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Abstract: Racemic cis-10-azatetracyclo[7.2.0.12,6.14,8]-
tridecan-11-one was prepared from homoadamant-4-
ene by chlorosulfonyl isocyanate addition. The trans-
formation of the b-lactam to the corresponding b-ami-
no ester followed by Candida antarctica lipase A-cat-
alyzed enantioselective (E> >200) N-acylation with
2,2,2-trifluoroethyl butanoate afforded methyl
(1R,4R,5S,8S)-5-aminotricyclo[4.3.1.13,8]undecane-4-
carboxylate and the (1S,4S,5R,8R)-butanamide
with>99% ee at 50% conversion. Alternatively,
transformation of the b-lactam to the corresponding
N-hydroxymethyl-b-lactam and the following Pseudo-
monas cepacia (currently Burkholderia cepacia) li-

pase-catalyzed enantioseletive O-acylation provided
the (1S,4S,6R,9R)-alcohol (ee¼87%) and the corre-
sponding (1R,4R,6S,9S)-butanoate (ee>99%). In the
latter method, competition for the enzyme between
the (1R,4R,6S,9S)-butanoate, 2,2,2-trifluoroethyl bu-
tanoate and the hydrolysis product, butanoic acid,
tended to stop the reaction at about 45% conversion
and finally gave racemization in the (1S,4S,6R,9R)-al-
cohol with time.

Keywords: b-amino acid; enantioselective acylation;
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Introduction

A number of derivatives of adamantane are bioactive.
Thus, 1-aminoadamantane is a dopaminergic, noradre-
nergic and serotonergic substance and some of its ana-
logues with enhanced antioxidant activity have been re-
ported to have potential for blocking or reducing neuro-
nal damage and death in the treatment of Parkinsonian
syndromes.[1,2] The symmetrical and lipophilic tricyclic
adamantane skeleton in 1-aminoadamantane facilitates
the penetration of the protonated compound (pKa¼
10.8) across the blood-brain barrier.[1] 1-Aminoadaman-
tane is also an effective antiviral agent against influenza,
the adamantane skeletonpromoting passage of the com-
pound through the cell membrane to attack a virus with-
in.[3] As compared with the thoroughly studied adaman-
tane derivatives, much less is known about the highly in-
teresting homoadamantane compounds,which possess a
spatially similar homologous structure. Both adaman-
tane and homoadamantane skeletons are found, for in-
stance, in the plant metabolites ofHypericum sampsonii
(a Chinese herbal medicine).[4] Some of these metabo-

lites have been evaluated for their cytotoxic effect
against the P388 cancer cell line.
Our interest has long been in the preparation of b-

amino acid derivatives.[5,6] The present work describes
the preparation of the homoadamantane-cis-fused b-
lactam intermediate rac-2 and its transformation into
enantiopure b-amino acid derivatives 7, 8, 10 and 11
via chemoenzymatic pathways (Scheme 1). The li-
pase-catalyzed kinetic resolutions of rac-6 and rac-9
have been in key positions when enantiopurity has
been introduced in the products. Chemoenzymatic
methods earlier proved successful for the preparation
of highly enantiopure monocyclic (the ring containing
5±8 or 12 carbon atoms) and bicyclic (bicyclo[2.2.1]-
heptane or -heptene) b-amino acid derivatives.[5±10] A
difference in the present work is the large and compact
structure of the spherical homoadamantane system.
Our main motivation continues to be the preparation
of enantiopure b-amino acids as starting materials for
the synthesis of fused-skeleton 1,3-heterocycles and bio-
active molecules.[11±13]
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Results and Discussion

Synthesis of Substrates rac-6 and rac-9

The regio- and stereoselective 1,2-dipolar cycloaddition
of chlorosulfonyl isocyanate (CSI) to cycloalkenes is a
method that is widely used for the preparation of race-
mic cycloalkane-fusedb-lactams[14±16] and their transfor-
mation intoN-hydroxymethyl-b-lactams and alicyclic b-
amino acids and esters (Scheme 1).[8±13] For the prepara-
tion of b-lactam rac-2, 4-homoadamantene (1) was
needed. The preparation followed the literature proce-
dure:[17] ring expansion of commercially available ada-
mantan-2-one into homoadamantan-4-one by reaction
with diazomethane, subsequent reduction into homo-
adamantan-4-ol and dehydration with hexamethylphos-
phoramide. The addition of CSI to 1 in dichloromethane
proceeded without difficulty while the formation of rac-
2 from the resulting azetidinone derivative by slow re-
ductive hydrolysis with Na2SO3 (in 2 days the chemical
yield was 37%) was the bottle-neck in the synthesis.
The hydrolysis of rac-2 in concentrated HCl followed
by reaction with propylene oxide in EtOH provided
easy access to the corresponding free b-amino acid,
rac-4. Traditional esterification with MeOH/SOCl2 and
treatment with NH3 finally gave rac-6 as a substrate
for enzymatic kinetic resolution. Although not studied
in the present work, the direct transformation of rac-2
into rac-5 in MeOH/HCl is also possible.[8,9] We rather
wished to prepare and characterize the acid (rac-4) as
a new compound. Transformation of the b-lactam (rac-
2) with paraformaldehyde under sonication gave N-hy-

