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Bifunctional catalysts

The synthesis of a new class of bifunctional organophosph-
orus catalysts for the asymmetric borane reduction of pro-
chiral ketones has been investigated. Keys to the architec-
ture of effective catalysts are an oxazaphospholidine struc-
tural unit and a hydroxyaryl moiety. These (o-hydroxyary-

l)oxazaphospholidine oxides have been successfully applied
to the catalytic (2 mol-%) asymmetric borane reduction of
numerous prochiral ketones with enantiomeric excesses up
to 84% ee.

Introduction

Asymmetric catalysis of the reduction of prochiral ke-
tones to enantiomerically enriched alcohols remains a fun-
damental asymmetric transformation.[!! In the last few ye-
ars, numerous methods have been reported for this process,
most of which involve either asymmetric hydrogenation us-
ing an organometallic complex or modified hydride transfer
reagents.”l In this area, one of the most successful catalysts
for this application are the oxazaborolidine family of com-
pounds described by Itsunol®! and Corey.™ Although many
of these methods give excellent results in terms of enantio-
selectivity, few are without some limitation or practical
disadvantage.l!

In 1992, we reported the first enantioselective borane re-
duction of ketones involving catalysts not based on the ox-
azaborolidine  structure, but on an oxazaphos-
pholidine—borane complex.[®! Although not as effective in
terms of enantiomeric inductions, this compound has the
advantage of high stability and simple preparation. Follow-
ing this pioneering work, numerous asymmetric phos-
phorus catalysts such as phosphinamides and oxazaphos-
pholidine oxides have been reported by Wills and our
group, resulting in moderate to excellent enantiomeric ex-
cesses.’l Thus, all these catalysts act essentially as Lewis
bases, serving to increase the reactivity of borane by elec-
tron donation. Nevertheless, the most efficient catalysts pre-
sent Lewis acid and Lewis base structural moieties that ac-
tivate both ketone and borane during the stereochemical
control of the asymmetric reduction. From this concept of
multifunctional catalysis, we have envisioned the incorpora-
tion of a hydroxy group in the phosphonamide catalyst, in-
cluding an oxazaphospholidine ring from (S)-prolinol and
(S)-diphenylprolinol. The presence of such a group could
provide an adjacent Lewis acid site upon reaction with bor-

@ E.N.S.S.PI.C.A.M., UMR CNRS 6516, Faculté de St Jérome,
Av. Escadrille Normandie Niemen, 13397 Marseille, Cedex 20,
France
E-mail: brunel@spi-chim.u-3mrs.fr

buono@spi-chim.u-3mrs.fr

Eur. J. Org. Chem. 2000, 3313—3321

0 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

ane, which could activate the carbonyl group and enhance
the enantiomeric excesses.

In the context of our studies, we describe in this paper
the synthesis of a new class of (o-hydroxyaryl)oxazaphos-
pholidine oxides and their use as bifunctional catalysts in
the enantioselective borane reduction of prochiral ketones.

Results and Discussion

Recently, we have reported a new general procedure for
the preparation of various chiral (o-hydroxyaryl)diazaphos-
pholidine oxides and (o-hydroxyaryl)phosphonates.!®! This
method, based on the properties of the phosphoryl-directed
metallation group (P-DMG), involves a totally stereospec-
ific P—O to P—C rearrangement,®~'? with a total reten-
tion of configuration on the phosphorus atom. An exten-
sion of this study has also demonstrated that this reaction
is totally diastereoselective and regioselective.'3l These
compounds featuring a basic (P=0) and an acidic (OH)
site have found application as catalysts in the asymmetric
addition of diethylzinc to aromatic aldehydes,['* and as li-
gands in an enantioselective trimethylsilylcyanation of aro-
matic aldehydes catalyzed by chiral titanium complexes.[!3]

The synthesis of chiral (o-hydroxyaryl)oxazaphospholid-
ine oxides 2, derived from (S)-prolinol derivatives, may be
achieved from precursors 1. This can be done in a two-step
sequence involving an unstable metallated intermediate that
undergoes a fast 1,3-rearrangement with formation of a
phosphorus—carbon bond!'® (Scheme 1).
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Scheme 1. General procedure for the synthesis of (o-hydroxyaryl)-
oxazaphospholidine oxides 2

