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The reduction of representative alkyl aryl (E)-ketoxime O-benzyl ethers with borane catalyzed by terpene
oxazaborolidines, derived from (1R)-nopinone and (1R)-camphor, gave the corresponding amines with
82–99% ee. Oxazaborolidines derived from (1S)-2-carene and (1S)-3-carene were less selective. (S)-1-
(3-Methoxyphenyl)ethanamine (94% ee) the key intermediate in the synthesis of (S)-rivastigmine, was
obtained by the reduction of (E)-1-(3-methoxyphenyl)ethanone O-benzyl oxime with borane/oxazabor-
olidine generated from (S)-valinol.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The enantioselective reduction of prochiral ketoxime O-ethers
provides direct access to non-racemic primary amines which are
important compounds widely used for the separation of enantio-
mers,1,2 as auxiliaries and ligands for catalysts in asymmetric syn-
thesis,3,4 and as pharmaceuticals.2,5 Boranes, in the presence of
oxazaborolidines derived from enantiopure b-amino alcohols have
emerged as convenient reagents for the reduction of ketoxime
O-ethers.6 Oxazaborolidines catalyze the reaction, however, a
stoichiometric amount or an excess is usually required for the best
enantioselectivity. In some cases, high selectivity at a lower cata-
lyst load was also achieved,7 for example, with a polymer-sup-
ported oxazaborolidine, generated from 2-piperazinomethanol.7b

Spiroborates, obtained from b-amino alcohols or a-amino acids
and diols, are also convenient catalysts for the reduction of ketox-
ime O-ethers with borane.8 Recently, a highly selective reduction of
alkyl aryl and heteroaryl ketoxime O-benzyl ethers with borane,
catalyzed by 0.1 equiv of spiroborate generated from (S)-1,1-diph-
enylvalinol and ethylene glycol, was reported.8e,f

However, the reduction of certain ketoxime O-ethers with
borane required an extensive search for a suitable oxazaborolidine.
For example, in the reduction of 3-acetyl-7-benzyloxybenzofuran
oxime ethers with borane/oxazaborolidines, generated from
various b-amino alcohols, an acceptable selectivity was achieved
only in the presence of oxazaborolidine generated from norephe-
drine.9 In the synthesis of sphinganine, the reduction of certain
ll rights reserved.
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oxoketoxime ethers with borane/oxazaborolidines generated from
b-amino alcohols with the pinane skeleton, was more selective
compared to oxazaborolidine generated from 1,1-diphenylprolin-
ol.10 Recently, we also observed high selectivity in the reduction
of ketones and 2-acetylbenzothiphene oxime ethers with borane/
oxazaborolidines derived from (1R)-nopinone and (1R)-camphor.11

Consequently, we herein undertook the reduction of representative
ketoxime O-benzyl ethers with borane, catalyzed by terpene
oxazaborolidines derived from (1R)-nopinone, (1R)-camphor,
(1S)-2-carene, and (1S)-3-carene.
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Table 1
Reduction of representative alkyl aryl (E)-ketoxime O-benzyl ethers with borane catalyzed by oxazaborolidines

N
OBn

R2

R1

NH2

R2

R1

1. BH3/THF (1.25 equiv),
cat. (1.25 equiv)
THF, 24 h, rt

6-13 6a-13a

2. BH3/THF (5 equiv), 12 h, reflux
3. 2 M HCl, 12 h, rt
4. 20% (aq) NaOH

Oxime ether Catalyst Product amine

No. R1 R2 No. Yielda (%) eeb (%) Confc

6 H H 1 6a 85 85 (R)
2 52 37 (R)
3 73 26 (S)
4 82 95 (R)
5 82 84 (S)

7 OMe 1 7a 68 99 (R)
8 OBu 1 8a 90 82 (R)
9 Cl 1 9a 91 91 (R)
10 F 1 10a 83 84 (R)

11

N OBn

1 11a 70 70 (R)

12

N
OBn

1 12a 70 40 (R)

13 1 13a 88 89 (R)
4 71 93 (R)
5 80 84 (S)
14 74 79 (S)
15 71 80 (S)
16 76 57 (R)
17 74 94 (S)
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a Isolated yield.
b Determined by GC analysis of the TFA derivative on a Chiraldex-PN chiral capillary column 20 m � 0.25 mm.
c Determined by comparison of the sign of the specific rotation with an authentic sample or with the literature data, see the Section 4.
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Our second aim was the synthesis of (S)-1-(3-methoxy-
phenyl)ethanamine by the reduction of (E)-1-(3-methoxy-
phenyl)ethanone O-benzyl oxime with borane/oxazaborolidines.
The amine is the key intermediate in the synthesis of (S)-rivastig-
mine (Fig. 1), a cholinesterase inhibitor used for the treatment of
mild to moderate dementia due to Alzheimer or Parkinson
diseases.12

2. Results and discussion

Terpene oxazaborolidines 1–5 (Fig. 1), generated from the cor-
responding b-amino alcohols prepared as described in our earlier
publications,11,13 were used as catalysts for the reduction of repre-
sentative alkyl aryl ketoxime O-benzyl ethers with borane.