droxymethyl-b-lactam rac-9 as previously described
for azetidinones.[6±10]

Enzymatic Kinetic Resolution of rac-6

A CAL-A (calcium-dependent, thermostable lipase A
from Candida antarctica)[18,19] preparation (the lipase
was adsorbed on Celite in the presence of sucrose)[20]

was earlier found to display excellent (2R)-enantiose-
lectivity for the N-acylation of monocyclic (rings con-
taining 5±8 or 12 carbon atoms) and bicyclic (bicy-
clo[2.2.1]heptane or -heptene) b-amino esters with
2,2,2-trifluoroethyl esters of butanoic and longer car-
boxylic acids in ethereal solutions.[5,10] It was essential
that the functional groups in these b-amino carboxylates
were in the cis, or in the di-endo or di-exo orientation.
With the sterically less restricted trans isomers, low
enantioselectivity was observed. In the present work,
rac-6 as a racemic cis isomer was subjected to N-acyla-
tion with 2,2,2-trifluoroethyl butanoate in diisopropyl
ether in the presence of the CAL-A preparation. Excel-
lent enantioselectivity in terms of theE values is obvious
from the results (Table 1). The high enantioselectivity is
also indicated by the fact that the reaction stops at 50%
conversion with ee values �99% for both the unreacted
8 and the amide 7 formed. Interestingly, the reactivity
(reflected by the conversion achieved after a certain
time) of the bulky homoadamantyl derivative (the ami-
no and ester functions attached to the 7-membered ring)
is relatively high compared to the reactivities of methyl
2-aminocycloheptanecarboxylate (entry 4) and 2-ami-
nocyclododecanecarboxylate (entry 5).
For the N-acylation of rac-6 with 2,2,2-trifluoroethyl

butanoate in diisopropyl ether, the CAL-A content
was optimized. As shown in Table 1, 50 mg/mL of the
enzyme preparation led to 50% conversion in 5 h (en-
try 3) while 10 h was needed when 10 mg/mL of the
preparation was applied (entry 1). As described in the
Experimental Section, 10 mg/mL (corresponding to

Table 1. Acylation of rac-6 (0.05 M) with 2,2,2-trifluoroethyl
butanoate (0.1 M) in diisopropyl ether (2 mL) in the pre-
sence of the CAL-A preparation at room temperature.

Entry CAL-A
[mg/mL]

Time [h]
preparation

Conversion
[%]

E

1 10 5 (10) 38 (50) �200
2 25 5 46 �200
3 50 5 50 �200
4 50 1 48[a] >200
5 50 24 50[b] >200

[a] Methyl 2-aminocycloheptanecaboxylate as a substrate
(Ref.[10]).

[b] Methyl 2-aminocyclododecanecarboxylate as a substrate
(Ref.[10]).

Scheme 1. i: 1. CSI, CH2Cl2, 2. Na2SO3, NaOH; ii: concentrat-
ed HCl; iii: propylene oxide, EtOH; iv: SOCl2, MeOH; v:
NH3; vi: paraformaldehyde, cat. K2CO3, cat. H2O, sonication
in THF.
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2 mg/mL of CAL-A) was chosen for the gram-scale res-
olution. For economic reasons, low enzyme content was
preferred at the expense of reaction time.Work-up after
10 h gave enantiopure (1S,4S,5R,8R)-7 and
(1R,4R,5S,8S)-8 in close to quantitative isolated chemi-
cal yields (47% of each, the theoretical yields being
50%). Thus, in accordance with expectations, the amino
group at the stereogenic (5R) center was enzymatically
acylated. The present results confirm the earlier sugges-
tion that N-acylations mediated by CAL-A provide an
excellent method for the resolution of sterically hin-
dered alicyclic and aliphatic b-amino esters.[5,10,21,22]