R 1°) LDA, -78°C

2°) H,0

Precursors 1 were easily available from two different pro-
cedures as outlined in Scheme 2.
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Scheme 2. General procedures for the synthesis of precursors 1

Table 1. Synthesis of precursors 1

. diastereomeric
0,
Entry Precursors Yield (%) ratio
1 o—P;(Z @ p,(z gol®! 50/50
anti-1a syn-la
Loten O
W Ph O \N
2 O-P:Z\/ N0 65 70/30
Ph o / (6] Ph
anti-1b syn-1b

1N
: o-P, "o golt] 100/0

3
anti-1a
o- P N ; {b]
4 @ Ph 71 100/0
anti-1b
5 67! 100/0
anti-le
[¢]
I wN
6 QO-P.O ; golb] 100/0
eO
anti-1d
o
. 11 WN b
7 N : O_P'o ; 620! 100/0
anti-le
[¢]
It WN
8 MeOC O ; 701! 100/0
anti-1f
o]
NN
0 ><©O_P‘o ; 710! 100/0
anti-1g

[al Synthesized as outlined in Scheme 2, path 1. — [ Synthesized as outlined in Scheme 2, path II.
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The first pathway involves the formation of the two ex-
pected diastereomers in a diastereomeric ratio varying from
50:50 to 70:30, depending on the nature of the considered
chiral moiety (Table 1, Entries 1 and 2). On the other hand,
diastereomerically pure precursors 1 were easily available by
exchange reaction at 110 °C in toluene between tris(dime-
thylamino)phosphane and (S)-prolinol hydrochloride (6a)
or (S)-diphenylprolinol (6b) followed by addition of the de-
sired phenol. Oxidation of crude phosphanes by rert-butyl
hydroperoxide afforded the expected compounds 1a—g with
chemical yields ranging from 62 to 82%. In all cases, nearly
only one diastereomer was obtained, and characterized as
the thermodynamic anti diastereomer (Table 1). The nota-
tions of the syn and anti diastereomers are according to the
methylene substituent of the pyrrolidine ring with respect
to the extracyclic aryl group. If they are on the same side
of the five-membered phosphorus-containing ring, we call

it a syn diastereomer; otherwise, it is an anti diastereo-
mer.l'® A subsequent P—O to P—C rearrangement on
treatment of precursors 1 with LDA in THF at —78 °C
led to the stereoselective formation of the corresponding (o-
hydroxyaryl)oxazaphospholidine oxides 2 (Table 2).

In all cases, this reaction proceeds with total retention of
configuration at the phosphorus atom and with total re-
gioselectivity. Precisely established that the stereochemistry
of the 1,3-phosphorus migration operates with retention of
configuration at the phosphorus atom, a mechanism pro-
ceeding via a trigonal bipyramidal intermediate (TBP) has
been postulated.®!

The ortho- and para-substituted precursors 1¢ and 1d led
exclusively to the formation of the expected products by
1,3-migration of the phosphoryl group from the oxygen to
the adjacent carbon atom on the ortho position in 80 and
67% chemical yield, respectively (Table 2, Entries 3 and 4).

Table 2. Stereoselective P—O to P—C rearrangement of precursors la—1g

Regioselectivit
Entry Precursor Product egloie ?;i ity Yield (%)[b]
1 (%)
OH ‘,3.'\“\N
. P
1 anti-la @/ »OE 100/0 70 (100/0)™
anti-2a
OH ,9\\“N
2 anti-1b ©/on Ph 100/0 85 (100/0)[0]
Ph
anti-2b
" ? 100/0
3 anti-le 80 (100/0)
anti-2¢
II
4 anti-ld -; 100/0 67 (100/0)
anti-2d
|I
s anti-le } 100/0 65 (100/0)°)
anti-2e
OH f.’ﬂ“N
. H3 PV [C]
6  anti-lf 0 100/0 85 (100/0)
Hy OMe  anti-2f
Il
7 anti-lg -; 100/0 33 (100/0)
anti-2g

[al Regioselectivity determined by 3'P NMR spectroscopy. —

ity was determined from 3'P NMR analysis.
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[®] Isolated yield after column chromatography. —

[l A total diastereoselectiv-
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Scheme 3

