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Abstract—Methyl and ethyl esters of N-Boc homoproline, homopipecolic acid and 3-carboxymethyl-morpholine were kinetically
resolved by hydrolysis catalysed by Burkholderia cepacia lipase to give the corresponding acids and residual esters in enantiomeric
excesses better than 99% (E >100).
� 2004 Published by Elsevier Ltd.
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1. Introduction

The synthesis of conformationally constrained amino-
acid derivatives has recently received much attention
due to their ability to act as conformational probes
when incorporated into peptides and peptidomimetics.1

Among them, optically active b-aminoacids, although
of less importance than the parent a-aminoacids, are
crucial structural features of numerous biologically
active and natural products,2 with various methods
available for the synthesis of linear compounds by
asymmetric synthesis or enzymatic resolutions.3

In contrast, there are few methods available for the
asymmetric synthesis of cyclic b3-aminoacids. Arndt–
Eistert homologation of (S)-proline has been used to
access to homoproline4 and homopipecolic acid.5 More
recently, two general approaches to five- and six-
membered ring aminoacids have been disclosed using
diastereocontrolled Michael additions of chiral amides
to a,b-unsaturated esters followed by intramolecular
ring closure6 and diastereoselective reduction of the
resulting chiral b-enaminoesters.7

Concerning the use of enzyme-catalysed kinetic resolu-
tions, interesting results were obtained for the resolution
of linear b-aminoacids by the hydrolysis of N-phenyl-
acetamido derivatives using penicillin acylase,8 by
acylation of b-aminoesters catalysed by Candida antarc-
tica lipase,9 and more recently by acylation of N-
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hydroxymethylated b-lactams.10 However although
some results were reported for the resolution of cyclic
b2,3 aminoacids by acylation of N-hydroxymethylated
b-lactams11,3b or by acylation of cyclic 1-2 aminoest-
ers,12 to the best of our knowledge, the resolution of
2-substituted tetrahydroquinolines was the only example
reported for the obtention of optically active heterocy-
clic b3-aminoacids (b-homoaminoacids).13

Herein we report a novel and highly efficient kinetic res-
olution of N-Boc homoproline, homopipecolic acid and
3-carboxymethylmorpholine by hydrolysis of the corre-
sponding esters catalysed by Burkholderia cepacia lipase
(Scheme 1).14
2. Results and discussion

Among all the types of enzyme-catalysed reactions,
hydrolytic transformations involving the cleavage of
amide or ester bonds with proteases, esterases or lipases
are the easiest to perform. In the case of aminoacids, the
presence of two different functions offers the possibility
of using different strategies such as the hydrolysis of
esters, acylation of amines or transesterification. Taking
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advantage of the recent results concerning the resolution
of pipecolic acid by N-acylation of its methyl ester cata-
lysed by C. antarctica lipase A,15 a first experiment was
attempted with the free homoproline 1 (Fig. 1). This lat-
ter was prepared by reaction of monoethyl malonate
with 1-pyroline trimer,16 and the acylation achieved in
ethyl acetate as the acyl donor in the presence of C. ant-
arctica lipase B (CAL-B, Chirazyme L2). The rate of the
reaction was very low and a 40% conversion reached
only after 6days. A better conversion rate was observed
with 2,2,2-trifluoroethylacetate (30% after 24h); how-
ever, in these two experiments, both the acylated amino-
ester and the recovered aminoester were racemic.
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In another attempt, we tried to hydrolyse ethyl ester 6.
In the presence of Novozym 435�, an immobilised form
of CAL-B, the hydrolysis was total in 6h at pH7 but
again the reaction was unselective and the resulting ami-
noacid was obtained as a racemate.

