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A variety of 1,3,2-oxazaborolidin-5-ones (OXB) derived from

N-sulfonyl amino acids exhibit a high top-face selectivity in

complexation with pyridines under thermodynamically con-

trolled conditions.

N-Sulfonyl 1,3,2-oxazaborolidin-5-ones (OXB 1) stand for one of

the most important and versatile classes of chiral Lewis acids.1 The

simplicity of their syntheses from natural and unnatural a-amino

acids allows the OXB catalysts to be easily optimized to a variety

of asymmetric transformations. Since the initial reports by

Yamamoto2a and Helmchen,2b these catalysts have been applied

successfully to enantiotopic face selective1,2 and group selective

reactions.3

Elucidation of the structure of an activated complex derived

from a catalyst and a substrate is one of the central issues to

understand the origin of enantioselectivities and improve its

performance. The primary structural concern of the OXB activated

complexes is whether the substrate coordinates from the top or

bottom face of the OXB ring (Scheme 1).4,5 1H NMR NOE study

might afford information on the top vs bottom complexation.6

Unfortunately, however, rapid reversible complexation of the

carbonyl groups to the boron atom results in averaged spectra of

both complexation modes, making NOEs, if observed,6b less

informative for the structural elucidation.

In our recent study on asymmetric Michael reactions of acyclic

enones catalyzed by allo-threonine-derived OXBs, we proposed an

activated complex model involving the coordination of an enone

to the top face of OXB (Fig. 1), based on the observed correlation

between the catalyst structures and enantioselectivities.7 Since

attempts to obtain direct structural information by NMR analyses

of an enone–OXB mixture failed, attention was then focused on

the complexation by more basic amines. Herein, we wish to report

that amines form syn and anti OXB-complexes discernible on the

time scale of NMR analyses under equilibrating conditions. The

study reveals a high top-face selectivity in coordination by OXBs.

The 1H NMR (500 MHz) spectrum of an equimolar mixture of

phenylalanine-derived OXB 1a and pyrrolidine (2a) at 23 uC in

CDCl3 showed the formation of two diastereomeric complexes

syn-1a?2a and anti-1a?2a in the ratio of 1.9:1 (Scheme 2). The

stereochemistries of the complexes were determined based on

positive NOEs observed in a NOESY experiment (see ESI).{ 1H

NMR analysis immediately after mixing the components revealed

the preferential formation of anti-1a?2a (syn:anti 5 1:2.0). The

ratio was reversed within several hours to the constant value of

1.9:1. The observation indicates that the syn and the anti complex

are in equilibrium, while the rate of equilibrium is relatively slow

on the NMR time scale. Therefore, the observed syn:anti ratio is

determined thermodynamically.8

In contrast to the behavior of pyrrolidine (2a), pyridine (2b)

showed a high selectivity in complexation with 1a. Thus, an

equimolar mixture of 1a and 2b in CDCl3 at 27 uC exhibited a

single set of proton resonances of a complex, whose structure was

determined to be syn-1a?2a by a NOESY analysis (Fig. 2). In the

NMR titration experiments of 1a with 0.5 and 2.0 equiv. of 2b, the

signals of the complex were not time-averaged and appeared

independently with those of excess 1a and 2b, respectively,

implying the relatively slow exchange rate of coordinated pyridine.

It is unlikely that the observed set of resonances is the result of a

rapid equilibrium between the syn and anti isomers.

The high top-face selectivity observed for a planar amine 2b is of

interest in connection with the structurally relevant R(R9)CLO–

OXB complexes. Considering the structural resemblance of the

pyridyl and the phenyl group both attached to the boron atom, the

structures of syn-1a?2b and anti-1a?2b (not observed) are quite

similar. The phenomenon cannot be rationalized by a simple steric

effect. To gain insight into the origin of the top-face selectivity,

complexation experiments were carried out with OXBs 1a–f and

amines 2a–f (Table 1).

{ Electronic Supplementary Information (ESI) available: experimental
procedures and 1H NMR and NOESY spectra for amine–OXB
complexes. See http://www.rsc.org/suppdata/cc/b4/b413370f/
*harada@chem.kit.ac.jp

Scheme 1 Top vs bottom coordination by OXB.