The structures of the final products obtained were deter-
mined by 'H and '3C NMR analysis. P—O to P—C re-
arrangement of meta precursors le—1g led to the corres-
ponding (o-hydroxyaryl)oxazaphospholidine oxides in
chemical yields varying from 33 to 85% (Table 2, Entries
3-35). In all cases, only one regioisomer was obtained and
fully characterized by NMR-spectroscopic analysis of coup-
ling constants of aromatic protons on the phenol moiety.
Thus, the '"H NMR spectrum of anti-2e revealed two doub-
lets of doublets attributed to 3-H and 5-H, respectively. A
similar study of compounds anti-2f led to the same conclu-
sion concerning the regioselectivity of this reaction. Due
to the important steric hindrance of the tert-butyl group,
rearrangement of precursor anti-1g occurred with total re-
gioselectivity at the C-1 position. In this case, the 'H NMR
spectrum revealed two doublets of doublets, attributable to
3-H and 6-H, and a doublet of doublets of doublets attrib-
utable to 5-H.

On the other hand, although the rearrangement of dia-
stereomerically pure anti-la led to the expected product in
70% yield, the treatment of a mixture of the two diastereo-
mers, anti-1a and syn-1a, in a 1:1 molar ratio, with 2 equiv.
of LDA in THF at —78 °C led to the formation of three
major products (Scheme 3).

Thus, the two expected products anti-2a and syn-2a were
obtained in 42 and 12% yield, respectively, and a third
product, 3, was isolated in 38% yield. The exact structure
of anti-2a and 3 have been unambiguously determined by
NMR spectroscopy and X-ray diffraction analysis.

Figure 1. Structure of anti-2a, showing the labelling scheme; se-
lected bond lengths [A] and angles [°]: P1-04 1.475(1), P1—-N2
1.642(2), P1-05 1.580(1), P1-C6 1.781(1), O3—C12 1.346(2);
N2-P1-04 115.3(1), N2—P1-05 97.7(1), N2—P1-C6 111.8(1),
04-P1-05 116.0(1), 0O4—P1-C6 108.7(1), O5—P1—-C6 106.8(1),
PI-N2-C8 [111.1(1), P1-N2-CI3 122.6(1), C8-N2-Cl3
109.5(2), P1-05—C17 111.5(1)
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Scheme 4

In the case of anti-2a, it appears that the configuration
at the phosphorus atom (Rp) was retained during the re-
arrangemen (see X-ray data) (Figure 1).

The sum of the bond angles around the nitrogen atom of
the pyrrolidine ring is 343.2°, showing a nonplanar config-
uration. Moreover, a strong intermolecular hydrogen bond
between the hydroxy group and the oxygen atom on an-
other phosphorus moiety may be noticed (1.64 A).

In order to rationalize the formation of compound 3, sev-
eral experiments were conducted (Scheme 4).

Thus, treatment of diastereomer syn-2a with 4 equiv. of
LDA afforded only the expected product 3 in 46% yield,
resulting from a nucleophilic attack of LDA on the phos-
phorus atom and subsequent opening of the oxazaphospho-
lidine ring. It is noteworthy that a total conversion of dia-
stereomer syn-2a into the expected compound 3 has been
noticed by 3'P NMR analysis. The low chemical yield can
be explained by the difficulty to isolate the product 3 by
silica gel chromatography.

On the other hand, whatever the experimental conditions
applied, no degradation of diastercomer anti-2a and no
formation of any by-products was observed.Treatment of
a,a’-diphenylprolinol diastereomers anti-1b and syn-1b, in-
stead prolinol derivatives anti-la and syn-1a, led exclusively
to the formation of the expected compounds anti-2b and
syn-2b. Thus, in this case, no by-products resulting from a
nucleophilic attack of LDA on the phosphorus atom have
been encountered (Scheme 5).

Analysis of the X-ray structure of 3 revealed that the
phosphorus atom presents an (Sp) configuration, indicating
that the nucleophilic attack proceeds with inversion of the
configuration at the phosphorus atom (Figure 2).