We then turned our attention towards the hydrolysis of
N-protected aminoesters. First, the enzymatic hydrolysis
of the N-benzylacetyl homoproline methyl ester 2 was
studied in 10�2M phosphate buffer at pH7 with a
penicilline acylase. Indeed, these enzymes are known
to cleave the amide bonds of N-benzylacetyl amides
selectively.8,17 However, in contrast with linear b-amino-
acids, the supported enzyme ChiroCLEC-EC� was
unable to catalyse the cleavage of the amide bond of
Table 1. Enzyme-catalysed hydrolysis of cyclic b-aminoestersa

Entry Compound Enzyme Time (h)

1 2 C. cylindracea 72

2 2 a-Chimotrypsin 72

3 2 CAL-Bc 52

4 3 B. cepacia 120

5 4 B. cepacia 30

6 4d B. cepacia 48

7 5 B. cepacia 96

8 5 B. cepaciae 66

9 7 a-Chimotrypsin 60

10 7 CAL-B 25

11 7 B. cepaciaf 10

a All reactions were carried out by stirring a mixture of substrate (1mmol) a

(controlled with a pH Stat and addition of 0.1M aqueous NaOH).
bE = ln[eep(1 � ees)]/(eep + ees)/ln[eep(1 + ees)]/(eep + ees).

23

cCandida antarctica lipase (MeOH as cosolvent).
d The ethyl ester was used.
e Reaction achieved at 35�C.
f 140mg of lipase was used.
the cyclic tertiary amide 2, which was recovered un-
changed after 3days. We then turned our attention to-
wards the use of lipases and proteases, a great number
of which are commercially available. Among the various
enzymes screened, the lipase of Candida cylindracea was
totally inefficient. In contrast, a-chymotrypsin and C.
antarctica lipase (CAL B) showed moderate enantiose-
lectivity (Table 1). We then decided to modify the nature
of the protecting group and introduce a larger group
onto the nitrogen. Following the results recently re-
ported by Schäfer et al. for the enzymatic kinetic resolu-
tion of a N-Boc unsaturated proline by hydrolysis of the
corresponding methyl ester catalysed by Novozyme
435�,18 we decided to synthesise and test the N-Boc pro-
tected esters.

The required racemic esters 4 and 5 were easily synthe-
sised by oxidative cleavage of 2-allyl pyrrolidine, piperi-
dine or morpholine. These compounds were prepared by
allylation of the N-acylated aminals 8 obtained by par-
tial reduction of N-protected lactams followed by acid
transacetalisation in methanol19 or better by electro-
chemical anodic oxidation.20 The reaction of these N-
acylaminals with allyltrimethylsilane at a low tempera-
ture in the presence of titanium tetrachloride generated
acyliminium cations, which were trapped by the allylsi-
lane to give the corresponding N-protected 2-allylated
heterocycles 10 or 11 in high yields (Scheme 2).21 How-
ever the choice of the protecting group was crucial.
Indeed, when the Boc protection was used, the oxidation
yields were poor (40% for the N-Boc 2-carboxymethy-
pyrrolidine from the N-Boc 2-allylpyrrolidine). More-
over, during the allylation, we observed the formation
of bicyclic compound 14 (Fig. 2) resulting from a partici-
pation of the tert-butoxycarbamate. We then choose the
carbomethoxy protection for further work; the required
a-methoxy carbamates prepared according to the Shono
method were allylated in better than 90% yield and oxi-
dised either by ruthenium catalysed oxidation22 or by
ozonolysis followed by an H2O2 oxidative treatment.
After the removal of the protecting group with hydro-
bromic acid in acetic acid and purification on a sulfo-
Residual ester: ee% Acid ee% Eb

— — —

40 47 4

17 35 2.5

8 34 2

99 >99 >100

99 94 >100

98 >99 >100

98.5 >99 >100

— — —

50 70 9

>99 >99 >100

nd catalyst (200mg) in a mixture H2O/THF (5/1) at 25�C and at pH7
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nated resin, the free aminoacids were esterified in acidic
methanol and N-Boc protected with di-tert-
butoxypyrocarbonate.
Scheme 3. Reagents and conditions: DIBAL-H 1M in toluene,

2equiv, Et2O, 0 �C, 1h, 80%; (b) phenol 1.5equiv (C6H5)3P, 1.5equiv

DIAD, 1.5equiv, THF, 0 �C, 2.5h, 63%.
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Scheme 2. Reagents and conditions: (a) allyltrimethylsilane, 2.7equiv,

TiCl4, 1.4equiv, CH2Cl2, �30 to 0 �C, 1h; (b) NaIO4, 4equiv, RuCl3–

H2On, 0.05equiv, CCl4–CH3CN–H2O (2-2-3), 2h then 33% HBr–

CH3CO2H neat, 16h, rt; (c) MeOH, CH3COCl, 0.05equiv, 15h then

Boc2O, 1.1equiv, Et3N, CH2Cl2.
It should be noted that for the morpholino compound
we used a formyl protection, which was easier to cleave
in acidic medium than the corresponding carbomethoxy
group. Allylated amide 15 was thus obtained in 85%
yield from the corresponding aminal.