Enzymatic Resolution of rac-9

The lipase-catalyzedO-acylation of various alicyclic N-
hydroxymethyl-b-lactams as precursors for b-amino
acids is a widely used method for the preparation of b-
amino acid or b-lactam enantiomers, lipase PS and li-
pase AK (lipase from Pseudomonas fluorescens) prov-
ing to be most suitable as catalysts and dry acetone as
a solvent.[6±10] Accordingly, rac-9 was subjected to li-
pase-catalyzed acylation with 2,2,2-trifluoroethyl and
vinyl butanoate in dry acetone in the presence of the li-
pase PS preparation (the lipase was adsorbed on Celite
in the presenceof sucrose;[20] Scheme 1,Table 2). The re-
sults show that the acylation tends to stop at approxi-
mately 45% conversion, especially at higher lipase PS
contents (entries 2±4). Alicycle-fused-N-hydroxymeth-
yl b-lactam substrates have shown the same tendency
before.[6,9,10] As explanation, enzymatic hydrolysis of
the produced ester enantiomer or a reaction between
the product ester and unreacted primary alcohol enan-
tiomers were suggested although not studied in detail.
When (1R,4R,6S,9S)-11 (0.1 M) in acetone was subject-
ed to the presence of the lipase PS preparation (50 mg/
mL) 13% (after 1 h) and 15% (after 6 h) of the substrate
was hydrolyzed into the corresponding alcohol. When a
mixture of 10 (0.05 M, ee¼87 or 94%) and 11 (0.05 M,
ee¼99%) as such or in the presence of 2,2,2-trifluoro-
ethyl butanoate was treated under the same conditions,
10 was racemized over time while the enantiopurity of
11was almost unchanged (Table 3). The systemwas sta-

ble without the enzyme. These results turn attention to
enzymatic hydrolysis as an explanation. However, the
question about the origin of water can be raised because
the detected partial hydrolysis of alkyl-activated achiral
esters (2,2,2-trifluoroethyl or vinyl butanoate used in
molar excess) can be assumed to consume the water in
the seemingly dry enzyme preparation already at the be-
ginningof the resolution reaction.On theother hand, es-
terification is known to produce water. When a mixture
of themore reactive (1R,4R,6S,9S)-alcohol (0.05 M) and
butanoic acid (0.05 M) in acetone was subjected to the
presence of the lipase PS preparation (50 mg/mL) the
formation of (1R,4R,6S,9S)-11 was clear although the
reaction seemed to stop at 3% conversion. Competing
ester hydrolysis is evident in this test reaction, which is
ascribed to water in the enzyme preparation. On the
above basis, butanoic acid producing water while react-
ingwith the enzymeand thehydrolysis of (1R,4R,6S,9S)-
11 are involved in complicated equilibria andexplain the
difficulty in reaching the theoretical 50% conversion
and the racemization of 10 for the enzymatic resolution
of rac-9 (Scheme 2).
The gram-scale resolution of rac-9 with 2,2,2-trifluoro-

ethyl butanoate was performed in dry acetone with
12.5 mg/mL of the lipase PS preparation in 2 mL of
dry acetone (see Experimental Section). After 10 h
47% conversion was reached and the work-up afforded
(1S,4S,6R,9R)-10 (ee¼87%) and (1R,4R,6S,9S)-11
(ee>99%) in almost quantitative chemical yields.

Scheme 2. Competitive enzymatic reactions leading to equili-
bria at the end of the kinetic resolution of rac-9.

Table 2. Enzymatic acylation of rac-9 (0.05 M) with achiral acyl donors (0.2 M) in dry acetone (2 mL) at room temperature.

Entry Acyl donor Enzyme preparation
[mg/mL]

Time
[h]

Conversion
[%]

ee (10)
[%]

ee (11)
[%]

1 PrCO2CH2CF3 lipase PS [12.5] 3 (10) 47 (48)[a] 89 (93) >99
2 PrCO2CH2CF3 lipase PS [25] 3 (5) 43 (44)[a] 76 (78) >99
3 PrCO2CH2CF3 lipase PS [50] 3 (10) 34 (45)[a] 52 (81) >99
4 PrCO2CH¼CH2 lipase PS [25] 3 (5) 43 (44)[a] 76 (78) >99
5 PrCO2CH¼CH2 CAL-B [2.5] 5 55[b] 60 50

[a] Estimated E > >200; reaction stops before 50% conversion is reached.
[b] E¼5.
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Absolute Configuration

