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Microwave-assisted, highly enantioselective addition of diethylzinc
to aromatic aldehydes catalyzed by chiral aminonaphthols
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Abstract—New optically active aminonaphthols were obtained by condensation of 2-naphthol, benzaldehyde and (R)-(+)-1-(1-naph-
thyl)ethylamine or (R)-(+)-1-(2-naphthyl)ethylamine. Their N-methylated derivatives were also synthesized. The new aminonaphthols
2, 4, 5 and 7 were found to catalyze the enantioselective ethylation of aryl aldehydes to 1-aryl-1-propanols (up to 92% ee). The reactions
were accelerated greatly by microwave irradiation.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The search for new chiral ligands, which can be efficiently
applied in asymmetric catalysis is currently a field of great
interest in organic chemistry. The asymmetric addition of
Et2Zn to aldehydes in the presence of catalytic amounts
of chiral catalysts has attracted considerable attention.1

Numerous efforts have been made to use chiral ligands,
such as biaryl alcohols,2 b-aminoalcohols,3 amino thiols,4

amines5,6 and o-hydroxybenzylamines.7

Enantiopure 1-a-aminobenzyl-2-naphthol 1a (Betti base
derivatives8,9) and their non-racemic derivatives 1c–1e
and 210–16 have been successfully applied as chiral ligands
in the addition of Et2Zn to benzaldehyde. The first amino-
naphthol-based applied chiral ligand in the addition of
Et2Zn to benzaldehyde was the enantiomer of the Betti
base 1a, which exhibited relatively low enantioselectivity
(Table 1, entry 1).9 The ee value could be increased to
96% by using its N,N-dimethyl derivative 1b (entry 2).9

With this, the synthesis of aminonaphthols from the non-
racemic a-methylbenzylamine 1c or its N-methyl analogue
1d, a new family of chiral ligands could be applied effi-
ciently for the enantioselective alkylation of benzaldehyde
(entries 3 and 4).11 As an extension of the modified three-
component Mannich reaction, different aldehydes and
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amines have been used, following the idea that a bulkier
group at either the newly generated stereogenic centre
1e16 or on the N atom12 should favour the enantioinduc-
tion. In contrast, when 1-[(R)-phenyl-10(R)-(1-naphthyl)-
ethylaminomethyl]-2-naphthol 2 was applied, only a
moderate ee was achieved (Table 1, entry 5).12 Our present
aims were therefore to synthesize non-racemic aminonaph-
thol derivatives from commercially available (R)-(+)-1-
(1-naphthyl)ethylamine and R-(+)-1-(2-naphthyl)ethylamine
by the three-component modified Mannich reaction, to
study the scope and limits of their application as chiral
catalysts in the enantioselective alkylation of aryl alde-
hydes and to compare the enantioinduction of the two
groups of catalysts differing in the connecting position of
the naphthyl ring at the nitrogen (Fig. 1).
2. Results and discussion

Model compounds 2 and 5 were synthesized by solvent-free
heating of a mixture of 2-naphthol, benzaldehyde and (R)-
(+)-1-(1-naphthyl)ethylamine or (R)-(+)-1-(2-naphthyl)-
ethylamine, respectively (Scheme 1). The diastereoselectivity
of the asymmetric aminoalkylation of 2-naphthol can be
explained by the presence of kinetic control at low temper-
ature, and re-equilibration (by thermodynamic control) at
high temperature.10 The diastereomeric excess (de) was,
therefore, followed by NMR spectroscopy during the
reaction. The final 70% de for 5 was observed even after
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Table 1. Enantioselective addition of Et2Zn to aldehydes in toluene in the presence of 1, 2, 4, 5 or 7

Entry X Ligand mol % Conditions Yielda (%) eeb (%)

1 H 1a 13 20 �C, 24 h 85 35 [Ref. 9]
2 H 1b 13 20 �C, 12 h 93 96 [Ref. 9]
3 H 1c 15 20 �C, 24 h 97 72 [Ref. 11]
4 H 1d 15 20 �C, 24 h 95 99.4 [Ref. 11]
5 H 2 10 20 �C, 4 h 84 81 [Ref. 12]
6 H 2 10 �18 �C, 24 h 40 1.1c