Moreover, there are two strong intramolecular hydrogen
bonds between the o-hydroxyaryl group with the oxygen

Eur. J. Org. Chem. 2000, 3313—3321
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Figure 2. Strugture of 3, showing the labelling scheme; selected
bond lengths [A] and angles [°]: P1—02 1.495(1), P1—=N3 1.644(1),
P1—-N4 1.628(1), P1-C7 1.802(1), O5—C9 1.359(2), C17-012
1.401(3), O12—HI12 1.124(2), O2—H12 1.826(1), O5—HS5 1.118(2),
O2—HS5 1.491(2); C7-PI—-N3 111.9(1), C7-P1-N4 106.7(1),
C7—-P1-02108.0(1), N3—P1-N4 105.2(1), N3—P1—-02 109.6(1),

N4-P1-02 115.3(1), P1-N4—C6 129.3(1), P1-N4—Cl35
123.0(1), C6—N4—C15 107.02), PI-N3-CI0 120.2(1),
PI-N3—CI1 122.7(1), C11-N3—CI10 114.8(1), H5—-02—PI
100.6(1), HI2—02—P1 100.7(1), H5-02—HI12 148.7(1),

02—H5-05 164.1(2), 02—H12—012 154.2(1)

atom attached to the phosphorus moiety (1.491 and 1.826
A, respectively).

We have also investigated the catalytic properties of these
compounds in the enantioselective borane reduction of pro-
chiral ketones (Scheme 6).

O HO_H

catalyst (2 mol%)
M+ BHsMe X
R R, 3 2 solvent, T R R,

Scheme 6

We first examined the use of catalyst anti-2a in the en-
antioselective reduction of acetophenone in a variety of
solvents and at various temperatures (Table 3).

The use of THF at 60 °C appears to give the best enantio-
selectivity, and leads to (R)-phenylethanol in 95% yield
and 32% ee (Table 3, Entry 5).

Under the best experimental conditions, this study has
been extended to a series of prochiral ketones. The results
are summarized in Table 4.

In all cases, a total conversion into the corresponding
alcohols was obtained in yield varying from 67 to 92%.
Nevertheless, in all cases, moderate enantiomeric excesses
have been encountered, except for 2-chloroacetophenone
where the catalyst revealed high enantioface-differentiating

Eur. J. Org. Chem. 2000, 3313—3321

THEF, -78°C
Ph 2) NH,Cl sat. 0 Ph
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12 equiv. LDA HO \\P}NQP}]
grerad O

0.
//P\O

~
O Ph+ HO

anti-2b syn-2b

70/ 30

Table 3. Influence of temperature and nature of the solvent on the
enantiomeric excess in the enantioselective borane reduction of ace-
tophenone catalyzed by 2 mol-% of anti-2a

Entry Solvent T [°C] Yield [%o]t#] ee [Yo]®!
1 CH,Cl, 20 28 10 (R)
60 75 2 (R)
2 Toluene 20 85 3(R)
110 87 2 (R)
3 CH:CN 20 88 6 (R)
60 82 3 (R)
4 MTBE 20 89 8 (R)
50 81 6 (R)
5 THF 20 85 10 (R)
60 95 32 (R)

[l Tsolated yield. — [ ee determined by HPLC analysis on a Daicel
Chiralcel OD-H column at 254 nm; flow rate 0.5 mL/min; eluent:
hexane/iPrOH/NEt; (90:10:0.01), tg = 14.11 min, 5 = 15.97 min.

ability (Entry 5, 68% ee). Moreover, the major enantiomers
formed always had the same relative configurations.

On the basis of these results, compounds 2a—2g and 3
have been successfully employed as catalysts in the enantio-
selective borane reduction of 2-chloroacetophenone
(Table 5).

In all cases, a total conversion of 2-chloroacetophenone
and enantioselectivities varying from moderate to high
(Entries 1—9, 7 to 84% ee) were encountered. Catalyst anti-
2b, possessing a diphenylprolinol moiety, afforded the best
enantioselectivity (Entry 3, 84% ee). Moreover, depending
on the configuration assigned at the phosphorus atom of
the diastereomer used, the reaction afforded the expected
chloro alcohol with the same (S) absolute configuration but
with a significant decrease of the enantioselectivity using
the syn diastereomer (Entries 1—4). It is also noteworthy
that the use of catalyst 3 afforded the expected product in
80% yield, but with a total absence of enantioselectivity
(Entry 10, 1% ee).