The acetophenone oxime, its ring substituted derivatives,
1-indanone and 1-tetralone oximes were prepared by oximation
of the ketones with hydroxylamine hydrochloride/sodium acetate
in ethanol. (E)-Oximes were isolated by crystallization and
immediately transformed into O-benzyl ethers 6–13 (Table 1) by
benzylation of their sodium salts with benzyl chloride. The stereo-
chemical purity of 6–13, which was monitored by 1H NMR, is
important, since the selectivity of the reduction of oximes and
oxime ethers with borane depends on their E/Z configuration.6i

The selectivity is also influenced by the ether group; benzyl ethers
were chosen since they can be readily isolated as pure (E)-isomers.
Oxazaborolidines 1–5 were generated by the addition of borane–
tetrahydrofuran (2.5 equiv) to a solution of the corresponding
b-amino alcohol (1.25 equiv) at 0 �C, and the mixture was left until
hydrogen evolution ceased. Next, the oxime ether (1.0 equiv) was
added slowly at room temperature and the mixture was left for
24 h. The reduction to the amines proceeded by the borane addition
to the C@N–OBn double bond and cleavage of the nitrogen–oxygen
bond. The cleavage required an excess of borane and a higher tem-
perature, otherwise a mixture of the product amine and N-substi-
tuted hydroxylamine O-ether was obtained, as was previously
observed.6j,14 Consequently, after 24 h an excess of borane was
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added to complete the reaction at reflux. The results are presented
in Table 1.

The selectivity obtained in the reduction of 6 in the presence of
terpene oxazaborolidines 1–5 decreased in the order
4 > 1 > 5 > 2 > 3, indicating that 1, 4, and 5 with more rigid skele-
tons than the carane derivatives 2 and 3, were more selective cat-
alysts. Product amines with opposite configurations were obtained
in the reduction catalyzed by the isomeric carane derivatives 2 and
3, and also by stereoisomeric bornane derivatives 4 and 5. 4-
Substituted acetophenone oxime O-benzyl ethers 7–10, and also
11 and 12 were then reduced with borane/1. Ethers 7–10, contain-
ing electron-donating substituents, were reduced with high selec-
tivity reaching 99% ee for the 4-methoxy substituted 7a. The
selectivity in the reduction of 11 was lower, and decreased further
for the more hindered 12. In the presence of a lower load of 1
(0.5 equiv), 7a was obtained with a lower enantiomeric excess
(85% ee). When the reduction of 7 was carried out without an ex-
cess of borane in the second step of the procedure, a mixture of 7a
(99% ee, 58% yield) and the corresponding hydroxylamine O-benzyl
ether (99% ee, 32% yield) were obtained.

Turning to the synthesis of (S)-13a, the key intermediate leading
to (S)-rivastigmine, 13 was reduced with borane, catalyzed with
oxazaborolidines 1, 4, and 5. The reduction in the presence of 1
and 4 was selective; however, the product amine (R)-13a of oppo-
site configuration was obtained. Although the desired (S)-13a
(84% ee) was produced in the presence of 5, the selectivity was
unsatisfactory. Consequently, the reduction of 13 with borane, cat-
alyzed by oxazaborolidines 14–17, derived from the corresponding
amino acids was examined, and the results are shown in Table 1.
Fortunately, (S)-13a (94% ee) was obtained in the presence of
oxazaborolidine generated from readily available (S)-valinol. The
reduction catalyzed with oxazaborolidines 14–16 was less
selective.

Several syntheses of (S)-rivastigmine have been reported.15 Re-
cently, the compound was synthesized from 1-(3-methoxphe-
nyl)ethanone via its derivatives. Thus, the keto group was
transformed into the corresponding (S)-tert-butylsulfinylimine,
followed by asymmetric transfer hydrogenation or by reduction
with sodium borohydride and hydrolysis to give (S)-13a (99%
ee).15l,m Last year, this method, slightly modified, was used for
the large scale synthesis of (S)-rivastigmine.15n Our synthesis pro-
vides a direct asymmetric reduction of 13 to (S)-13a, which can be
transformed into (S)-rivastigmine following a straightforward
three-step methylation–deprotection–carbamoylation route.15a,m
3. Conclusion

The results indicate that terpene oxazaborolidines 1, 4, and 5,
having rigid apopinane and bornane skeletons, are selective cata-
lysts in the reduction of acetophenone O-benzyl oxime with bor-
ane, whereas 2 and 3 with a less rigid carane skeleton are less
selective. The reduction of 6 and its ring substituted derivatives
7–10 and 13 with borane/1 gave the corresponding amines with
82–99% ee. A simple synthesis of (S)-13a (94% ee) the key interme-
diate in the synthesis of (S)-rivastigmine, via reduction of 13 with
borane/oxazaborolidine generated from readily available (S)-valin-
ol, was developed. Its enantiomer (R)-13a (93% ee) was obtained by
the reduction of 13 with borane/5 derived from (R)-camphor.
4. Experimental

4.1. General

Experiments with air and moisture sensitive materials were
carried out under a nitrogen atmosphere. Glassware was oven
dried for several hours, assembled hot, and cooled in a stream of
nitrogen. 1H and 13C NMR spectra were recorded on a Varian Gem-
ini 200, Bruker AMX 300 MHz, Avance III 400 MHz, and DRX
600 MHz instruments. EIMS spectra were recorded on Shimadzu
QP5050A and ESIMS spectra on a Waters� Micromass� Q-TOF Mi-
cro™ spectrometer. HRMS were recorded on a JEOL (Japan) JMS-
700 MStation spectrometer and Perspective Biosystems Mariner
spectrometer. Optical rotations were measured on an automatic
polarimeter Optical Activity polAAr 3000. GC analyses were per-
formed on a Perkin–Elmer Auto System XL chromatograph, and
HPLC analyses on a Shimadzu LC 10 chromatograph. Melting points
were determined in open glass capillaries and are uncorrected. Ele-
mental analyses were performed by microanalysis laboratories at
the Institute of Organic Chemistry, Polish Academy of Sciences,
Warsaw, and at the CSIR Indian Institute of Chemical Biology using
Perkin–Elmer 2400, Series II elemental analyzer, Calcutta, India.