Theabsolute configurationof 10was elucidated by anX-
ray structure determination. For this purpose, N-hy-
droxymethyl-b-lactam 10was transformed into the dim-
er 12 as described in the Experimental Section by stir-
ring in aqueous HCl (18%) solution for 24 h at room
temperature. Under such conditions, the corresponding
b-lactam enantiomer is formed and reacts with the 10
present in the reactionmixture, leading to the formation
of dimer 12. The X-ray structure (Fig. 1) clearly indi-
cates the (1S,4S,6R,9R) configuration for 10. Thus, in ac-
cordance with the earlier cases,[6±10] the enantiomer that
reacts is the one in which theN-hydroxymethyl group is
attached to the carbon with the (S) absolute configura-
tion.
Opposite enantiodiscrimination was previously re-

ported[5,6,10] for the acylation of alicyclic b-amino esters
and the corresponding N-hydroxymethyl-b-lactams by
lipases. This likewise holds in the present work, where
10 after separation was transformed into the butana-
mide methyl ester by treatment with MeOH/HCl and
NH3 followed by the reaction with butanoic anhydride,
the positions of the peaks in the GC chromatograms
then being compared with those for the CAL-A-cata-
lyzed resolution of rac-6. The results confirm the

absolute configuration (1S,4S,5R,8R) for 7 and
(1R,4R,5S,8S) for 8.

Conclusion

In the present work, the enantiomers 7, 8, 10 and 11
of cis-5-aminotricyclo[4.3.1.13,8]undecane-4-carboxylic
acid derivatives were prepared in a chemoenzymatic
manner by using the CAL-A-catalyzed N-acylation of
the b-amino ester and the lipase PS-catalyzed O-acyla-
tion of the N-hydroxymethyl-b-lactam (Scheme 1).
The present work, in accordance with the earlier works,
strikingly indicates that the CAL-A-catalyzed N-acyla-
tion of b-amino esters reliably leads to the enantiomers
(1S,4S,5R,8R)-7 and (1R,4R,5S,8S)-8withE> >200.[5,10]

On the other hand, enzymatic O-acylation of the N-hy-
droxymethyl-b-lactam involves two general drawbacks.
First, hydrolysis of (1R,4R,6S,9S)-11 in the resolution
mixture tends to prevent the resolution from going to
completion and to the formation of the less reactive
enantiomer in an enantiopure form. As another draw-
back, treatment of 10 in aqueous HCl forms the dimer
12. Dimer formation is always possible in a reactionmix-
ture containing both b-lactam and N-hydroxymethyl-b-
lactamunder acidic conditions, necessary for the hydrol-
ysis or alcoholysis of a b-lactam derivative into the cor-
responding amino acid or amino ester.[23]

Experimental Section

General Remarks

Adamantan-2-one, CSI, propylene oxide, vinyl butanoate and
the solvents were products ofAldrich or Fluka. 2,2,2-Trifluoro-
ethyl butanoate was prepared from butanoyl chloride and
2,2,2-trifluoroethanol by a standard procedure. Homoadam-
ant-4-ene was prepared from adamantan-2-one by a known
method.[17] All solvents were of the highest analytical grade
and were dried over molecular sieves (3 ä) before use. Lipase
PS (lipase from Pseudomonas cepacia) was purchased from
AmanoEurope, England, andCAL-A (lipaseA fromCandida
antarctica, Chirazyme L5, lyo.) from Roche. Before use, the li-
pases were adsorbed on celite (17 g) by dissolving the enzyme
(5 g) and sucrose (3 g) in Tris-HCl buffer (250 mL, 20 mM,
pH¼7.9) as described previously.[20] The final lipase content
was 20% (w/w) in the enzyme preparation. Preparative chro-
matographic separations were performed by column chroma-
tography on Merck Kieselgel 60 (0.063±0.200 mm). TLC was
carried out with Merck Kieselgel 60F254 sheets. Spots were vi-
sualized with 5% ethanolic phosphomolybdic acid solution
and heating. All enzymatic reactions were performed at
room temperature (23±24 8C).

The 1Hand 13C NMRspectrawere recorded on aBruker 400
spectrometer operating at 400 MHz and 100 MHz, respective-
ly, and were referenced to TMS as internal standard. Mass
spectra were taken on a VG 7070E mass spectrometer. For
X-ray crystallography, intensity data were collected on an En-

Table 3. Enantiopurities in dry acetone in the presence of li-
pase PS preparation (50 mg/mL) in the mixture of (a) 10
(0.05 M) and 11 (0.05 M), (b) 10 (0.05 M), 11 (0.05 M)
and 2,2,-trifluoroethyl butanoate (0.2 M) and (c) 10
(0.05 M) and 2,2,-trifluoroethyl butanoate (0.2 M) followed
by the addition of 11 (0.05 M) after 2 h room temperature.