Conclusion

We have described the synthesis of various new chiral (o-
hydroxyaryl)oxazaphospholidine oxides using a stereospec-
ific migration-rearrangement procedure and proceeding
with total regioselectivity. These compounds have been suc-
cessfully used as bifunctional catalysts in the enantioselec-
tive borane reduction of prochiral ketones with enantio-
meric excesses of up to 84% ee. Studies dealing with mechan-
istic features are currently in progress.
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Table 4. Enantioselective borane reduction of various ketones with
2 mol-% of anti-2a

Entry Ketone Yield (%)[a] ee (%)[b]
O
(@]
e}

3 d\/ 92 19 (R)[e]
o]

4 @ij 75 18 (RN
O
(@]

44 (5™

Cl
6 © 67
{ ﬁ
o]}

[al Tsolated yield. — ! ee determined by HPLC analysis. — [ Daicel
Chiralcel OJ column at 254 nm; flow rate 1.0 mL/min; eluent: hex-
ane/iPrOH (90:10), ts = 14.70 min, tx = 18.39 min. — [ Daicel
Chiralcel OD-H column at 254 nm; flow rate 0.5 mL/min; eluent:
hexane/iPrOH/NEt; (95:5:0.01), ts = 19.79 min, g = 23.24 min. —
[l Daicel Chiralcel OD-H column at 254 nm; flow rate 0.5 mL/min;
eluent: hexane/EtOH/NEt; (95:5:0.01), tx = 13.88 min, t5 =
15.51 min. — ' Daicel Chiralcel OJ column at 254 nm; flow rate
0.5 mL/min; eluent: hexane/iPrOH (90:10), t5 = 13.40 min, g =
16.58 min. — &l Daicel Chiralcel OD-H column at 254 nm; flow
rate 0.5 mL/min; eluent: hexane/EtOH/NEt; (95:5:0.01), 5 =
18.97 min, tg = 22.51 min. — M Daicel Chiralcel OD-H column at
254 nm; flow rate 0.7 mL/min; eluent: hexane/iPrOH (98:2), ts=
33.80 min, fg = 47.50 min.

Table 5. Influence of the nature of the catalysts in the enantioselec-
tive borane reduction of 2-chloroacetophenone

Entry Catalyst Yield [%]] ee [%o]®]
1 anti-2a 86 68 (S)
2 syn-2a 80 47 (S)
3 anti-2b 83 84 (S)
4 syn-2b 79 59 (S)
5 anti-2¢ 86 47 (S)
6 anti-2d 80 56 (S)
7 anti-2e 91 67 (S)
8 anti-2f 89 7 (S)
9 anti-2g 82 36 (S)
10 3 80 1(S)

[a] Tsolated yield. — [ ee determined by HPLC analysis on a Daicel
Chiralcel OD-H column at 254 nm; flow rate 0.5 mL/min; eluent:
hexane/EtOH/NEt; (95:5:0.01), tg = 18.97 min, 7z = 22.51 min.

Experimental Section

'H NMR, 3C NMR, 3'P NMR, and "F NMR spectra were re-
corded with Bruker AC100, AC200 and AC400 spectrometers in
CDCl; as solvent. The chemical shifts (ppm) were determined relat-
ive to Me,Si ("H and 3C) and 85% H;PO, (*'P). Toluene and tetra-
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hydrofuran (THF) were distilled from sodium/benzophenone ketyl
immediately prior to use. Ethyl acetate and petroleum ether (35—60
°C) were purchased from SDS and used without further purifica-
tion. — Column chromatography was performed on SDS silica gel
(70—230 mesh). LDA (2 M in THF) and terz-butyl hydroperoxide
(5.5 M in decane) were purchased from Fluka.

General Procedure for the Preparation of Compounds anti-1alsyn-1a
and anti-1b/syn-1b: To a solution of the corresponding chiral amino
alcohol (10 mmol) and freshly distilled NEt; (3.8 mL, 30 mmol) in
THF (25mL) was added phenyl dichlorophosphate (1.64 mL,
11 mmol) dropwise at 0 °C. The mixture was stirred under nitrogen
at room temperature overnight and then filtered to remove
Et;NHCI. The solvent was evaporated under reduced pressure and
the crude product purified by flash chromatography.