7 H 2 10 4 �C, 24 h 97 75c

8 H 2 10 20 �C, 24 h 95 73c

9 H 2 10 40 �C, 40 min, M.W. 98 60c

10 H 2 10 60 �C, 40 min, M.W. 95 65c

11 H 2 10 80 �C, 40 min, M.W. 97 10c

12 H 2 10 60 �C, 60 min, M.W. 95 67c

13 OMe 2 10 60 �C, 60 min, M.W. 94 92c

14 Me 2 10 60 �C, 60 min, M.W. 96 67c

15 H 5 10 �18 �C, 24 h 78 71d

16 H 5 10 4 �C, 24 h 85 75d

17 H 5 10 20 �C, 24 h 88 79d

18 H 5 10 40 �C, 40 min, M.W. 92 75d

19 H 5 10 60 �C, 40 min, M.W. 94 71d

20 H 5 10 80 �C, 40 min, M.W. 90 70d

21 H 5 10 60 �C, 60 min, M.W. 95 68d

22 OMe 5 10 60 �C, 60 min, M.W. 95 71c

23 Me 5 10 60 �C, 60 min, M.W. 98 53c

24 H 4 10 �18 �C, 24 h nd nd
25 H 4 10 4 �C, 24 h 92 70c

26 H 4 10 20 �C, 24 h 97 84c

27 H 4 10 40 �C, 40 min, M.W. 87 72c

28 H 4 10 60 �C, 40 min, M.W. 90 74c

29 H 4 10 80 �C, 40 min, M.W. nd nd
30 H 4 10 50 �C, 60 min, M.W. 97 67c

31 OMe 4 10 50 �C, 60 min, M.W. 94 87c

32 Me 4 10 50 �C, 60 min, M.W. 96 72c

33 H 7 10 �18 �C, 24 h 42 40c

34 H 7 10 4 �C, 24 h 68 42c

35 H 7 10 20 �C, 24 h 75 82c

36 H 7 10 40 �C, 40 min, M.W. 85 58c

37 H 7 10 60 �C, 40 min, M.W. 88 73c

38 H 7 10 80 �C, 40 min, M.W. 90 70c

39 H 7 10 50 �C, 60 min, M.W. 95 72c

40 OMe 7 10 50 �C, 60 min, M.W. 97 86c

41 Me 7 10 50 �C, 60 min, M.W. 94 66c

a Determined by 1H NMR analysis of the crude product.
b In all cases, the absolute configuration of the major enantiomer, as determined by comparison of the retention time with the reported values, was found

to be (S).17,18

c Measured by chiral HPLC (Chiracel OD).
d Measured by chiral GC analysis (Chiracel-Dex CB).
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a reaction time of only 4 h. For 2, a stronger time-depen-
dence of de was observed during the reaction time (72 h),
leading to a final 96% de, which was reported by Palmieri
and co-workers12 to be 60% after a reaction time of 14 h.
With regards to the structures of the starting amines, (R)-
(+)-1-(2-naphthyl)ethylamine, which involves lower steric
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hindrance, furnished higher diastereoselectivity. For both
compounds 2 and 5, the main diastereomers (1R,10R)-2
and (1R,10R)-5, respectively, could be obtained from the
crude reaction product, and were purified by recrystalliza-
tion from i-Pr2O.