4.2. Materials

Acetophenone, substituted acetophenones, 1-indanone, 1-tetra-
lone, amino acids, sodium hydride 60% suspension in mineral oil,
hydroxylamine hydrochloride, and benzyl chloride were commer-
cial products (Aldrich). Tetrahydrofuran was freshly distilled from
sodium benzophenone ketyl, and DMF was dried over 3 Å molecu-
lar sieves. Dichloromethane and triethylamine were distilled from
calcium hydride before use. Oxazaborolidines 1–5 were generated
from the corresponding amino alcohols prepared as described ear-
lier,11,13 14, 15, and 17 according to the literature,16,17 and 16 was a
commercial product (Aldrich).

4.3. (E)-1-(3-Methoxyphenyl)ethanone oxime 13. Typical
procedure

To a solution of 1-(3-methoxyphenyl)ethanone (7.51 g,
50 mmol) in ethanol (50 mL), hydroxylamine hydrochloride
(10.42 g, 150 mmol) and sodium acetate (12.30 g, 150 mmol) were
added. The mixture was refluxed for 5 h, cooled, poured on crushed
ice, and kept overnight in a refrigerator. The crystals formed were
filtered off, washed with cold water (5 mL), and dried under vac-
uum over phosphorous pentoxide, 6.46 g, 79% yield, mp 45–46 �C
(from n-hexane). Lit.18 mp 44–45 �C. FT-IR (KBr): mmax 3214,
1576, 1456, 1305, 1225 cm�1; 1H NMR (DMSO-d6, 300 MHz): d
2.13 s, 3H, CH3), 3.75 (s, 3H, OCH3), 6.93 (ddd, J = 7.8 Hz, 2.4 Hz,
1.2 Hz, 1H, CH), 7.17 (t, J = 1.5 Hz, 1H, CH), 7.20 (dt, J = 7.8 Hz,
2.2 Hz, 1H, CH), 7.29 (t, J = 7.8 Hz, 1H, CH), 11.20 (s, 1H, OH). 1H
NMR (C6D6, 600 MHz): d 2.07 s, 3H, CH3), 3.27 (s, 3H, CH3), 6.77
(ddd, J = 8.4 Hz, 3.0 Hz, 1.2 Hz, 1H, CH), 7.04 (t, J = 8.4 Hz, 1H,
CH), 7.18 (dd, J = 7.8 Hz, 1.2 Hz, 1H, CH), 7.35(br s, 1H, CH). 13C
NMR (DMSO-d6, 150 MHz): d 12.14 (CH3), 55.33 (OCH3), 111.39
(CH), 115.10 (CH), 118.65 (CH), 129.54 (CH) 137.92 (C), 155.99
(C), 159.66 (C). ESI-MS: m/z 188 [M+Na]+. EI-HRMS: m/z M+

165.07736, requires 165.07898. Anal. Calcd for C9H11NO2: C,
65.44; H, 6.71; N, 8.48. Found: 65.40; H, 6.67; N, 8.43.

4.3.1. (E)-Acetophenone oxime
Yield 80%, mp 58–59 �C. Lit.19 mp 58–59 �C. 1H NMR (DMSO-d6,

300 MHz): d 2.14 (s, 3H, CH3), 7.34–7.39 (m, 3H, CH), 7.62–7.63 (m,
2H, CH), 11.19 (s, 1H, OH). 13C NMR (CDCl3, 75 MHz): d 11.51 (CH3),
125.51 (2CH), 128.32 (2CH), 128.55 (CH), 136.07 (C). 152.85 (C).

4.3.2. (E)-1-(4-Methoxyphenyl)ethanone oxime
Yield 76%, mp 86–87 �C. Lit.20 mp 82–85 �C. 1H NMR (DMSO-d6,

300 MHz): d 2.10 (s, 3H, CH3), 3.75 (s, 3H, OCH3), 6.90–6.95 (m AA0,
2H, CH), 7.55–7.60 (m BB0, 2H, CH), 10.97 (s, 1H, OH). 13C NMR
(DMSO-d6, 50 MHz): d 11.40 (CH3), 55.10 (OCH3), 113.68 (2CH),
126.79 (2CH), 129.43 (C), 152.34 (C), 159.60 (C).
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4.3.3. (E)-1-(4-Benzyloxyphenyl)ethanone oxime
Yield 96%, mp 156–158 �C. 1H NMR (DMSO-d6, 200 MHz): d 2.10

(s, 3H, CH3), 5.11 (s, 2H, CH2), 6.96–7.06 (m AA0, 2H, CH), 7.28–7.48
(m BB0, 5H, CH), 7.55–7.59 (m, 2H, CH), 10.98 (s, 1H, OH). 13C NMR
(DMSO-d6, 50 MHz): d 11.43 (CH3), 69.19 (CH2), 114.58 (2CH),
126.81 (2CH), 127.62 (2CH), 127.81 (CH), 128.40 (2CH), 129.64
(C), 136.94 (C), 152.33 (C), 158.69 (C). HRMS: m/z M+ 242.11761,
requires 242.11758.