(2S8,55)-2-Phenoxy-1-aza-3-oxa-2-phosphabicyclo[3.3.0]octan-2-one
(anti-la) and  (2R,5S)-2-Phenoxy-1-aza-3-oxa-2-phosphabicy-
clo[3.3.0]octan-2-one (syn-1a): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 80:20) afforded an
inseparable mixture of anti-1a and syn-1a (1:1) as a colorless oil in
89% yield; — '"H NMR (200 MHz, CDCls): § = 1.61 (m, 1 H), 1.98
(m, 3 H), 3.08 (m, 1 H), 3.54 (m, 1 H, syn), 3.83 (m, 2 H + 1 H,
anti), 418 (m, 1 H), 448 (ddd, J = 6.4Hz, J = 8.7Hz, J =
22.6 Hz, 1 H, syn), 3.50 (m, 5 H), 7.20 (m, 10 H). — 3C NMR
(50 MHz, CDCl5): 6 = 26.5 (d, J = 2.9 Hz, anti), 27.5 (d, J =
3.3 Hz, syn), 29.8 (d, J = 3.0 Hz, syn), 30.5 (d, J = 3.8 Hz, anti),
45.0 (s, syn), 46.7 (d, J = 2.3 Hz, anti), 61.2 (d, J = 12.6 Hz, anti),
62.0 (d, J = 13.0 Hz, syn), 70.2 (d, J = 4.4 Hz, anti), 71.3 (d, J =
4.2 Hz, syn), 120.0 (d, J = 4.4 Hz, 2 C, syn), 120.6 (d, J = 4.6 Hz,
2 C, anti), 124.6 (s, syn), 124.8 (s, anti), 129.4 (s, 2 C, anti), 129.5
(s, 2 C, syn), 150.3 (d, J = 7.2 Hz, syn), 151.4 (d, J = 6.9 Hz, anti).
— 3P NMR (40.5 MHz, CDCls): 8 = 21.2 (anti), 16.0 (syn).

(2S5,55)-2-Phenoxy-4,4-diphenyl-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-1b) and (2R,5S)-2-Phenoxy-4,4-diphenyl-1-
aza-3-oxa-2-phosphabicyclo[3.3.0]octan-2-one (syn-1b): Purification
by column chromatography (silica gel; ethyl acetate/petroleum
ether, 80:20) afforded an inseparable mixture of anti-1b and syn-1b
(70:30) as a colourless oil in 65% yield; — 'H NMR (200 MHz,
CDCl3): 6 = 1.70 (m, 4 H), 3.09 (m, 1 H), 3.68 (m, 1 H), 4.31 (dt,
J =109 Hz, J = 6.0 Hz, 1 H, anti), 4.59 (ddd, J = 24.5Hz, J =
10.5Hz, J = 5.7Hz, 1 H, syn), 7.24 (m, 15 H). — 3C NMR
(50 MHz, CDCl3): 6 = 24.9 (s, syn), 25.6 (d, J = 4.2 Hz, anti), 29.5
(s, syn), 29.8 (d, J = 4.3 Hz, anti), 44.7 (s, syn), 46.0 (d, anti), 70.2
(d, J = 11.5 Hz, anti), 71.4 (d, J = 9.2 Hz, syn), 88.2 (d, J = 3.0 Hz,
syn), 89.3 (d, J = 2.8 Hz, anti), 119.8 (d, J = 44 Hz, 2 C, syn),
120.5 (d, J = 4.7 Hz, 2 C, anti), 124.5 (s, anti), 125.3 (s, syn), 126.1
(s, 4 C, anti), 126.5 (s, 4 C, syn), 127.4 (s, 2 C, syn), 127.8 (s, 2 C,
anti), 127.9 (s, 4 C, syn), 128.0 (s, 4 C, anti), 129.0 (s, 2 C, anti),
129.5 (s, 2 C, syn), 140.6 (d, J = 5.6 Hz, anti), 140.9 (d, J = 5.8 Hz,
syn), 142.5 (d, J = 4.3 Hz, anti), 143.7 (s, syn), 150.7 (d, J = 7.2 Hz,
syn), 151.1 (d, J = 6.9 Hz, anti). — 3'P NMR (40.5 MHz, CDCl;):
S = 17.1 (anti), 14.3 (syn).

General Procedure for the Preparation of Compounds anti-1a—anti-
1g: An equimolar mixture of tris(dimethylamino)phosphane
(5 mmol, 0.82 g) and (S)-(+)-prolinol hydrochloride (6a) (5 mmol,
0.51 g) was placed in dry toluene (10 mL) in a two-necked round
flask under argon and warmed at 110 °C for 3 h; 1 equiv. of desired
phenol was then added at room temperature, and the mixture was
warmed at 110 °C for 1 h. The mixture was allowed to cool to
room temperature and the toluene was removed in vacuo. The
crude phosphane was diluted with dichloromethane (15 mL) and
the mixture was cooled at 0 °C. tert-Butyl hydroperoxide (0.9 mL,
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5.5 M, decane) was slowly added and the mixture was stirred for
additional 3 h. After removing the solvent in vacuo, the crude prod-
uct was purified by flash chromatography.