To confirm the absolute configuration of the newly gener-
ated stereogenic centre at 2 and 5, an X-ray study was
carried out. The solid-state conformations of the two
]compounds are stabilized by strong intramolecular hydro-
gen-bonding between the OH group and the N atom. The
O� � �N distances are 2.562(2) Å for 2 and 2.580(3) Å for 5.
Figure 2 clearly shows that the configuration of the newly
generated centre is (R) for both 2 and 5.
Figure 2. (a) Ortep plot of 2 with 30% thermal ellipsoids; (b) Ortep plot of 5
Tertiary aminonaphthols generally give better enantioselec-
tivities than secondary ones in the alkylation of aryl alde-
hydes,9,11,13 and the N-methylation of (1R,10R)-2 and
(1R,10R)-5 has been achieved. The N-methyl derivative of
(1R,10R)-2 can be prepared by two different synthetic path-
ways: (a) direct solvent-free aminoalkylation of 2-naphthol
with benzaldehyde and the commercially available R-(+)-
N-methyl-1-(1-naphthyl)ethylamine, resulting in (1R,10R)-
4 (Scheme 1); or (b) the ring closure of (1R,10R)-2 with
formaldehyde, followed by reduction with LiAlH4, leading
to (1R,10R)-4. As (R)-(+)-N-methyl-1-(2-naphthyl)ethyl-
amine is not available commercially, the previously applied
N-methylation procedure was applied to (1R,10R)-5 to ob-
tain (1R,10R)-7 (Scheme 1).
with 20% thermal ellipsoids.
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Aminonaphthols 2, 4, 5 and 7 were then applied as chiral
catalysts in the enantioselective addition of Et2Zn to aryl
aldehydes, resulting in chiral 1-aryl-1-propanols 9 (Scheme
2).
H

O OH OH

+
Et2Zn/toluene

8 (R)-9 (S)-9

2, 4, 5 or 7X X X

Scheme 2.
The results of the enantiomeric inductions of aminonaph-
thols 2, 4, 5 and 7 are listed in Table 1. The enantiomeric
purities of the 1-aryl-1-propanols 9 produced were deter-
mined by chiral HPLC or by chiral GC analysis (see
Section 4).

From a comparison of the enantioselectivities of the new
catalysts 2, 4, 5 and 7 (Table 1, entries 8, 17, 26 and 35)
with chiral ligands 1 (entries 1–5), known from the litera-
ture9,11,12 used under the same reaction conditions, the
moderate ee values obtained (73–84%) allow us to conclude
that neither a 1-naphthylethyl nor a 2-naphthylethyl group
on the N atom causes a significantly higher level of enantio-
induction. To study the influence of the aryl substituent
on the ee values in the asymmetric alkylation of aryl alde-
hydes, the experiments were extended to p-OMe-benzalde-
hyde and p-Me-benzaldehyde (entries 13, 14, 22, 23, 31, 32,
40 and 41). The best enantioselectivity (92%) was observed
for 2 (entry 13). The same tendency was found for chiral
ligands 4 and 7, that is, the highest ee values were achieved
when the aryl substituent on the substrate in the alkylation
reaction was p-OMe (entries 31 and 40). For all four chiral
ligands 2, 4, 5 and 7, when a long reaction time (24 h) was
applied (entries 6–8, 15–17, 24–26 and 33–35), the best
enantioselectivity resulted when the reaction was per-
formed at room temperature (entries 8, 17, 26 and 35). Ter-
tiary aminonaphthols 5 and 7 gave somewhat higher
enantioselectivities than the secondary ones 2 and 4 (entries
8, 17, 26 and 35).

Microwave irradiation (M.W.) is a process often applied to
accelerate organic reactions.19 Some of the enantioselective
alkylations of the aryl aldehydes were, therefore, per-
formed by microwave agitation. In all cases, the microwave
conditions accelerated the reaction rate dramatically
(instead of a reaction time of 24 h, 40 or 60 min was
sufficient). Table 1 shows that, for all four non-racemic
aminonaphthols 2, 4, 5 and 7, there is an optimum temper-
ature at which the chiral ligand in question functions with
the highest enantioselectivity. This temperature is around
room temperature for 5, 4 and 7 (Table 1, entries 17, 26
and 35) and around 4 �C for 2 (Table 1, entry 7). It is inter-
esting to note that increasing the temperature in combina-
tion with microwave agitation did not destroy the
enantioselectivity until the reaction mixture exceeded a crit-
ical temperature, which seemed to depend on the structure
of the chiral ligands, that is, on the relative stabilities of the
transition states. For 1-[(R)-phenyl-10(R)-(1-naphthyl)ethyl-
aminomethyl]-2-naphthol 2 and its N-methyl derivative 4
at a reaction temperature >60 �C, the enantioselectivity de-
creased dramatically (Table 1, entries 10, 11 and 28, 29),
while for 1-[(R)-phenyl-10(R)-(2-naphthyl)ethylaminometh-
yl]-2-naphthol 5 and its N-methyl derivative 7, even at a
reaction temperature of 80 �C the enantioinduction was
similar to that at a lower temperature (Table 1, entries
19, 20 and 37, 38). This can be explained by the different
nature of the coupling of the naphthyl ring at position 10.
In 5 and 7, the free rotation around the single bond is more
restricted than for 2 and 4.
3. Conclusions