Time [h] ee (10) [%] ee (11) [%]

(a) (b) (c) (a) (b) (c)

0 95 87 87 99 99 99
3 ± 68 ± ± 98 ±
5 68 ± 54 98 ± 99

10 59 46 ± 98 98 ±
24 52 ± ± 96 ± ±

Figure 1. ORTEP plot of the X-ray structure for dimer 12.
The thermal ellipsoids are drawn at the 30% probability
level.
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raf-Nonius CAD4 diffractometer, with graphite-monochro-
mated Cu-Ka radiation (l¼1.54180 ä) at 293 K in the range
3.58¼q¼75.928, usingw-2q scans. Cell parameterswere deter-
mined by least-squares refinements of 25 (25.00¼q¼29.768)
reflections. 5101 reflections were collected for 12. The intensi-
ties of the standard reflections indicated a crystal decay of 1%
(the data were corrected for decay). A psi-scan absorption cor-
rection was applied to the data (the minimum and maximum
transmission factors were 0.8263 and 0.9704). Optical rotations
were determined with a JASCOModel DIP-360 digital polar-
imeter. [a]D values are given in units of 10�1 deg cm2 g�1. The
determination of E was based on the equation E¼ ln[(1�c)
(1±eeS)]/ln[(1�c)(1þeeS)]

[24] with the useof linear regression,
E being the slope of a line ln[(1�c)(1�eeS)] vs. ln[(1�c)
(1þeeS)].Melting pointswere determined by a hot platemeth-
od and are uncorrected.

In a typical small-scale experiment, rac-6 (0.1 mmol) in dii-
sopropyl ether or rac-9 (0.1 mmol) in dry acetone (2 mL) was
added to a lipase preparation (10±50 mg/mL), followed by
the addition of an achiral acyl donor (2±4 equivalents) to the
substrate. The progress of the reactions and the ee values
were followed by taking samples (0.1 mL) at intervals and an-
alyzing them by gas chromatography. For good baseline sepa-
ration, the unreacted amino group (rac-6) in the samplewas de-
rivatizedwith acetic anhydride in the presence of pyridine con-
taining 1% 4-N,N-dimethylaminopyridine (DMAP) before in-
jection. TheGCwas equipped with a Chrompack CP-Chirasil-
l-Valine column [conditions: 190 8C; retention times (min):
13.72 and 14.72 for rac-6 acetamide and 20.01 and 21.62 for
the butanamide enantiomers] or with a Chrompack CP-Chira-
sil-DEXCB column [conditions: 190 8C; retention times (min):
40.20 and 41.56 for rac-9 and 73.72 and 76.10 for the butanoate
enantiomers].

cis-10-Azatetracyclo[7.2.0.12,6.14,8]tridecan-11-one
(rac-2)

Homoadamant-4-ene (1; 4.0 g, 27 mmol) and absolute CH2Cl2
(25 ml) were added to a 4-necked-flask and cooled to 0 8C. CSI
(2.8 mL, 4.6 g, 32 mmol) in CH2Cl2 (10 mL) was added drop-
wise to the stirredmixture over 1.5 h. Themixturewas refluxed
for 1 day and thereafter stirred at room temperature for 2 days.
The reaction mixture was cooled to 0 8C and Na2SO3 (0.01 mol
in 15 mLH2O) was added dropwise over 8 h. The pH was held
at 8±9 by parallel addition of 20% aqueous KOH (ca. 20 mL).
Themixturewas stirred at room temperature for 2 days. Theor-
ganic phasewas separated and the aqueous layer was extracted
with CH2Cl2. The combined organic phase was dried on Na2
SO4 and CaCl2. After filtration, the solvent was evaporated.
rac-2 (yield: 1.9 g, 37%; m.p. 208±210 8C) was purified by col-
umn chromatography with n-hexane:ethyl acetate (1 :1) as elu-
ent; HRMS:Mþ found: 191.13087 (Mþ calculated: 191.13101);
MS: m/z (relative intensity)¼192 (1), 191 (2), 190 (1); [M]þ :
164 (1), 163 (2), 162 (2), 149 (12), 148 (100); 1H NMR
(CDCl3): d¼1.26±2.32 (14H, m, 5CH2, 4CH), 3.36±3.38 (1H,
m, CHCO), 3.84±3.86 (1H, m, CHNH), 6.64 (1H, bs, NH);
13C NMR (CDCl3): d¼26.28, 27.36, 29.01, 29.90, 32.78, 33.09,
33.33, 36.17, 36.23, 57.23, 60.38, 170.73.