The kinetic hydrolysis of racemic ethyl ester 7 was then
carried out with CAL-B in water/THF, but the selectiv-
ity factor was low (Table 1, entry 10). We then screened
some other lipases and were pleased to find that by using
B. cepacia lipase (Amano PS), a 50% conversion of the
racemic ester was obtained after 10h to give the corre-
sponding acid with an ee better than 99% (entry 11).
The enantiomeric excesses were measured by GC with
a chiral stationary phase directly for the residual ester
or after esterification with diazomethane for the acid.
This selective hydrolysis was then extended to the esters
4 and 5 and high enantioselectivities also observed (en-
tries 5 and 8). The homoproline and the homopipecolic
acid were thus obtained in high enantiomeric excesses
and chemical yields. It is interesting to note that decreas-
ing the size of the nitrogen substituent by using a methyl
carbamate strongly decreased the rate of the reaction
and the enantioselectivity (entry 4).

2.1. Absolute configuration of the products

The absolute configurations of the products were deter-
mined by comparison with literature data for the pyrrol-
idino and piperidino derivatives. In order to determine
the configuration of the morpholino derivatives not pre-
viously described, we used a chemical correlation. Resid-
ual ester 7 was reduced into the corresponding alcohol
and transformed into ether 16 using a Mitsunobu substi-
tution (Scheme 3).
Comparison of the rotatory power of this ether with
the one previously reported for the same compound
prepared from serine24 allowed us to assign the (S)-con-
figuration to the ester isolated after resolution. It
should be noted that the three residual esters present
the same spatial arrangement (R for 4 and 5, S for 7
due to an inversion in the group priority) and that they
all have a shorter retention time than their enantiomers
in GC.
3. Conclusion

In summary, the resolution of homoproline, homopipe-
colic acid and 3-carboxymethylmorpholine by hydroly-
sis of the corresponding methyl or ethyl esters in the
presence of B. cepacia lipase allowed us to obtain these
cyclic b3-aminoacids in high enantiomerical purities.
4. Experimental

4.1. General methods

Products were purified by distillation or by medium
pressure liquid chromatography on a Jobin–Yvon Mod-
ulprep (Kieselgel 60H Merck) or by flash chromatogra-
phy (Kieselgel 60 Merck: 230–400 Mesh; solvent:
cyclohexane/EtOAc) and analysed by GC (Chrompack
CP-Sil 8CB, 50m capillary column) or by TLC (Merck
silica gel 60F 254). NMR spectra were recorded on a
Bruker AC at 200MHz for 1H and 50MHz for 13C
NMR or on a Bruker 400 Avance for 1H. CDCl3 was
used as the solvent with TMS as the internal standard.
IR spectra were recorded on a Perkin–Elmer 599 spec-
trophotometer. Mass spectra were recorded on a Riber-
mag R10-10C instrument at 70eV ionising voltage;
ammonia was used for chemical ionisation. Optical
rotations were measured on a Jasco P-1010 polarimeter.
The enantiomeric excesses were measured on a 25m
Chirasil-DEX CB column (Chrompack-Varian). CAL
B (chirazyme L-2 f-2) was purchased from Boehringer
(Mannheim), C. cylindracea lipase immobilised in Sol-
Gel-AK from Fluka and B. cepacia lipase from Amano
Pharmaceutical Co.
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4.2. 2-Allyl-1-methoxycarbonylpyrrolidine 10