4.3.4. (E)-1-(4-Chlorophenyl)ethanone oxime
Yield 92%, mp 98–99 �C. Lit.21 mp 96–97 �C. 1H NMR (DMSO-d6,

300 MHz): d 2.13 (s, 3H, CH3), 7.40–7.45 (m AA0, 2H, CH), 7.63–7.68
(m BB0, 2H, CH), 11.32 (s, 1H, OH). 13C NMR (DMSO-d6, 50 MHz): d
11.32 CH3), 127.22 (2CH), 128.31 (2CH), 133.21 (C), 135.76 (C),
151.96 (C).

4.3.5. (E)-1-(4-Fluorophenyl)ethanone oxime
Yield 95%, mp 76–77 �C. Lit.22 mp 75.6–76.2 �C. 1H NMR (DMSO-

d6, 200 MHz): d 2.13 (s, 3H CH3), 7.13–7.26 (m AA0, 2H, CH), 7.62–
7.73 (m BB0, 2H, CH), 11.20 (s, 1H, OH). 13C NMR (DMSO-d6,
50 MHz): d 11.52 (CH3), 115.17 (d, JCF = 20.3 Hz, 2CH), 127.60 (d,
JCF = 8.2 Hz, 2CH), 133.47 (d, JCF = 3.4 Hz, C), 152.03 (C), 162.37 (d,
JCF = 244.2, C). HRMS: m/z M+ 154.06620, requires 154.06627. Anal.
Calcd for C8H8FNO: C, 62.74; H, 5.26; N, 9.15. Found: C, 62.55, H,
5.27; N, 9.34.

4.3.6. (E)-1-Indanone oxime
Yield 94%, mp 143–145 �C. Lit.23 mp 148–150 �C. 1H NMR

(DMSO-d6, 200 MHz): d 2.71–2.83 (m AA0, 2H, CH2), 2.93–3.05 (m
BB0, 2H, CH2), 7.20–7.40 (m, 3H, CH), 7.55 (d, J = 7.2 Hz, 1H, CH),
10.83 (s, 1H, OH). 13C NMR (DMSO-d6, 75 MHz): d 25.56 (CH2),
27.92 (CH2), 120.56 (CH), 125.72 (CH), 126.80 (CH), 129.68 (CH),
136.59 (C), 147.64 (C), 160.98 (C).

4.3.7. (E)-1-Tetralone oxime
Yield 71%, mp 101–102 �C. Lit.24 mp 100–102 �C. 1H NMR

(CDCl3, 400 MHz): d 1.91 (quintet, J = 6.4 Hz, 2H, CH2), 2.79 (t,
J = 6.4 Hz, 2H, CH2), 2.87 (t, J = 6.4 Hz, 2H, CH2), 7.18 (ddd,
J = 7.8 Hz, 1.6 Hz, 0.8 Hz, 1H, CH), 7.23 (tdd, J = 7.8 Hz, 1.6 Hz,
1.2 Hz, 1H, CH), 7.30 (td, J = 7.8 Hz, 1.2 Hz), 7.92 (dd, J = 8.0 Hz,
1.2 Hz, 1H, CH), 8.3 (br s, 1H). 13C NMR (CDCl3, 100 MHz): d
21.29 (CH2), 23.87 (CH2), 29.81 (CH2), 124.13 (CH), 126.50 (CH),
128.70 (CH), 129.31 (CH), 130.35 (C), 139.80 (C), 155.34 (C).

