quenched over a 20 min period into a
stirred solution of acidic methanol (see above) (18 mL) at 0 °C.
The mixture was diluted with ether (250 mL) and washed with
NaHCO3 (sat.). The aqueous phase was reextracted with ether
(2 × 100 mL), and the combined extracts were washed with
brine, dried (Mg2SO4), and concentrated in vacuo, and purifica-
tion by flash chromatography (EtOAc) gave 3e (298 mg, 57%):
Rf 0.33 (EtOAc); [R]23

D ) -182 (c 2.87, CHCl3); IR (neat) 3398,
1734, 1155 cm-1; 1H NMR (CDCl3) δ 1.86-2.00 (2H, m, CH2CO),
2.19-2.23 (1H, q, J ) 4.0 Hz, H-3), 2.31-2.37 (1H, q, J ) 8.0
Hz, H-3), 2.64-2.68 (1H, br, OH), 2.69-2.64 (1H, dd, J ) 16.0,
4.0 Hz, H-5), 3.14-3.19 (2H, m, H-4, H-5), 3.34-3.36 (1H, J )
12.0 Hz, benzylic), 3.65 (3H, s, OCH3), 3.94-3.98 (1H, d, J )
12.0 Hz, benzylic), 4.26-4.31 (1H, m, H-2), 7.23-7.32 (5H, m,
aromatic); 13C NMR (CDCl3) δ 39.0 (C-3), 41.5 (CH2CO), 51.6
(OCH3), 58.3 (C-5), 59.2 (C-2), 62.2 (benzylic), 69.5 (C-4), 127.1,
128.3, 128.5, 128.7, 128.8, and 139.1 (aromatic), 172.5 (CO);
CIMS m/z 250 (75, MH+); HRMS (CI+) Calcd for C14H20NO3
(MH+) 250.1443, found 250.1438.
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(28) The homologation procedure described for the preparation of
3a was used for all other cases reported in this paper, with the
exception of 3e; this latter case is also presented in the Experimental
Section. All 1H and 13C NMR assignments are based on COSY methods.
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