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Abstract
A pentafluorophenyl group can act as a stereo-controlling group in oxazaborolidine-catalyzed asymmetric borane reduction through

intramolecular p–p stacking interaction with a phenyl group. The intramolecular p–p interaction in oxazaborolidine bearing pentafluorophenyl

group is confirmed by calculations and 1H NMR study. The interaction affects the enantioselectivity of the asymmetric reduction of acetophenone

while the extent is small.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic–aromatic p–p stacking interaction is important

phenomena for the host–guest chemistry and organic reactions

[1]. Among them, a pentafluorophenyl (C6F5) group is a

noteworthy group [2], because the p–p stacking interaction

between C6F5 and non-fluorinated aryl groups regulates their

arrangement in a face-to-face orientation rather than slipped

parallel (or T-shaped) one [3] as usually seen between non-

fluorinated aryl groups (Fig. 1) [1,4]. Despite many examples

on the X-ray analyses of the crystal structures [5], only a few

examples for utilization of the p–p stacking interaction of the

C6F5 group in organic reactions are reported [6]. In particular,

to our knowledge, there have been no reports on the utility of

the interaction in an asymmetric catalysis. One of the reasons

for the difficulty in using the C6F5 group as a stereo-controlling

group is that the intermolecular interaction between the C6F5

and non-fluorinated aryl groups is too small to affect the organic

reaction in polar organic solvents [5c,6b,7,8]. However, the
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intramolecular interaction might be effective even in organic

solvents [8].

By the concept, we previously synthesized a novel chiral

amino alcohol, (1R,2S)-2-amino-1-(pentafluorophenyl)-2-phe-

nylethanol (1a), bearing both of the C6F5 and Ph groups [9]. In

general, chiral amino alcohols have been often used as the ligand

of catalyst of enantioselective borane reduction of ketones after

conversion to oxazaborolidines [10]. In the reduction, oxazabor-

olidine 2b derived from (1R,2S)-2-amino-1,2-diphenylethanol

(1b) is known to catalyze highly enantioselective borane

reduction of ketones, in which Quallich et al. pointed out that

the high enantioselectivity may come from the effective

shielding of one face of the oxazaborolidine by the intramole-

cular interaction of two phenyl groups (Fig. 1) [11]. Therefore,

shielding of one face of the oxazaborolidine is one of the most

important requirements to achieve high enatioselectivity in the

asymmetric borane reduction, that is, BH3 needs to coordinate

with N atom of 2 from one direction which gives a-BH3 adduct to

achieve the high enantioselectivity (Scheme 1) [10a].

We here demonstrated that the intramolecular face-to-face

like interaction affected on the enantioselectivity by the

difference in the conformations between 2a and 2b (Fig. 1),

which are estimated by calculation and 1H NMR studies. These

results exemplified the possibility of the C6F5 group as the

stereo-controlling group in organic solvents.
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Fig. 1. Intramolecular p–p stacking interaction.

Scheme 1. Direction of coordination of BH3 toward N atom.
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2. Results and discussion

To begin with, we evaluated the ability of the intramolecular

p–p stacking interaction between the C6F5 and Ph groups in

oxazaborolidine 2a by using ab initio calculations at the

MP2(full)/6-31G** level [12]. The structural optimization for

both 2a and 2b showed that the dihedral angles of CAr1–C1–C2–

CAr2 (21.28) and Ha–C1–C2–Hb (21.38) in 2a were found to be

smaller than those of CAr1–C1–C2–CAr2 (26.58) and Ha–C1–C2–

Hb (24.98) in 2b (Fig. 2). The smaller angle of CAr1–C1–C2–

CAr2 in 2a would be attributed to the face-to-face p–p

interaction between the C6F5 and Ph groups. Furthermore, the

p–p interaction brings with distortion of the ring of 2a because

the dihedral angle of Ha–C1–C2–Hb in 2a is smaller than that

(24.88) in non-substituted oxazaborolidine 2c. As the result,

upside of the N atom in 2a is more shielded by the same

direction of the aryl groups as compared to that in 2b.

These structural predictions by calculation were confirmed

by 1H NMR analysis of 2a and 2b (Table 1). The observed

coupling constants JHa;Hb for 2b were unchanged in the range
Fig. 2. Ab initio calculation
between 0 and 50 8C in d8-THF, while that for 2a was larger

than that for 2b, and decreased from 9.6 to 9.0 Hz with

increasing the temperature from 0 to 50 8C. The decrease in

JHa;Hb value means that the dihedral angle of Ha–C1–C2–Hb

becomes wider. Thus, the p–p interaction brings the Ph group

close to the C6F5 group, leading to narrow dihedral angle with

distortion of the ring at 0 8C as predicted by above calculations;

however, raising the temperature would cancel the p–p

interaction, leading to wide dihedral angle. Interestingly, such

a change in dihedral angle of 2a was not observed in d8-toluene

in a similar temperature variation, suggesting that the

intramolecular p–p interaction would be cancelled with the

aromatic solvent.