4.4. (E)-1-(3-Methoxyphenyl)ethanone O-benzyl oxime 13.
Typical procedure

Sodium hydride 60% dispersion in mineral oil (5.80 g,
145 mmol) was washed with n-hexane (2 � 10 mL), after which
dry DMF (150 mL) was added. Next 13 (16.52 g, 100 mmol) was
added with cooling in ice-water, and the mixture was stirred for
24 h. Benzyl chloride (15.19 g, 120 mmol) was then added and
the mixture was stirred overnight at room temperature. The sol-
vent was removed under vacuum, after which cold water
(100 mL) was added, and the mixture was extracted with diethyl
ether (3 � 200 mL). The extract was washed with brine and dried
over anhydrous magnesium sulfate, and the product was isolated
by distillation, 24.25 g, 95%, bp 138–140 �C/0.1 mm Hg. FT-IR
(KBr): mmax 2932, 1577, 1457, 1321, 1228, 1042 cm�1. 1H NMR
(CDCl3, 200 MHz): d 2.26 (s, 3H, CH3), 3.83 (s, 3H, OCH3), 5.25 (s,
2H, OCH2), 6.91 (ddd, J = 7.6 Hz, 2.7 Hz, 1.8 Hz, 1H, CH), 7.20–
7.50 (m, 8H, CH). 1H NMR (C6D6, 600 MHz): d 2.06 (s, 3H, CH3),
3.03 (s, 3H, OCH3), 5.26 (s, 2H, CH2), 6.77 (ddd, J = 8.4 Hz, 2.4 Hz,
0.6 Hz, 1H, CH), 7.06 Hz (t, J = 7.8 Hz, 1H, CH), 7.09 (t, J = 7.2 Hz,
1H, CH phenyl), 7.14–7.18 (m, 2H, CH), 7.234 (ddd, J = 7.8 Hz,
2.4 Hz, 0.6 Hz, 1H, CH), 7.357 (d, J = 6.6 Hz, 2H, CH), 7.43 (dd,
J = 2.4 Hz, 0.6 Hz, 1H, CH). 13C NMR (CDCl3, 150 MHz): d 12.97
(CH3), 55.25 (OCH3), 76.19 (CH2), 111.43 (CH), 114.76 (CH),
118.65 (CH), 127.73 (CH), 128.14 (2CH), 128.32 (2CH), 129.32
(CH), 138.00 (2C), 154.80 (C), 159.52 (C). ESI-MS m/z: 278
[M+Na]+; EI-MS m/z: 255 (M+, 5%), 237 (2), 148 (2), 105 (2), 91
(100), 76 (12), 65 (8), 51 (3), 39 (3). HRMS: m/z M+ 255.1270, re-
quires 255.1259. Anal. Calcd for C16H17NO2: C, 75.27; H, 6.71; N,
5.49. Found: C, 75.23; H, 6.68; N, 5.45.

4.4.1. (E)-Acetophenone O-benzyl oxime 6
Yield 87%, bp 120–122 �C/0.2 mm Hg. Lit.6b bp 145 �C/15 mm

Hg. 1H NMR (CDCl3, 300 MHz): d 2.33 (s, 3H, CH3), 5.32 (s, 2H,
CH2), 7.33–7.52 (m, 8H, CH), 7.67–7.74 (m, 2H, CH). 13C NMR
(CDCl3, 50 MHz): d 12.81 (CH3), 76.14 (CH2), 126.04 (2CH),
127.68 (CH), 128.09 (2CH), 128.30 (4CH), 128.98 (CH), 136.59 (C),
138.07 (C), 154.89 (C).

4.4.2. (E)-1-(4-Methoxphenyl)ethanone O-benzyl oxime 7
Yield 93%, bp 168–170 �C (0.7 mmHg), mp 42–44 �C. Lit.8c an

oily liquid. 1H NMR (CDCl3, 200 MHz): d 2.25 (s, 3H, CH3), 3.83 (s,
3H, OCH3), 5.23 (s, 2H, CH2), 6.86–6.91 (m AA0, 2H, CH), 7.30–
7.44 (m, 5H, CH), 7.58–7.63 (m BB0, 2H, CH). 13C NMR (CDCl3,
50 MHz): d 12.75 (CH3), 55.28 (OCH3), 76.03 (OCH2), 113.74
(2CH), 127.40 (2CH), 127.64 (CH), 128.09 (2CH), 128.30 (2CH),
129.23 (C), 138.25 (C), 154.50 (C), 160.38 (C).

4.4.3. (E)-1-(4-Benzyloxyphenyl)ethanone O-benzyl oxime 8
Yield 94%. 1H NMR (CDCl3, 300 MHz): d 2.27 (s, 3H, CH3), 5.10 (s,

2H, CH2), 5.26 (s, 2H, CH2), 6.95–7.01 (m AA0, 2H, CH), 7.30–7.48
(m, 10H, CH), 7.59–7.66 (m BB0, 2H, CH). 13C NMR (CDCl3,
75 MHz): d 12.74 (CH3), 69.95 (CH2), 76.01 (CH2), 114.65 (2 CH),
127.39 (2CH), 127.40 (2CH), 127.64 (CH), 127.98 (CH), 128.07
(2CH), 128.29 (2CH), 128.57 (2CH), 129.40 (C), 136.74 (C), 138.19
(C), 154.45 (C), 159.51 (C). HRMS: m/z M+ 332.16479, requires
332.16451. Anal. Calcd for C22H21NO2: C, 79.73; H, 6.39; N, 4.23.
Found: C, 79.47; H, 6.46; N, 4.16.

4.4.4. (E)-1-(4-Chlorophenyl)ethanone O-benzyl oxime 9
Yield 84%, bp 156–157 �C (0.7 mmHg), mp 58–60 �C. Lit.8c mp

57–58 �C. 1H NMR (CDCl3, 300 MHz): d 2.25 (s, 3H, CH3), 5.25 (s,
2H, CH2), 7.30–7.36 (m AA0, 2H, CH), 7.28–7.45 (m, 5H, CH),
7.56–7.62 (m BB0, 2H, CH). 13C NMR (DMSO-d6, 100 MHz): d
12.86 (CH3), 75.94 (CH2), 128.11 (2CH), 128.22 (CH), 128.48
(2CH), 128.81 (2CH), 128.97 (2CH), 134.42 (C), 135.15 (C), 138.35
(C), 154.06 (C).