In conclusion, with regards to the enantiomeric induction
of the four synthesized chiral aminonaphthols 2, 4, 5 and
7 relative to the literature data, the bulkier naphthylethyl
group on the N atom did not cause a significantly higher
enantioselectivity in the alkylation of aryl aldehydes. Fur-
thermore, the tertiary aminonaphthols did not improve
the ee values significantly. Studies of the influence of aryl
substituents in aryl aldehyde Et2Zn addition demonstrated
that higher ee values were achieved in all cases with p-OMe
substituent rather than with p-Me or H. All reactions could
be accelerated excellently by using microwave irradiation,
while an increase in the temperature (depending on the
structure of the chiral ligands) led to the same ee values
or to the formation of the racemic 1-arylpropanol.
4. Experimental

Melting points were determined on a Kofler micro melting
apparatus and are uncorrected. Elemental analyses were
performed with a Perkin–Elmer 2400 CHNS elemental
analyser. Merck Kieselgel 60F254 plates were used for
TLC. The 1H and 13C NMR spectra were recorded in
CDCl3 solution in 5 mm tubes, at room temperature, on
a Bruker Avance DRX400 spectrometer at 400.13 (1H)
and 100.61 (13C) MHz, with the deuterium signal of the sol-
vent as the lock and TMS as internal standard.

4.1. 1-[(R)-Phenyl-(10R)-(1-naphthyl)ethylaminomethyl]-2-
naphthol 2

Compound 2 was prepared according to the reported meth-
od with some modifications.12 A mixture of 2-naphthol
(1.44 g, 10.0 mmol), (R)-(+)-1-(1-naphthyl)ethylamine (Al-
drich, cat. no. 237442), (1.78 g, 10.4 mmol) and benzalde-
hyde (1.27 g, 12.0 mmol) was stirred at 65 �C for 72 h.
Then 20 mL of MeOH was added to the crude reaction
mixture, and the white crystals which were separated out
and filtered off, after which they were recrystallized from
iPr2O (40 mL). Yield: 3.30 g (82%). White crystals, mp:
165–167 �C, lit. mp12 159–162 �C; ½a�20

D ¼ �351:5 (c 0.5,
CHCl3), ½a�20

D ¼ �339:4 (c 1.0, CHCl3), lit. ½a�20
D ¼ �288:1

(c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3): d: 1.63 (d,
3H, J = 6.7 Hz), 2.56 (br s, 1H), 4.87 (m, 1H), 5.48 (s,
1H), 7.02–7.82 (m, 18H), 13.83 (br s, 1H); 13C NMR
(100 MHz, CDCl3): d: 23.5, 51.8, 61.4, 113.8, 120.5,
121.7, 122.8, 122.9, 125.9, 126.1, 126.2, 126.5, 126.7,
126.8, 128.1, 128.4, 128.6, 128.9, 129.1, 129.3, 129.5,
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129.5, 130.2, 132.3, 133.0, 142.0, 157.7. Anal. Calcd for
C29H25NO (403.5): C, 86.32; H, 6.24; N, 3.47. Found: C,
86.42; H, 6.27; N, 3.35.