Temperature-dependent conformational change should

influence the enantioselectivity of the asymmetric borane

reduction catalyzed by 2a, because the closely arranged aryl

groups by the p–p interaction would inhibit BH3 approaching

to N atom from the direction which gives a disfavored b-BH3

adduct (Fig. 3).

The asymmetric borane reductions of acetophenone (3) in

THF were performed by using 10 mol% of (4S,5R)-2a or 2b in a

range between �40 and 50 8C (Table 2 and Fig. 4a) [13]. The

enantioselectivities of (R)-alcohol 4 in the reaction with 2b
s of oxazaborolidine 2.



Table 1

Coupling constants between Ha and Hb

Solvent 2a 2b

Temperature (8C) J (Hz) Temperature (8C) J (Hz)

d8-THF 50 9.0 50 8.6

0 9.6 0 8.6

d8-Toluene 50 9.0 50 8.6

0 9.0 0 8.6

Fig. 3. Effect of temperature-dependent conformational change for coordina-

tion of BH3.

Table 2

Asymmetric borane reduction of acetophenone (3)a

Entry 2 Equiv. Solvent Temperature (8C) ee (%) Conv. (%)

1 2a 0.1 THF 50 86 100b

2 2a 0.1 THF 30 88 100b

3 2a 0.1 THF 0 92 97b

4 2a 0.1 THF �20 90 97c

5 2a 0.1 THF �40 60 24c

6 2a 1 THF 50 92 100b

7 2a 1 THF 30 94 100b

8 2a 1 THF 0 99 100b

9 2a 1 Toluene 50 87 100b

10 2a 1 Toluene 30 87 100b

11 2a 1 Toluene 0 87 100b

12 2b 0.1 THF 50 94 100b

13 2b 0.1 THF 30 94 100b

14 2b 0.1 THF 0 91 93b

15 2b 0.1 THF �20 89 94c

16 2b 0.1 THF �40 54 38c

17 2b 1 THF 50 97 100b

18 2b 1 THF 30 97 100b

19 2b 1 THF 0 97 100b

a Solution of 3 in solvent was added dropwise by syringe pump (20 mL/min)

to the BH3 solution.
b Stirred for 4 h.
c Stirred for 16 h.

T. Korenaga et al. / Journal of Fluorine Chemistry 128 (2007) 557–561 559
decreased from 94 to 89% ee with decreasing the reaction

temperature from 50 to �20 8C (Table 2, entries 12–15) and

further lowering the temperature to �40 8C drastically

decreased to 54% ee (entry 16). The temperature effect is

known as a common phenomenon in the oxazabororidine-

catalyzed borane reductions [14], and explained by the

competitive non-catalyzed free BH3 reduction in a slowered

catalytic cycle with decreasing the reaction temperature. On the

contrary, in the reaction with 2a, the enantioselectivities of (R)-

alcohol 4 gradually increased from 86 to 92% ee with

decreasing the reaction temperature until 0 8C (entries 1–3),

although the enantioselectiveies decreased below �20 8C
similarly (entries 4 and 5). The increase of the enantioselec-

tivity in the range of 50–0 8C is consistent with the

conformational change by the p–p interaction [15].

The phenomenon becomes more remarkable by the reaction

using stoichiometric amount of 2a and 2b to avoid the

competitive achiral BH3 reduction (Table 2 and Fig. 4b). The

enantioselectivities in the reaction with 2a increased from 92 to

99% ee with decreasing the reaction temperature (entries 6–8)

in contrast to the constant selectivities [14g] (97% ee) in the

reactions with 2b (entries 17–19). Furthermore, no change in

the enantioselectivities was observed in the reaction with
Fig. 4. Temperature effect of % ee on the asymmetric borane reduction u
toluene in the range of 50–0 8C, even if 2a was used (entries 9–

11). The tendency of change of enantioselectivities in all results

is completely compatible with the conformational prediction by

calculation and 1H NMR observation (Table 1), suggesting that

ability in asymmetric induction can be controlled by

intramolecular p–p interaction between the C6F5 and Ph

groups.

The intermolecular p–p interaction between the C6F5 and

aromatic groups has been known to be not enough strong in

organic solvent. However, we here demonstrated the possibility

that the intramolecular p–p stacking interaction between the

neighborhood aryl groups could control the conformation of the

catalyst even in organic solvent, influencing the enantioselec-

tivity of the asymmetric catalysis while it is weak. These results

opened the utility of the C6F5 group for a new entry of the

stereo-controlling group.
sing 2. (a) Catalytic amount of 2 and (b) stoichiometric amount of 2.
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3. Experimental