4.4.5. (E)-1-(4-Fluorophenyl)ethanone O-benzyl oxime 10
Yield 93%, bp 152–153 �C (2.5 mmHg), mp 58–60 �C. 1H NMR

(CDCl3, 200 MHz): d 2.26 (s, 3H, CH3), 5.24 (s, 2H, CH2), 7.00–
7.10 (m AA0, 2H, CH), 7.30–7.50 (m, 5H, CH), 7.60–7.70 (m BB0,
2H, CH). 13C NMR (CDCl3, 50 MHz): d 12.81 (CH3), 76.21 (CH2),
115.23 (d, JCF = 21.85 Hz, 2CH), 127.77 (d, JCF = 1.5 Hz, 2CH),
127.95 (CH), 128.12 (2CH), 128.35 (2CH), 132.48 (d, JCF = 3.0 Hz,
C), 138.02 (C), 153.90 (C), 162.85 (d, JCF = 247.0 Hz, C). HRMS:
m/z M+ 244.11399, requires 244.11322. Anal. Calcd for
C15H14FNO: C, 74.06; H, 5.80; N, 5.76. Found: C, 74.04; H, 5.90;
N, 5.72.

4.4.6. (E)-1-Indanone O-benzyl oxime 11
Yield 70%, bp 130 �C (0.05 mmHg). 1H NMR (C6D6, 400 MHz): d:

2.90–2.99 (m AA0, 2H, CH2), 2.40–2.46 (m BB0, 2H, CH2), 5.30 (s, 2H,
CH2), 6.90 (ddt, J = 7.2 Hz, 1.6 Hz, 0.8 Hz, 1H, CH), 6.96 (tdt,
J = 7.2 Hz, 1.6 Hz, 0.8 Hz, 1H, CH), 7.02 (td, J = 7.2 Hz, 1.6 Hz, 1H,
CH), 7.05–7.21 (m, 3H, CH), 7.38–7.42 (m, 2H, CH), 7.74 (ddd,
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J = 7.2 Hz, 1.6 Hz, 0.8 Hz, 1H, CH). 13C NMR (CDCl3, 100 MHz): d
26.65 (CH2), 28.59 (CH2), 76.19 (CH2), 125.53 (CH), 126.91 (CH),
127.71 (CH), 128.08 (2CH), 128.34 (2CH), 130.25 (CH), 136.18 (C),
138.27 (C), 148.32 (C), 163.18 (C). HRMS: m/z M+ 238.12166, re-
quires 238.12264. Anal. Calcd for C16H15NO: C, 80.97; H, 6.37; N,
5.90. Found: C, 80.88; H, 6.47; N, 5.82.

4.4.7. (E)-1-Tetralone O-benzyl oxime 12
Yield 83%, bp 162–164 �C/3 mm Hg. Lit.8c,25 bp 225–227 �C/

15 mm Hg. 1H NMR (CDCl3, 400 MHz): d 1.87 (quintet, J = 6.0 Hz,
2H, CH2), 2.77 (t, J = 6.0 Hz, 2H, CH2), 2.82 (t, J = 6.0 Hz, 2H, CH2),
5.27 (s, 2H, CH2), 7.15 (ddd, J = 7.2 Hz, 1.2 Hz, 0.8 Hz, 1H, CH),
7.21 (tdd, J = 8.0 Hz, 1.6 Hz, 0.8 Hz, 1H, CH), 7.27 (td, J = 7.2 Hz,
1.2 Hz, 1H, CH), 7.31–7.47 (m, 5H, CH), 8.02 (dd, J = 8.0 Hz,
1.2 Hz, 1H, CH). 13C NMR (CDCl3, 100 MHz): d 21.44 (CH2), 24.58
(CH2), 29.78 (CH2), 76.24 (CH2), 124.34 (CH), 126.31 (CH), 127.71
(CH), 128.14 (2CH), 128.34 (2CH), 128.54 (CH), 128.96 (CH),
130.75 (C), 138.24 (C), 139.57 (C), 154.39 (C).

4.5. (S)-1-(3-Methoxyphenyl)ethanamine 13a. Typical
procedure

At first, borane/THF (25 mL, 25 mmol) was added to a solution
of (S)-valinol (1.29 g, 12.5 mmol) in THF (10 mL) at 0 �C, and the
mixture was stirred for 5 h in an ice-water bath. A solution of 13
(2.55 g, 10 mmol) in THF (10 mL) was then added dropwise and
the mixture was stirred for 24 h at room temperature. Next, bor-
ane/THF (50 mL, 50 mmol) was added, the mixture was gently re-
fluxed for 24 h, then cooled, acidified with 2 M hydrochloric acid,
and stirred for 24 h at room temperature. It was then concentrated
under vacuum, alkalized with 20% aqueous sodium hydroxide, and
extracted with ethyl acetate (3 � 50 mL). The organic solution was
washed with saturated brine (50 mL), and dried over anhydrous
magnesium sulfate. The solvent was removed and the product
was isolated by flash chromatography, silica gel, dichlorometh-
ane–methanol–triethylamine 9:1:0.1, 1.12 g, 74%, and distilled,
bp 118–120 �C/2.5 mm Hg, ½a�20

D ¼ �18:8 (c 1.0, MeOH), 94% ee
by GC analysis of trifluoroacetamide on a Chiraldex G-PN column,
20 m � 0.25 mm, tR 29.74 (R), tR 35.15 (S), T = 125 �C, f = 30 cm/s.
Lit.15m ½a�20