cis-5-Aminotricyclo[4.3.1.13,8]undecane-4-carboxylic
Acid (rac-4)

A solution of rac-2 (1.90 g, 10 mmol) in concentrated aqueous
HCl (30 ml) was stirred at room temperature for 8 h. The re-
sulting white hydrochloride crystals were filtered off, washed
with Et2O and recrystallized fromMeOH:Et2O (10 :1), afford-
ing rac-3; yield: 2.21 g (90%); mp 299±301 8C; 1H NMR (D2O):
d¼1.58±2.19 (14H, m, 5CH2, 4CH), 3.43±3.47 (1H, m,
CHCO), 3.75±3.77 (1H, m, CHNH3

þ); 13C NMR (D2O): d¼
25.32, 25.39, 28.34, 32.97, 33.54, 33.65, 36.04, 36.17, 37.42,
50.56, 56.35, 177.28.

Propyleneoxide (1.13 mL, 0.94 g, 16.2 mmol)was added to a
solution of rac-3 (2.0 g, 8.1 mmol) in absolute EtOH (60 mL)
and themixturewas refluxed for 4 h.The solventwas evaporat-
ed and rac-4 (yield: 1.69 g, 81%;mp 213±215 8C)was recrystal-
lized fromdiethyl ether;HRMS:Mþ found: 209.14165 (Mþ cal-
culated: 209.14158); MS:m/z (relative intensity)¼209 (1), 208
(2), [M]þ , 193 (2), 192 (4), 191 (1), 190 (1), 182 (4), 175 (2), 173
(1), 168 (1), 164 (2), 163 (3), 162 (3), 150 (5), 149 (13), 148 (100),
147 (5), 146 (2); 1H NMR (D2O): d¼1.58±2.20 (14H,m, 5CH2,
4CH), 3.38±3.40 (1H,m, CHCO), 3.73±3.75 (1H,m,CHNH2);
13C NMR (D2O): d¼26.05, 26.10, 28.98, 33.05, 33.88, 34.00,
35.63, 36.36, 37.98, 50.26, 56.06, 177.21.

Methyl cis-5-Aminotricyclo[4.3.1.13,8]undecane-4-
carboxylate (rac-6)

To a solution of rac-4 (0.7 g, 3.3 mmol) in MeOH (10 mL) dis-
tilled SOCl2 (0.3 mL, 3.7 mmol) was added dropwise at �5 8C.
The reaction mixture was stirred at �5 8C for 1 h, and there-
after at room temperature for 24 h, and finally refluxed for
8 h. The solvent was evaporated and the product was crystal-
lized from diethyl ether, affording rac-5; yield: 0.84 g, (98%);
mp 198±200 8C; 1H NMR (D2O): d¼1.59±2.22 (14H, m,
5CH2, 4CH), 2.54±2.57 (1H, m, CHCO), 3.51±3.54 (1H, m,
CHNH3

þ), 3.75 (3H, s, CH3);
13C NMR (D2O): d¼26.13,

26.16, 29.08, 33.33, 34.00, 34.13, 35.66, 36.33, 37.81, 50.24,
52.60, 56.03, 175.60.

The free amino ester was obtained by bubbling gaseousNH3

into a solution of rac-5 in CHCl3 (20 ml) for 0.5 h. The reaction
mixture was extracted with distilled water (3�10 mL) and the
organic layer was dried on Na2SO4 and concentrated under
vacuumaffording rac-6; yield: 0.71 g (97%);HRMS:Mþ found:
223.15672 (Mþ calculated: 223.15723); MS: m/z (relative in-
tensity)¼224 (16), 223 (100), 222 (17), [M]þ , 208 (14), 208
(84), 207 (8), 206 (46), 193 (6), 192 (30), 191 (7), 190 (10), 180
(7), 176 (4), 175 (6), 174 (22), 166 (4), 165 (8), 164 (41), 163
(39), 162 (19), 152 (4), 151 (4), 150 (18), 149 (5), 148 (12), 147
(19), 146 (11), 145 (8); 1H NMR (CDCl3): d¼1.44±2.11
(14H, m, 5CH2, 4CH), 3.05±3.07 (1H, m, CHCO), 3.54±3.56
(1H, m, CHNH2), 3.70 (3H, s, CH3);

13C NMR (CDCl3): d¼
27.19, 27.47, 30.83, 32.60, 32.66, 34.82, 36.52, 39.91, 39.97,
51.02, 55.52, 55.74, 175.18.