Fig. 1 Proposed activated complex for asymmetric Michael reaction

catalyzed by allo-threonine-derived OXBs.
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Complexation of pyridine by N-mesyl-OXB 1b and allo-

threonine-derived OXB 1c7 was also highly top-face selective

(entries 4 and 5). NOEs observed for the pyridyl protons (see

ESI{) suggested a face-to-face arrangement of the side-chain

aromatic groups (R1) and a top-face coordinated pyridyl group

similar to that in syn-1a?2b (Fig. 2), implying a p–p interaction

between these groups to be a major stabilizing factor. However,

aliphatic amine 2c also showed a high top-face selectivity in

complexation with 1a (entry 3). In addition, valine-derived OXB

1d and alanine-derived OXB 1e also exhibited top-face selectivity

albeit with minor formation of the anti isomers (entries 6 and 7).

In the NOESY spectra of these complexes, negative NOEs due to

a chemical exchange were observed between the proton signals of

the major syn isomer and the corresponding signals of the

minor anti isomer in addition to the positive NOEs which are

consistent with the top-face coordinating structure of the major

isomers.

Ab initio calculations{9,10 of syn- and anti-1e?2b reproduced the

observed top-face selectivity well. The calculated free energy

difference (24.10 and 21.42 kcal mol21 in vacuum and in CHCl3,

respectively) is in agreement with the experimental value

(21.33 kcal mol21). The optimized conformation of the syn

isomer (Fig. 2), in which the tosyl group locates at the bottom face

anti to the ring methyl group with a perpendicular Cipso–S–N–B

dihedral angle (290.0u), is in accord with the observed NOEs. The

analysis of the electrostatic potential suggested that the attractive

interaction between the negatively charged sulfonyl oxygen atom

(OA) and the positively charged pyridyl moiety is a stabilizing

factor for the syn isomer.

Experimental support for the hypothesis was obtained from

the complexation experiments with 4-substituted pyridines 2d–f.

The enhanced top-face selectivity of 17:1 was observed by the

introduction of the electron-withdrawing trifluoromethyl group at

the 4-position (entry 8). On the other hand, the electron-donating

methyl and methoxy groups lowered the selectivity (entries 9 and

10).§ The nonselective complexation of pyridine observed for

N-trifluoromethenesulfonyl OXB 1f (entry 11) provides additional

support. The observation can be rationalized by a stabilizing

electrostatic interaction in the anti complex between the negatively

polarized fluorine atoms and the positively charged pyridyl group

at the bottom face.

The facial selectivity observed in the complexation of planar

pyridines supports our activated complex model for asymmetric

Michael additions involving top-face coordination of planar

carbonyl compounds (Fig. 1).7c The enhanced selectivity for

phenylalanine derived OXB 1a,b and allo-threonine-derived OXB

1c implies that the p–p interaction is an additional factor.6

Electrostatic interaction for activated, electron-deficient substrates

will be exploited in the structural design of chiral Lewis acid

catalysts as a new guiding principle."

Fig. 2 NOEs observed for syn-1a?2b (left) and syn-1e?2b (middle), and

electrostatic potential between 250 (red) and 50 (blue) kcal mol21 on the

van der Waals molecular surface of syn-1e?2b according to ab initio

calculation in vacuum (right).

Table 1 Facial selectivity in complexation of amines by OXB 1a–fa

Entry OXB Amine syn:anti

1 1a; R1 5 PhCH2, R2 5 p-tolyl 2a; pyrrolidine 1.9:1
2b 1a 2b; pyridine .20:1
3b,c 1a 2c; butylamine 11:1
4b,c 1b; R1 5 PhCH2, R2 5 Me 2b .20:1
5b,c 1c; R1 5 (S)-2-naphthylCO2CH(Me)–, R2 5 p-tolyl 2b .20:1
6 1d; R1 5 i-Pr, R2 5 p-tolyl 2b 6.6:1
7 1e; R1 5 Me, R2 5 p-tolyl 2b 9.6:1
8 1e 2d; 4-CF3-pyridine 17:1
9 1e 2e; 4-Me-pyridine 9.1:1
10 1e 2f; 4-MeO-pyridine 7.6:1
11 1f; R1 5 Me, R2 5 CF3 2b 1.2:1
a Unless otherwise noted, 1H NMR (500 MHz) spectra were measured in CDCl3 (0.1 M) at 23 uC. b Measured at 27 uC. c C6D6 was used as a
solvent.

Scheme 2 Complex formation between OXB 1a and pyrrolidine (2a)

and pyridine (2b).
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Notes and references

{ Geometries were optimized at the HF/3-21G* level. The self-consistent
reaction field (SCRF) method based on the Onsager model9 implemented
in the Gaussian 98 program10 was used for the calculation in CHCl3.
§ Calculated free energy differences (kcal mol21) in CHCl3 and in vacuum
(shown in parentheses) are as follows: 1e?2d; 23.36 (24.26); 1e?2e; 21.81
(24.00); 1e?2f; 20.54 (23.57).
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