Under argon, TiCl4 (3.19g, 1.7mmol) in CH2Cl2 (6mL)
was slowly added at �30 �C to a stirred solution of
2-methoxy-1-methoxycarbonylpyrrolidine20b (1.91g,
1.2mmol) and allylsilane (3.69g, 3.3mmol) in CH2Cl2.
After stirring for 15min at �30 �C, the solution was
slowly warmed up to 0 �C and stirred for 2h then hydro-
lysed with brine. After extraction (CH2Cl2, 3 · 20mL),
the organic phase was dried over MgSO4 and evapo-
rated in vacuo. The crude product was chromato-
graphed on silicagel (cycloheane/AcOEt: 3/2) to give
1.94g of a colourless oil (94%). 1H NMR (200MHz,
CDCl3): d 1.76 (m, 4H), 2.09 (m, 1H), 2.45 (m, 1H),
3.31 (m, 2H), 3.62 (s, 3H), 3.80 (m, 1H), 4.9–5.1 (m,
2H), 4.95–5.05 (m, 1H); 13C NMR: d 23.6, 29.6, 38.6,
46.7, 52.2, 57.1, 117.3, 135.1, 155.7; MS (CI NH3) m/z
183 (M+NH4

+, 100%), 170 (M+H+, 22%), 156 (15%);
Anal. Calcd for C9H15NO2: C, 63.88; H, 8.93; N, 8.28.
Found: C, 63.69; H, 8.81; N, 8.33.

4.3. (±)-2-Carbomethoxymethyl-1-methoxycarbonylpyrr-
olidine 4

Allylpyrrolidine 10 (1.69g, 10mmol) was added to a sus-
pension of NaIO4 (8.56g, 0.04mol) and RuCl3ÆnH2O
(0.5mmol, 104mg) in a 1/1/2 mixture of CCl4/CH3CN/
H2O (70mL). The temperature was maintained at
20 �C. After stirring for 2.5h, the suspension was filtered
on Celite and extracted with CH2Cl2 The aqueous phase
was dried over MgSO4 and the solvents removed in
vacuo. The resulting oil was quickly chromatographed
on silica gel (cyclohexane/AcOEt/HCO2H: 45/54/1) to
give 1.50g of acid (80%). A 33% solution of HBr in
acetic acid (10mL) was added to this crude acid (1.50g,
8mmol) and the resulting mixture stirred for 16h at
room temperature. The solvent was then removed and
the residual solid purified on a H+ 50X8 Dowex resin
and eluted with 1M ammonia. After lyophilisation,
the crude aminoacid was added to a solution of anhy-
drous HCl in methanol prepared by the addition of ace-
tyl chloride (1.88g, 24mmol) to methanol (50mL) and
stirred for 36h. The methanol was then removed in
vacuo and the residual oil stirred with Boc2O (1.2equiv)
and Et3N (3equiv) in CH2Cl2 (15mL) for 20h at room
temperature and then heated to 40 �C for 4h. After
hydrolysis, the solution was extracted with CH2Cl2,
washed with a saturated solution of sodium hydrogeno-
carbonate and evaporated. The solvent was removed in
vacuo and the residual oil chromatographed (cyclohex-
ane/AcOEt: 3/1) to give 1.38g of pure 4 (71% yield from
the acid). IR (KBr) cm�1: 2955, 1737, 1698, 1452, 1385,
1194; 1H NMR (200MHz, CDCl3): d 1.43 (s, 9H); 1.79
(m, 3H), 2.0 (m, 1H), 2.78 (dd, 1H, J = 9.8 and 16.2Hz),
2.85 (m, 1H), 3.30 (m, 2H), 3.64 (s, 3H), 4,10 (br s, 1H);
13C NMR (50MHz, CDCl3): 22.7, 28.4, 31.0, 39.0, 46.2,
51.5, 53.9, 77.7, 154.2, 171.9; MS (CINH3) m/z 244
(M+1, 100%), 205 (23%), 188 (52%).

4.4. 2-Allyl-1-methoxycarbonylpiperidine 11

Using the previously described procedure an 88% yield
was obtained. 1H NMR (200MHz, CDCl3): d 1.4–1.6
(m, 8H), 2.29 (m, 2H), 2.78 (t, 1H, J = 15Hz), 3.61 (s,
3H), 3.95 (d, 1H, J = 14Hz), 4.25 (m, 1H), 4.9–5.1 (m,
2H), 5.67 (m, 1H); 13C NMR: d 18.5, 25.3, 26.7, 27.3,
39.0, 50.1, 52.2, 116.6, 135.1, 156.0; MS (CINH3) m/z
201 (M+NH4

+, 28%), 184 (M+H+, 100%), 142 (18%);
Anal. Calcd for C10H17NO2: C, 65.54; H, 9.35; N,
7.64. Found: C, 65.50; H, 9.21; N, 7.72.