Lipase-Catalyzed Resolution of rac-6

Racemic 6 (0.33 g, 1.5 mmol) and 2,2,2-trifluoroethyl buta-
noate (0.45 ml, 3.0 mmol) in diisopropyl ether (30 mL) were
added to aCAL-Apreparation (300 mg). Themixture was stir-
red for 10 h at room temperature. The reaction was stopped by
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filtering off the enzyme at 50% conversion with ee>99% for
both the produced 7 and the unreacted 8. The temperature
was lowered to 0 8C and gaseous HCl was bubbled through
the solution for 30 minutes. After evaporation, the residue
was dissolved in diethyl ether (20 mL) and the less reactive
enantiomerwas allowed to precipitate as thewhite hydrochlor-
ide (1R,4R,5S,8S)-8; yield: 0.18 g (0.81 mmol); mp 214±216 8C;
[a]22D : �10.5 (c 1, H2O); ee¼ >99%.

The solventwas evaporated and recrystallization fromdiiso-
propyl ether afforded cis-methyl 5-propoxycarbonylaminotri-
cyclo[4.3.1.13,8]-undecane-4-carboxylate (1S,4S,5R,8R)-7 as
colorless crystals; yield: 0.20 g (0.68 mmol); mp 122±125 8C;
[a]22D : þ13.8 (c 1, CHCl3); ee>99%; HRMS: Mþ found:
293.19986 (Mþ calculated: 293.19909); MS: m/z (relative in-
tensity)¼294 (4), 293 (14), [M]þ , 265 (3), 263 (2), 262 (5),
261 (2), 250 (3), 234 (6), 233 (29), 224 (2), 223 (16), 222 (97),
207 (2), 206 (10), 205 (4), 193 (6), 192 (8), 191 (15), 190 (26),
176 (2), 175 (6), 174 (4), 166 (2), 165 (8), 164 (12), 163 (24),
162 (15), 161 (3), 149 (2), 148 (4), 147 (7), 146 (5); 1H NMR
(CDCl3): d¼0.92 (3H, t, J¼7 Hz, CH2CH2CH3), 1.55±1.98
(14H, m, 5CH2, 4CH), 2.11 (2H, t, J¼7 Hz, CH2CH2CH3),
3.24±3.28 (1H, m, CHCO), 3.64 (3H, s, COOCH3), 4.56±4.60
(1H, m, CHNH), 6.65 (1H, bs, NH); 13C NMR (CDCl3): d¼
13.63, 19.13, 26.83, 27.03, 30.83, 33.35, 33.65, 36.64, 36.84,
37.45, 38.05, 39.03, 51.48, 52.60, 52.75, 171.35, 175.49.

cis-N-Hydroxymethyl-10-azatetracyclo[7.2.0.12,6.14,8]-
tridecan-11-one (rac-9)

rac-2 (3.00 g, 15.7 mmol) was dissolved in tetrahydrofuran
(40 mL), and paraformaldehyde (0.57 g, 19.0 mmol), K2CO3

(0.22 g, 1.59 mmol) and distilled water (3 mL) were added.
The solution was sonicated for 8 h. The solvent was evaporated
off and the residuewas dissolved in diethyl ether (100 mL).The
solution was dried over Na2SO4 for 12 h. The solvent was
evaporated and recrystallization from diisopropyl ether af-
forded rac-9 as colorless crystals; yield: 2.6 g (75%); mp 139±
140 8C; HRMS: Mþ found: 221.14100 (Mþ calculated:
221.14158); MS: m/z (relative intensity)¼222 (2), 221 (3),
220 (1), [M]þ , 205 (2), 204 (5), 192 (1), 191 (1), 190 (1), 176
(2), 175 (1), 174 (1), 163 (1), 162 (4), 150 (5), 149 (17), 148
(100), 147 (5); 1H NMR (CDCl3): d¼1.39±2.37 (14H, m,
5CH2, 4CH), 3.36±3.39 (1H, m, CHCO), 3.50 (1H, t, J¼
4 Hz, OH), 3.96±3.99 (1H, m, CHN), 4.32 (1H, d, J¼11 Hz,
CH2OH), 4.92 (1H, d, J¼11 Hz, CH2OH); 13C NMR
(CDCl3): d¼26.59, 27.65, 29.42, 30.71, 31.37, 33.69, 36.54,
60.11, 60.47, 64.11, 68.37, 69.23, 170.78.