4.2. (1R)-1-Phenyl-2-[(10R)-10-(1-naphthylethyl)]-2,3-di-
hydro-1H-naphth[1,2-e][1,3]oxazine 3

To a solution of 2 (1.21 g, 3.00 mmol) in toluene (30 mL),
paraformaldehyde (0.18 g, 6 mmol) was added. The reac-
tion mixture was stirred at room temperature for 10 h, after
which TLC revealed no more starting material. The solu-
tion was dried with Na2SO4. The solvent was evaporated
off under reduced pressure, and the residue was crystallized
from a mixture of n-hexane–EtOAc (4:1). Yield: 1.18 g
(95%). White crystals, mp: 87–88 �C; ½a�20

D ¼ �218:3 (c
0.5, CHCl3); 1H NMR (400 MHz, CDCl3): d: 1.71 (d,
3H, J = 6.8 Hz), 4.81 (q, 1H, J = 6.4 Hz), 5.07 (d, 1H,
J = 10.8 Hz), 5.23 (d, 1H, J = 12.2 Hz), 5.25 (s, 1H),
6.81–7.93 (m, 18H); 13C NMR (100 MHz, CDCl3): d:
21.4, 57.3, 58.5, 75.2, 113.0, 118.0, 119.2, 120.2, 123.4,
123.8, 124.4, 126.2, 126.3, 126.6, 127.1, 127.8, 128.7,
129.0, 129.5, 129.7, 130.0, 131.9, 132.2, 133.6, 134.9,
143.7, 152.9, 153.6. Anal. Calcd for C30H25NO (415.2):
C, 86.71; H, 6.06; N, 3.37. Found: C, 86.32; H, 6.10; N,
3.41.

4.3. N-Methyl-1-[(R)-phenyl-(10R)-(1-naphthyl)ethylamino-
methyl]-2-naphthol 4

(A) To a stirred solution of 3 (1.04 g, 2.5 mmol) in THF
(50 mL), LiAlH4 (1.40 g) was added. The resulting suspen-
sion was stirred at rt for 4 h. Water (2.8 mL) in THF
(20 mL) was added dropwise to the stirred suspension
and the stirring was continued for an additional 30 min.
The mixture was filtered off and washed with EtOAc
(2 � 20 mL). The filtrate was dried over Na2SO4 and the
solvent was evaporated off. The crude product was crystal-
lized from Et2O (20 mL) and recrystallized from iPr2O
(25 mL), Yield: 1.02 g (98%). White crystals, mp: 202–
203 �C; ½a�20

D ¼ �399:4 (c 0.5, CHCl3).

(B) A mixture of 2-naphthol (0.36 g, 2.5 mmol), (R)-(+)-N-
methyl-1-(1-naphthyl)ethylamine (0.48 g, 2.6 mmol) and
benzaldehyde (0.32 g, 3.0 mmol) was stirred at 65 �C for
72 h. Then, 20 mL of MeOH was added to the crude reac-
tion mixture and the white crystals which separated out
were filtered off and recrystallized from iPr2O (40 mL).
Yield: 0.82 (78%). White crystals, mp: 201–203 �C; ½a�20

D ¼
�397:4 (c 0.5, CHCl3).

In view of the very similar NMR spectroscopic and elemen-
tal analysis data on 4 obtained by methods A and B, ana-
lytical data are presented only for the compound prepared
by using method B.

1H NMR (400 MHz, CDCl3): d: 1.66 (d, 3H, J = 6.9 Hz),
2.19 (s, 3H), 4.84 (m, 1H), 5.49 (s, 1H), 7.02–8.04 (m,
18H), 13.32 (br s, 1H); 13C NMR (100 MHz, CDCl3): d:
30.2, 34.2, 52.3, 69.5, 117.2, 120.6, 121.8, 123.1, 124.3,
125.3, 126.2, 126.3, 126.4, 126.5, 126.9, 127.0, 128.1,
129.1, 129.2, 129.5, 129.8, 130.1, 130.2, 132.6, 132.8,
134.8, 140.2, 156.4. Anal. Calcd for C30H27NO (417.2):
C, 86.30; H, 6.52; N, 3.35. Found: C, 86.51; H, 6.48; N,
3.31.