4.5. (±)-2-Carbomethoxymethyl-1-methoxycarbonylpi-
peridine 5

From compound 11 (915mg, 5mmol), 0.82g of crude
acid was obtained after oxidation (85%). Compound 5
was prepared as previously described and isolated in
80% from the acid. IR (KBr) cm�1 2976, 1743, 1694,
1413, 1392, 1163; 1H NMR (200MHz, CDCl3): d 1.38
(s, 9H), 1.56 (m, 6H), 2.48 (dd, 2H, J = 7.2 and
7.6Hz), 2.70 (m, 1H), 3.59 (dm, 1H), 4.60 (m, 1H);
13C NMR (50MHz, CDCl3): d 18.8, 25.2, 27.4; 28.3,
35.0, 39.1, 47.8, 51.6, 79.5, 154.7, 171.8; MS (EI) m/z
257 (1%), 201 (5%), 184 (4%), 170 (5%), 156 (23%),
142 (19%), 128 (47%), 84 (100%), 57 (67%).

4.6. 3-Allyl-4-formylmorpholine 15

Using the previously described procedure, an 85%
yield was obtained. IR (KBr) cm�1 3600, 1681,
1666; 1H NMR (200MHz, CDCl3) two conformers: d
2.4–4.3 (m, 9H), 5.0–5.2 (m, 2H), 5.6–5.8 (dm, 1H),
8.02 (s, 1H); 13C NMR (50MHz, CDCl3): d 33.0–33.8,
36.5–41.8, 47.6–53.8, 66.4–67.1, 68.1–69.4, 117.8–118.8,
133.2–134.0, 161.0; MS (EI) m/z 155 (1%), 127 (4%),
114 (100%), 86 (12%), 68 (4%), 58 (14%), 41 (9%), 39
(5%). Anal. Calcd for C8H13NO2: C, 61.91; H, 8.44;
N, 9.03. Found: C, 61.94; H, 8.52; N, 8.92.

4.7. (±)-4-tert-Butoxycarbonyl-3-carbethoxymethyl-
morpholine 7

Ozone was bubbled for 10h through a solution of 3-
allyl-4-formylmorpholine (2.6g, 16.8mmol) in 2/3
MeOH–CH2Cl2 cooled to �78 �C. The excess of ozone
was then eliminated with argon and the solvents
removed in vacuo. 30% H2O2 (5.6mL) and formic acid
(11mL) were then added to the crude ozonide, the mix-
ture refluxed for 1/2h and then stirred at room temper-
ature for 12h. After elimination of the solvents, the
residual oil was dissolved in dioxane (10mL) and 2M
HCl (10mL), and refluxed for 3h. The resulting free
aminoacid was then purified on a Dowex H+ 50X8 resin
to give, after lyophilisation, 1.66g (68%) of a white solid.
This aminoacid was then esterified with acetyl chloride
in ethanol and N-Boc protected as previously described.
IR (KBr) cm�1 2980, 1735, 1698; 1H NMR (200
MHz, CDCl3): d 1.25 (t, 3H, J = 7.1Hz), 1.44 (s, 9H),
2.54 (dd, 1H, J = 5.5 and 15.0Hz), 2.81 (dd, 3H,
J = 8.8 and 15Hz), 4.11 (q, 2H, J = 7.1Hz), 4.36 (m,
1H); 13C NMR (50MHz, CDCl3): d 14.2, 28.4, 33.8,
39.5, 48.1, 60.7, 66.9, 68.9, 80.3, 154.5, 171.3; MS (EI)
m/z 273 (1%), 217 (5%), 200 (3%), 172 (24%), 142
(43%), 130 (32%), 86 (46%), 57 (100%), 41 (26%). Anal.
Calcd for C13H23NO5: C, 57.13; H, 8.48; N, 5.12.
Found: C, 57.06; H, 8.63; N, 5.04.
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4.8. General procedure for lipase-catalysed hydrolysis

A solution of ester (1mmol) in THF (2mL) was added
to 10�2M phosphate buffer (8mL) and water (8mL) at
25 �C. The pH was adjusted to 7 with 0.1M HCl and
the lipase (250mg) added in one portion. The resulting
suspension was stirred at 150rpm with the pH control-
led by the addition of a 0.1M solution of NaOH using
a pH Stat. When the theoretical quantity of NaOH
was added, the suspension was filtered through a small
pad of Celite to remove the enzyme. The residual ester
was removed by extraction with Et2O at pH8. After
acidification until pH2, the acid was then extracted
(Et2O) from the solution.