3.1. General experimental procedures

All reactions were carried out under an argon atmosphere

with dry solvents under anhydrous conditions, unless otherwise

noted. Dehydrated toluene and THF were purchased from

Kanto Chemical Co. and then were stored in Schlenk tubes

under an argon atmosphere. Reagents were purchased at the

highest commercial quality and used without further purifica-

tion, unless otherwise stated. Preparative column chromato-

graphy was carried out by using silica gel (Fuji Silysia BW-127

ZH, 100–270 mesh). 1H NMR and 13C NMR spectra were

measured at 300 and 75 MHz, respectively, and chemical shifts

are given relative to tetramethylsilane (TMS). 19F NMR spectra

were measured at 282 MHz, and chemical shifts are given

relative to CCl3F using C6F6 as secondary reference

(�162.9 ppm). 11B NMR spectra were measured at

192 MHz, and chemical shifts are given relative to BF3�Et2O.

3.2. (4S,5R)-2-Methyl-5-(pentafluorophenyl)-4-phenyl-

1,3,2-oxazaborolidine (2a)

A 20 mL of dry Schlenk tube was charged with (1R,2S)-2-

amino-1-(pentafluorophenyl)-2-phenylethanol (1a) (15 mg,

0.050 mmol) and toluene (1.0 mL) under an argon atmosphere.

The suspended solution was heated at 50 8C to afford a

colorless solution, followed by cooling down to room

temperature. To the solution was added trimethylboroxine

(4.6 mL, 0.033 mmol). After being stirred for 12 h at room

temperature, the solvent was distilled until 0.5 mL remained.

To the reaction mixture was added toluene (0.5 mL) and then

the solution was re-distilled until 0.5 mL remained. After

repeating the cycle of toluene addition–distillation three times,

the remaining toluene was removed in vacuo to give (4S,5R)-2-

methyl-5-(pentafluorophenyl)-4-phenyl-1,3,2-oxazaborolidine

(2a) as a white solid. The oxazaborolidine 2a was used for

asymmetric borane reduction of acetophenone 3 without

purification. 1H NMR (300 MHz, CDCl3) d 0.45 (s, 3H),

3.74 (br, 1H), 5.21 (d, J = 9.3 Hz, 1H), 6.08 (d, J = 9.3 Hz, 1H),

7.09–7.20 (m, 5H); 13C NMR (75 MHz, CDCl3 (except for

C6F5)) d 62.9, 76.9, 125.8, 127.9, 128.2, 140.1; 19F NMR

(282 MHz, CDCl3) d �164.5 to �164.3 (m, 2F), �156.5 (t,

J = 21 Hz, 1F),�142.1 (br, 2F); 11B NMR (192 MHz, CDCl3) d
35.7.

3.3. Typical procedure of asymmetric reduction of

acetophenone (3)

To a solution of oxazaborolidine 2a which was synthesized

as above mentioned in THF (1.0 mL) was added borane

dimethylsulfide complex (28 mL, 0.30 mmol). After being

stirred at 0 8C for 10 min, the solution of acetophenone (3)

(58 mL, 0.50 mmol) in THF (1 mL) was added via syringe

pump over 1.5 h, and then the reaction mixture was stirred at

0 8C for 4 h. To the mixture was added methanol (1 mL) and

then the solvent was removed under reduced pressure. The
residue was analyzed by chiral HPLC after purification through

a short column chromatography (SiO2, hexane/EtOAc (3:1)).

The conditions of HPLC are as follows: column; Daicel

CHIRALCEL OB-H, f 4.6 mm � 25 cm, hexane/i-PrOH

(9:1), 0.4 mL min�1, UV 254 nm, retention time (tR); (S)-4:

17.5 min (4%), (R)-4: 22.9 min (96%). ½a�24
D ¼ þ52:8 (ca. 0.90,

CHCl3); 1H NMR (300 MHz, CDCl3) d 1.51 (t, J = 6.3 Hz, 3H),

4.91 (q, J = 6.3 Hz, 1H), 7.25–7.41 (m, 5H); 13C NMR

(75 MHz, CDCl3) d 25.0, 70.2, 125.3, 127.4, 128.5, 145.9; IR

(CCl4) 537, 903, 998, 1076, 1255, 1463, 1491, 2978 cm�1.

Acknowledgements

This work was partially supported by Okayama Foundation

for Science and Technology, and a Grant-in-Aid for Young

Scientists (B) (No. 16750082) from the Ministry of Education,

Culture, Sports, Science and Technology, Japan. We thank the

SC-NMR Laboratory of Okayama University for 1H, 13C, 19F,

and 11B NMR measurements.

References

[1] (a) C.A. Hunter, K.R. Lawson, J. Perkins, C.J. Urch, J. Chem. Soc., Perkin

Trans. 2 (2001) 651–669;

(b) E.A. Meyer, R.K. Castellano, F. Diederich, Angew. Chem. Int. Ed. 42

(2003) 1210–1250.

[2] K. Uneyama, Organofluorine Chemistry, Blackwell, Oxford, 2006, pp.

37–45.

[3] S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K. Tanabe, J. Am. Chem.

Soc. 124 (2002) 104–112.
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