4.4. 1-[(R)-Phenyl-(10R)-(2-naphthyl)ethylaminomethyl]-2-
naphthol 5

A mixture of 2-naphthol (1.44 g, 10.0 mmol), R-(+)-1-
(2-naphthyl)ethylamine (Fluka, cat. no. 70940), (1.78 g,
10.4 mmol) and benzaldehyde (1.27 g, 12.0 mmol) was
stirred at 65 �C for 72 h. Then, 15 mL of MeOH was added
to the crude reaction mixture and the white crystals, which
separated out were filtered off and recrystallized from iPr2O
(30 mL). Yield: 2.49 g (62%). White crystals, mp: 164–
166 �C; ½a�20

D ¼ �236:0 (c 0.5, CHCl3); 1H NMR
(400 MHz, CDCl3): d: 1.64 (d, 3H, J = 6.8 Hz), 2.43 (br
s, 1H), 4.12 (q, 1H, J = 6.7 Hz), 5.56 (s, 1H), 7.15–8.05
(m, 18H), 13.68 (br s, 1H); 13C NMR (100 MHz, CDCl3):
d: 23.6, 57.4, 61.0, 113.8, 120.8, 121.9, 123.1, 124.3, 126.8,
127.1, 127.2, 127.4, 128.4, 128.5, 128.5, 128.6, 129.3,
129.4, 129.7, 129.8, 130.5, 133.3, 133.8, 134.1, 140.8,
142.2, 158.0. Anal. Calcd for C29H25NO (403.5): C,
86.32; H, 6.24; N, 3.47. Found: C, 86.27; H, 6.21; N, 3.51.

4.5. (1R)-1-Phenyl-2-[(10R)-10-(2-naphthylethyl)]-2,3-di-
hydro-1H-naphth[1,2-e][1,3]oxazine 6

To a solution of 5 (1.21 g, 3.00 mmol) in toluene (30 mL),
paraformaldehyde (0.18 g, 6 mmol) was added. The
mixture was stirred at room temperature for 12 h, after
which TLC revealed no more starting material. The solu-
tion was dried with Na2SO4. The solvent was evaporated
off at reduced pressure, and the residue was crystallized
from a mixture of n-hexane–EtOAc (6:1). Yield: 1.14 g
(92%). White crystals, mp: 173–175 �C; ½a�20

D ¼ �143:0 (c
0.5, CHCl3); 1H NMR (400 MHz, CDCl3): d: 1.61 (d,
3H, J = 6.7 Hz), 4.16 (q, 1H, J = 6.7 Hz), 4.99 (d, 1H,
J = 10.7 Hz), 5.19 (d, 1H, J = 11.1 Hz), 5.26 (s, 1H),
6.94–7.97 (m, 18H); 13C NMR (100 MHz, CDCl3): d:
22.0, 57.7, 59.7, 74.7, 112.6, 118.9, 123.1, 123.5, 126.1,
126.5, 126.9, 127.1, 127.6, 128.2, 128.3, 128.5, 128.6,
128.7, 128.9, 129.3, 129.4, 129.6, 133.3, 133.6, 133.9,
143.3, 143.5, 153.2. Anal. Calcd for C30H25NO (415.2):
C, 86.71; H, 6.06; N, 3.37. Found: C, 86.81; H, 6.02; N,
3.35.