4.8.1. (2R)-1-tert-Butoxycarbonyl-2-carbomethoxymeth-
ylpyrrolidine. ½a�20D ¼ þ40:1 (c 12.5, MeOH), ee: 99.1
{lit.25 (S) compound: ½a�20D ¼ �38:8 (c 16, MeOH)}.

4.8.2. (2S)-1-tert-Butoxycarbonyl-2-carboxymethylpyrr-
olidine. White solid: mp 98–99 �C (hexane);
½a�20D ¼ �38:6 (c 1.41, DMF) ee: 99.4% {lit.26 99–
101 �C; ½a�20D ¼ �39:5 (c 1.9, DMF)} IR (KBr) cm�1:
3700–2800, 1735, 1655; 1H NMR (200MHz, CDCl3): d
1.39 (s, 9H), 1.76 (m, 3H), 2.0 (m, 1H), 2.28 (dd, 1H,
J = 10.1 and 16.0Hz), 2.80 (m, 1H), 3.30 (m, 2H), 4.10
(br s, 1H); 13C NMR (50MHz, CDCl3): d 23.5, 28.4,
31.2, 39.1, 46.3, 53.9, 79.9, 156.0, 177; MS (EI) m/z
229 (1%), 173 (5%), 156 (6%), 128 (13%), 114 (30%),
70 (98%), 57 (100%).

4.8.3. (2R)-1-tert-Butoxycarbonyl-2-carbomethoxymeth-
ylpiperidine. ½a�20D ¼ þ8 (c = 3,96; CHCl3), ee: 98%
(lit.5 (S) compound ½a�20D ¼ �8:3 (c = 2,01; MeOH)).

4.8.4. (2S)-1-tert-Butoxycarbonyl-2-carboxymethylpi-
peridine. White solid: mp 95 �C (hexane), ½a�20D ¼ �8
(c 1.53, MeOH) ee: 99.3% (lit.5 93 �C) IR (KBr) cm�1

3500–3200, 3011, 2980, 1736, 1639, 1433, 1185; 1H
NMR (200MHz, CDCl3): d 1.37 (s, 9H), 1.56 (m, 6H),
2.51 (dd, 2H, J = 3.2 and 8.5Hz), 2.70 (m, 1H),
3.90 (dm, 1H), 4.63 (m, 1H); 13C NMR (50MHz,
CDCl3): d 18.8, 25.2, 27.4, 28.3, 35.0, 39.1, 47.8,
51.6, 79.5, 154.7, 171.8; MS (EI) m/z 243 (2%), 187
(5%), 184 (3%), 142 (12%), 128 (42%), 84 (100%), 57
(89%).

4.8.5. (3S)-4-tert-Butoxycarbonyl-3-carbethoxymethyl-
morpholine. ½a�20D ¼ þ35:6 (c 1.15; CH2Cl2), ee: 99%.

4.8.6. (3R)-4-tert-Butoxycarbonyl-3-carboxymethyl-
morpholine. White solid: mp 82 �C (hexane: i-Prop2O,
8/2), ½a�20D ¼ �35:7 (c 1.94, CH2Cl2) ee: 99%; IR (KBr)
cm�1 3700–2500, 1713, 1694; 1H NMR (200MHz,
CDCl3): d 1.47 (s, 9H), 2.56 (dd, 1H, J = 6.0 and
15.4Hz), 2.83 (dd, 1H, J = 8.5 and 15.4Hz), 2.9–3.9
(m, 6H), 4.34 (m, 1H); 13C NMR (50MHz, CDCl3): d
28.2, 33.4, 39.4, 48.0, 66.7, 68.8, 80.5, 154.5, 175.9; MS
(EI) m/z 245 (1%), 190 (2%), 172 (3%), 130 (14%), 114
(13%), 100 (5%), 86 (33%), 70 (13%), 57 (100%). Anal.
Calcd for C11H19NO5: C, 53.87; H, 7.81; N, 5.71.
Found: C, 53.95; H, 7.91; N, 5.59.
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