(25,55)-2-(1-Naphthyloxy)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-1c): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 75:25) afforded
anti-1¢ as a white solid in 67% yield; — '"H NMR (200 MHz,
CDCl3): 6 = 1.49 (m, 1 H), 1.81 (m, 3 H), 2.88 (m, 1 H), 3.67 (m,
3 H), 4.10 (m, 1 H), 7.39 (m, 4 H), 7.59 (m, 1 H), 7.77 (d, J =
7.6 Hz, 1 H), 8.15 (d, J = 8.5Hz, 1 H). — 3C NMR (50 MHz,
CDCl;): 6 = 264 (d, J = 3.5Hz), 30.3 (d, J = 3.4 Hz), 46.5 (d,
J =2.7Hz), 61.2 (d, J = 12.1 Hz), 70.0 (d, J = 4.6 Hz), 115.5 (d,
J=3.0Hz), 121.7,124.7, 125.2, 126.0, 126.3, 126.7 (d, J = 4.8 Hz),
127.5, 134.5, 146.6 (d, J = 8.7Hz). — 3'P NMR (40.5 MHz,
CDCl3): 6 = 21.4. — C;sH(NO3P (289.27): caled. C 62.28, H 5.58,
N 4.84, P 10.71; found C 62.10, H 5.61, N 4.75, P 10.55.

(2S5,55)-2-(4-Methoxyphenoxy)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-1d): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 80:20) afforded
anti-1d as a colourless oil in 82% yield; — 'H NMR (200 MHz,
CDCl;): 6 = 1.52 (m, 1 H), 1.83 (m, 3 H), 2.91 (m, 1 H), 3.64 (m,
2 H), 3.65 (s, 3 H), 4.02 (m, 2 H), 6.72 (d, J = 9.1 Hz, 2 H), 7.00
(dd, J = 9.1 Hz, J = 1.2 Hz, 2 H). — 13C NMR (50 MHz, CDCl5):
8§ =264(d,J=28Hz),30.4(d,J=4.3Hz),46.6(d, J =2.7Hz),
55.3, 61.3 (d, J = 129 Hz), 70.2 (d, J = 5.3 Hz), 114.3 (s, 2 C),
1214 (d, J = 42Hz, 2 C), 144.2 (d, J = 8.6 Hz), 156.4. — 3'P
NMR (40.5 MHz, CDCl;): 6 = 21.2. — C;,H ¢NO4P (269.23):
caled. C 53.53, H 5.99, N 5.20, P 11.5; found C 53.60, H 5.8, N
5.19, P 11.47.

(28,5S5)-2-(3-Fluorophenoxy)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-le): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 80:20) afforded
anti-1e as a colourless oil in 62% yield; — '"H NMR (200 MHz,
CDCl;): 6 = 1.53 (m, 1 H), 1.89 (m, 3 H), 2.85 (m, 1 H), 3.67 (m,
3 H), 4.14 (ddd, J = 158 Hz, J = 8.1 Hz, J = 59 Hz, 1 H), 6.46
(m, 1 H), 6.89 (m, 2 H), 7.19 (dd, J = 14.7Hz, J = 7.9 Hz, 1 H).
— BC NMR (50 MHz, CDCly): § = 26.4 (d, J = 3.7 Hz), 30.4 (d,
J = 4.3Hz), 46.6 (d, J = 2.7Hz), 61.2 (d, J = 12.1 Hz), 70.3 (d,
J =48 Hz), 108.4 (dd, J = 178.8 Hz, J = 244 Hz), 111.8 (d, J =
21.4 Hz), 116.3 (d, J = 3.0 Hz), 130.2 (d, J = 9.5Hz), 151.4 (d,
J = 7.4 Hz), 162.7 (d, J = 247.3 Hz). — *'P NMR (40.5 MHz,
CDCl): 8 = 21.1. — F NMR (94.2 MHz, CDCl;): § = —81.1.
— C;H;3FNO;P (257.20): caled. C 51.37, H 5.09, N 7.39, P 12.04;
found C 51.20, H 5.10, N 7.32, P 11.82.