4.6. N-Methyl-1-[(R)-Phenyl-(10R)-(2-naphthyl)ethylamino-
methyl]-2-naphthol 7

To a stirred solution of 6 (1.04 g, 2.5 mmol) in THF
(50 mL), LiAlH4 (1.40 g) was added and the resulting sus-
pension was stirred at rt for 6 h. Water (2.8 mL) in THF
(20 mL) was then added dropwise to the stirred suspension
and the stirring was continued for an additional 30 min.
The mixture was next filtered off and washed with EtOAc
(2 � 20 mL). The filtrate was dried over Na2SO4 and the
solvent was evaporated off. The crude product was crystal-
lized from Et2O (20 mL) and recrystallized from iPr2O
(20 mL). Yield: 1.00 g (96%). White crystals, mp: 195–
196 �C; ½a�20

D ¼ �255:0 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3): d: 1.64 (d, 3H, J = 6.0 Hz), 2.13 (s,
3H), 4.38 (m, 1H), 5.38 (s, 1H), 7.05–8.00 (m, 18H),
13.87 (br s, 1H); 13C NMR (100 MHz, CDCl3): d: 29.9,
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33.7, 58.3, 68.8, 117.5, 120.7, 121.7, 123.1, 124.3, 125.3,
126.2, 126.4, 126.5, 126.9, 127.2, 128.4, 129.1, 129.4,
129.5, 129.8, 130.1, 130.2, 132.6, 132.8, 134.8, 140.2,
140.8, 156.4. Anal. Calcd for C30H27NO (417.2):
C, 86.30; H, 6.52; N, 3.35. Found: C, 86.51; H, 6.48; N,
3.31.

4.7. Reactions of diethylzinc with aryl aldehydes. General
procedure

1 M Et2Zn in toluene solution (0.5 mL, 0.5 mmol) was
added under an argon atmosphere to the chiral ligand 2,
4, 5 or 7 (0.02 mmol). The reaction mixture was stirred
for 30 min at room temperature, after which the aryl alde-
hyde (0.2 mmol) was added and the reaction mixture was
treated as indicated in Table 1. The usual acidic work-up
led to 1-aryl-1-propanol 9. The enantiomeric excess (ee)
and absolute configuration were determined by chiral
HPLC (0.55 mL min�1, n-hexane–iPrOH 97:3, 205 nm),
using a chiral stationary phase (Chiracel OD column) or
by chiral GC (derivatized with Ac2O in the presence of 4-
dimethylaminopyridine, 100 �C isotherm, 2 mL min�1),
using a chiral stationary phase (Chiracel-Dex CB column,
25 m).

4.8. X-ray crystallographic study

Crystallographic data were collected at 173 K with a Non-
ius-Kappa CCD area detector diffractometer, using graph-
ite-monochromatized Mo-Ka radiation (k = 0.71073 Å).
The data were collected by u and x rotation scans and pro-
cessed with the DENZO-SMN m0.93.0 software package.20

4.8.1. Crystal data for 2. C29H25NO, Mr = 403.50, ortho-
rhombic, space group P212121 (no. 19), a = 8.0953(3),
b = 13.9637(5), c = 19.5793(6) Å, a, b, c = 90�, V =
2213.25(13) Å3, T = 173 K, Z = 4, l(Mo-Ka) =
0.073 mm�1, 2342 unique reflections (Rint = 0.0314) which
were used in calculations. The final wR(F2) was 0.0767
(all data).

4.8.2. Crystal data for 5. C29H25NO, Mr = 403.50, ortho-
rhombic, space group P212121 (no. 19), a = 8.3649(2), b =
11.2899(5), c = 23.3274(12) Å, a, b, c = 90�, V =
2203.01(16) Å3, T = 173 K, Z = 4, l(Mo-Ka) = 0.073 mm�1,
2440 unique reflections (Rint = 0.037) which were used in
calculations. The final wR(F2) was 0.0948 (all data).

The structures were solved by direct methods by the use of
the SHELXSSHELXS-97 program,21 and full-matrix, least-squares
refinements on F2 were performed with the SHELXLSHELXL-97 pro-
gram.21 The CH hydrogen atoms were included at the fixed
distances with the fixed displacement parameters from their
host atoms. The OH hydrogen atoms were refined isotrop-
ically with the thermal displacement 1.2 times that of the
host atom. The figures were drawn with ORTEP-3 for
Windows.22 The deposition numbers CCDC 664280 and
664281 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge
at www.ccdc.cam.ac.uk/conts/retrieving.html [or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223-336-
033; E-mail: deposit@ccdc.cam.ac.uk].
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