Lipase-Catalyzed Resolution of rac-9

rac-9 (0.44 g, 1.99 mmol) was dissolved in dry acetone (40 mL),
and lipase PS (0.50 g) and 2,2,2-trifluoroethyl butanoate
(8.0 mmol, 1.2 mL) were added. The mixture was stirred for
10 h at room temperature. The enzyme was filtered off at
47% conversion with 87% ee for the unreacted 10 and>99%
ee for the 11 produced. The acetone was evaporated and the
residue was chromatographed on silica, with elution with
CH2Cl2:acetone (4 :1), affording (1S,4S,6R,9R)-10 {yield:
0.22 g, 0.99 mmol, mp 130±132 8C; [a]22D : �41.5 (c1, CHCl3);
ee¼87%) and (1R,4R,6S,9S)-11 {yield: 0.27 g, 0.93 mmol, mp

58±60 8C; [a]22D : �36.3 (c 1, CHCl3); ee>99%}; HRMS: Mþ

found: 291.18378 (Mþ calculated: 291.18344); MS: m/z (rela-
tive intensity)¼291 (1), [M]þ , 221 (1), 220 (3), 206 (2), 205
(4), 204 (16), 203 (2), 176 (2), 175 (1), 163 (1), 162 (2), 161
(1), 160 (1), 150 (1), 149 (12), 148 (100), 147 (2), 146 (1);
1H NMR (CDCl3): d¼0.95 (3H, t, J¼7 Hz, CH2CH2CH3),
1.26±2.42 (14H, m, 5CH2, 4CH), 2.31 (2H, t, J¼7 Hz, CH2

CH2CH3), 3.40±3.42 (1H, m, CHCO), 3.84±3.86 (1H, m,
CHN), 4.99 (1H, d, J¼10 Hz, NCH2O), 5.24 (1H, d, J¼
10 Hz, NCH2O); 13C NMR (CDCl3): d¼13.53, 18.13, 26.19,
27.23, 29.03, 30.17, 30.88, 33.24, 33.31, 35.78, 36.06, 36.12,
60.60, 61.51, 62.95, 170.00, 173.47. The products were obtained
as white crystals.

Preparation of Enantiopure 12

For determination of the absolute configurations of 10 and 11,
enantiopure 10 was dimerized to form 12 (Figure 1). For this
purpose, 10 (0.1 g, 0.45 mmol) was stirred in aqueous HCl
(18%, 2 mL) at room temperature for 24 h. The solvent was
evaporated and the productwas recrystallized fromMeOH, af-
fording 12; yield: 51%; mp 251±254 8C; HRMS: Mþ found:
394.26178 (Mþ calculated: 394.26203); MS: m/z (relative in-
tensity)¼395 (1), 394 (6), [M]þ , 367 (2), 366 (9), 248 (1), 247
(10), 220 (1), 206 (2), 205 (16), 204 (70), 203 (6), 192 (1), 190
(2), 177 (1), 176 (8), 175 (10), 174 (1), 163 (1), 162 (2), 161 (1)
149 (12), 148 (100), 147 (8); 1H NMR (CDCl3): d¼1.40±1.95
(24H, m, 8CH2, 8CH), 2.32±2.41 (4H, m, 2CH2), 3.39±3.41
(2H, m, 2CHCO), 3.75±3.77 (2H, m, 2CHN), 4.38 (2H, s,
NCH2N); 13C NMR (CDCl3): d¼25.45, 26.47, 28.34, 29.55,
29.64, 32.32, 32.46, 35.23, 35.35, 43.10, 58.75, 59.37, 168.85.

X-Ray Crystallographic Study

Crystal data for 12: C25H34N2O2, M¼394.54, orthorhombic,
space group P212121, unit cell dimensions: a¼7.256(1) ä, b¼
11.652(1) ä, c¼24.666(1) ä, Z¼4, V¼2085.4(3) ä3, Dc¼
1.257 Mg/m3, m(Cu-Ka)¼0.618 mm�1, F(000)¼856, T¼
293(2) K; a colorless prism with crystal dimensions 0.50�
0.35�0.06 mm.

The structure was solved by direct methods (SHELXS-
97)[25] and refined by anisotropic full-matrix least-squares on
F2 techniques (SHELXL-97)[26] to anR1 value of 0.0450 (wR2¼
0.1457). These final R values are based on the reflections with
I>2s. Hydrogen atompositionswere calculated fromassumed
geometries. Hydrogen atoms were included in structure factor
calculations, but were not refined. The isotropic displacement
parameters of the hydrogen atoms were approximated from
theU(eq) value of the atom theywere bonded to, incorporated
into PLATON[27] crystallographic software. Figure 1 was
drawn with ORTEP-3 for Windows.[28]
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