D ¼ �19:2 (c 1, MeOH), 99.34% ee. IR (KBr): mmax 3361,
2964, 1594, 1559, 1260, 1042 cm�1. 1H NMR (CDCl3, 600 MHz): d
1.38 d, J = 6.6 Hz, 3H, CH3), 1.86 (s, 2H, NH2), 3.81 (s, 3H, OCH3),
4.09 (q, J = 6.6 Hz, 1H, CH), 6.78 (ddd, J = 8.1 Hz, 2.7 Hz, 0.9 Hz,
1H, CH), 6.91 (s, 1H, CH), 6.92 (d, J = 7.2 Hz, 1H, CH), 7.24 (t,
J = 8.1 Hz, 1H, CH). 1H NMR (C6D6, 600 MHz): d 1.21 d, J = 6.6 Hz,
3H, CH3), 2.34 br s, 2H, NH2), 3.40 (s, 3H, OCH3), 4.83 q,
J = 6.6 Hz, 1H, CH), 6.70 (d, J = 7.8 Hz, 1H, CH), 6.88 (d, J = 7.8 Hz,
1H, CH), 7.02 (s, 1H, CH), 7.12 (t, J = 7.8 Hz, 1H, CH). 13C NMR
(CDCl3, 150 MHz): d 25.42 (CH3), 51.26 (OCH3), 55.16 (CH),
111.35 (CH), 112.06 (CH), 118.00 (CH), 129.47 (CH), 149.28 (C),
159.72 (C). EIMS m/z: 151 (M+, 23%), 136 (100), 121 (4), 109 (38),
94 (22), 77 (17), 6 (10), 44 (22). HR-MS m/z M+ 151.0967, requires
151.0997. Anal. Calcd for C9H13NO: C, 71.49; H, 8.67 N; 9.26.
Found: C, 71.55 H, 8.69 N, 9.29.

4.5.1. (R)-1-(Phenyl)ethanamine 6a
This Compound was obtained by the reduction of 6 with bor-

ane/1, 85% yield, ½a�20
D ¼ þ25:1 (c 0.6 MeOH), 85% ee, determined

by GC analysis of trifluoroacetamide on a Chiraldex G-PN col-
umn, 20 m � 0.25 mm, tR 58.04 (R), tR 59.36, (S), T = 130 �C,
f = 30 cm/s. Lit.6e ½a�20

D ¼ þ28:7 (c 4.1, MeOH), 99% ee. The race-
mate was also analyzed. 1H NMR (CDCl3, 300 MHz): d 1.44 (d,
J = 6.6 Hz, 3H, CH3), 3.31 (br s, 2H, NH2), 4.15 (q, J = 6.6 Hz, 1H,
CH), 7.20–7.40 (m, 5H, CH). 13C NMR (CDCl3, 50 MHz): d 24.64
(CH3), 51.29 (CH), 125.83 (2CH), 127.10 (CH,) 128.52 (2CH),
145.91 (C).
4.5.2. (R)-1-(4-Methoxyphenyl)ethanamine 7a
This compound was obtained by the reduction of 7 with borane/

1, 68% yield, ½a�20
D ¼ þ28:9 (c 2.0, benzene), 99% ee, determined by

GC analysis of trifluoroacetamide on a Chiraldex G-PN column,
20 m � 0.25 mm, tR 41.18 (R), tR 46.58, (S), T = 120 �C, f = 30 cm/s.
Lit.26 (S)-7a, ½a�27

D ¼ �29:4 (c 8, benzene), >99% ee. 1H NMR (CDCl3,
300 MHz): d 1.36 (d, J = 6.6 Hz, 3H, CH3), 1.48 (s, 2H, NH2), 3.80 (s,
3H, OCH3), 4.08 (q, J = 6.6 Hz, 1H, CH), 6.84–6.89 (m AA0, 2H, CH),
7.24–7.29 (m BB0, 2H, CH). 13C NMR (CDCl3, 75 MHz): d 25.72
(CH3), 50.64 (CH), 55.24 (OCH3), 113.77 (2CH), 126.68 (2CH),
139.93 (C), 158.40 (C).

4.5.3. (R)-1(4-Benzyloxyphenyl)ethanamine 8a
This compound was obtained by the reduction of 8 with borane/

1, 90% yield, ½a�20
D ¼ þ22:8 (c 1.75, CHCl3), 81.6% ee, determined by

HPLC analysis of trifluoroacetamide on a Daicel Chiralcel OD-H col-
umn, 25 cm � 0.46 cm, 5 lm particles, n-hexane–isopropanol, 9:1,
tR 13.33 (R), tR 15.91 (S), T = 25 �C, f = 0.7 mL/min. Lit.9b (S),
½a�20

D ¼ �24:7 (c 1.75 CHCl3), 93% ee. 1H NMR (CDCl3, 200 MHz): d
1.37 (d, J = 6.6 Hz, 3H, CH3), 1.51 (s, 2H, NH2), 4.07 (q, J = 6.6 Hz,
1H, CH), 5.06 (s, 2H, CH2), 6.92–7.00 (m AA0, 2H, CH), 7.24–7.32
(m BB0, 2H, CH), 7.33–7.50 (m, 5H, CH). 13C NMR (CDCl3,

50 MHz): d 25.70 (CH3), 50.63 (CH), 70.01 (OCH2), 114.74 (2CH),
126.69 (2CH), 127.39 (2CH), 127.84 (CH) 128.50 (2CH) 137.10
(C), 140.26 (C), 157.63 (C).

4.5.4. (R)-1-(4-Chlorophenyl)ethanamine 9a
This compound was obtained by the reduction of 9 with borane/

1, 91% yield, ½a�20
D ¼ þ21:8 (c 2.0, MeOH), 91% ee, determined by GC

analysis of trifluoroacetamide on a Chiraldex G-PN column,
20 m � 0.25 mm, tR 23.82 (R), tR 27.21, (S), T = 130 �C, f = 30 cm/s.
Lit.26 ½a�20

D ¼ �23:7 (c 2, MeOH). 1H NMR (CDCl3, 300 MHz): d
1.35 (d, J = 6.6 Hz, 3H, CH3), 1.49 (br s, 2H, NH2), 4.10 (q,
J = 6.6 Hz, 1H, CH), 7.28 (s, 4H, CH). 13C NMR (CDCl3, 50 MHz): d
25.75 (CH3), 50.72 (CH), 127.14 (2CH), 127.85 (CH), 128.53 (2CH),
132.36 (C), 146.24 (C).

4.5.5. (R)-1-(-4-Fluorophenyl)ethanamine 10a
This compound was obtained by the reduction of 10 with bor-

ane/1, 83% yield, ½a�20
D ¼ þ21:4 (c 1.0, MeOH), 84.2% ee, determined

by GC analysis of trifluoroacetamide on a Chiraldex G-PN column,
20 m � 0.25 mm, tR 22.61 (R), tR 27.36 (S), T = 110 �C, f = 30 cm/s.
Lit.27 ½a�20

D ¼ þ25 (c 1, MeOH). 1H NMR (CDCl3, 300 MHz): d 1.37
(d, J = 6.6 Hz, 3H, CH3), 1.68 (s, 2H, NH2), 4.12 (q, J = 6.6 Hz, H,
CH) 6.96–7.04 (m AA0, 2H, CH), 7.27–7.35 (m BB0, 2H, CH). 13C
NMR (CDCl3, 50 MHz): d 25.83 (CH3) 50.67 (CH), 115.15 (d,
JCF = 20.9 Hz, 2CH), 127.21 (d, JCF = 7.75 Hz, 2CH), 143.31 (d,
JCF = 2.9 Hz, C), 161.71 (d, JCF = 242.7 Hz, C).

4.5.6. (R)-2,3-Dihydro-1H-inden-1-amine 11a
This compound was obtained by the reduction of 11 with bor-

ane/1, 70% yield, ½a�20
D ¼ �12:2 (c 1.0, MeOH), 69.5% ee, determined

by GC analysis of trifluoroacetamide on a Supelco b-DEX 325 col-
umn, 30 m � 0.25 mm, tR 103.18 (R), tR 105.01 (S), T = 110 �C.
Lit.28 ½a�20

D ¼ �17 (c 1.3, MeOH). 1H NMR (CDCl3, 300 MHz): d
1.55 (s, 2H, NH2), 1.69 (ddt, J = 12.6 Hz, 8.7 Hz, 7.8 Hz, 1H, CH2),
2.52 (dddd, J = 12.6 Hz, 7.8 Hz, 7.2 Hz, 3.3 Hz, 1H, CH2) 2.81 (dt,
J = 15.9 Hz, 8.1 Hz, 1H, CH2), 2.97 (ddd, J = 15.9 Hz, 8.7 Hz, 3.3 Hz,
1H, CH2), 4.36 (t, J = 7.8 Hz, 1H, CH), 7.17–7.25 (m, 3H, CH) 7.31–
7.36 (m, 1H, CH). 13C NMR (CDCl3, 75 MHz): d 30.09 (CH2) 37.39
(CH2), 57.28 (CH), 123.29 (CH), 124.64 (CH), 126.46 (CH), 127.14
(CH), 143.06 (C), 147.50 (C).

4.5.7. (R)-1,2,3,4-Tetrahydronaphthalen-1-amine 12a
This compound was obtained by the reduction of 12 with bor-

ane/1, 70% yield, ½a�20
D ¼ �12:1 (c 1.3, MeOH), 40.0% ee, determined
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by GC analysis of trifluoroacetamide on a Supelco b-DEX 325 col-
umn, 30 m � 0.25 mm, tR 19.16 (S), tR 19.73 (R), T = 160 �C,
f = 30 cm/s. Lit.28 ½a�20

D ¼ �26 (c 1.32, MeOH). 1H NMR (CDCl3,
200 MHz): d 1.61 (s, 2H, NH2), 1.60–1.85 (m, 2H, CH2), 1.90–2.15
(m, 2H, CH2), 2.78 (q, J = 5.5 Hz 2H, CH2), 3.98 (t, J = 5.5 Hz, 1H,
CH), 7.05–7.25 (m, 3H, CH), 7.32–7.45 (m, 1H, CH). 13C NMR (CDCl3,

75 MHz): d 19.51 (CH2), 29.51 (CH2), 33.53 (CH2), 49.32 (CH),
125.94 (CH), 126.48 (CH), 127.97 (CH), 128.94 (CH), 136.64 (C),
141.14 (C).
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