(2S5,55)-2-(3-Methoxyphenoxy)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-1f): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 75:25) afforded
anti-1f as a pale yellow oil in 70% yield; — '"H NMR (200 MHz,
CDCl3): 6 = 1.51 (m, 1 H), 1.80 (m, 3 H), 2.91 (m, 1 H), 3.64 (s,
3 H), 3.66 (m, 3 H), 4.09 (ddd, J = 15.5Hz, J = 79Hz, J =
5.6 Hz, 1 H), 6.62 (m, 3 H), 7.09 (td, J = 8.1 Hz, J = 0.6 Hz, 1
H). — 3C NMR (50 MHz, CDCls): § = 26.3 (d, J = 2.9 Hz,), 30.3
(d, J = 3.3 Hz), 46.5 (d, J = 2.6 Hz), 55.0, 61.1 (d, J = 12.9 Hz),
70.0 (d, J = 5.3 Hz), 106.5 (d, J = 44 Hz), 110.2, 1123 (d, J =
43 Hz), 129.6, 151.5 (d, J = 7.3Hz), 160.2. — 3P NMR
(40.5 MHz, CDCly): & = 21.1. — C;,H {NO4P (269.23): caled. C
53.53, H 5.99, N 5.20, P 11.5; found C 53.90, H 5.76, N 5.12,
P 11.49.

(25,55)-2-(3-tert-Butylphenoxy)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-1g): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 75:25) afforded
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anti-1g as a colourless oil in 71% yield; — 'H NMR (200 MHz,
CDCl3): 8 = 1.19 (s, 9 H), 1.52 (m, 1 H), 1.85 (m, 3 H), 2.92 (m,
1 H), 3.68 (m, 3 H), 4.05 (m, 1 H), 7.00 (d, J = 8.6 Hz, 2 H), 7.22
(d, J = 8.6Hz, 2 H). — 3C NMR (50 MHz, CDCls): § = 26.4,
30.4 (d, J = 3.3 Hz), 31.2 (s, 3 C), 34.1, 46.6, 61.2 (d, J = 12.8 Hz),
70.1 (d, J = 5.0Hz), 119.7 (d, J = 44 Hz, 2 C), 126.2 (s, 2 C),
147.4,148.4 (d, J = 7.4 Hz). — 3'P NMR (40.5 MHz, CDCl;): § =
21.4. — CsH»NO;P (295.31): caled. C 61.01, H 7.51, N 4.74, P
10.49; found C 61.20, H 7.48, N 4.75, P 10.10.

General Procedure for the Preparation of Compounds 2a—2g: To a
stirred solution of the corresponding compounds la—1g
(2.5 mmol) in dry THF (25 mL) under argon was slowly added, at
—78 °C, a solution of LDA (5 mmol, 2m in THEF, 2.5mL). The
mixture was allowed to warm to room temperature (45 min) and
quenched by addition of a saturated solution of NH4Cl (15 mL).
The product was extracted with dichloromethane (3 X 20 mL). The
combined organic phases were dried with MgSQOy, filtered and con-
centrated under reduced pressure. The residue was purified by flash
chromatography on a silica gel column.

(2R,5S5)-2-(2-Hydroxyphenyl)-1-aza-3-oxa-2-phosphabicyclo-
[3.3.0]octan-2-one (anti-2a) and (25,55)-2-(2-Hydroxyphenyl)-1-aza-
3-oxa-2-phosphabicyclo[3.3.0]octan-2-one (syn-2a): Purification by
column chromatography (silica gel; ethyl acetate/petroleum ether,
50:50) afforded anti-2a and syn-2a as white solids in 41% yield. —
anti-2a: m.p. 120 °C. — [0]® = +50.7 (¢ = 1.02, CH,Cl,). — 'H
NMR (200 MHz, CDCls): § = 1.78 (m, 1 H), 2.01 (m, 3 H), 2.90
(m, 1 H), 3.67 (ddd, J = 15.5Hz, J = 104 Hz, J = 5.3 Hz, 1 H),
393 (ddd, J = 8.7Hz, J = 8.5Hz, J = 1.8 Hz, 1 H), 4.19 (m, 1
H), 4.40 (m, 1 H), 6.89 (m, 2 H), 7.30 (m, 2 H), 10.50 (s, 1 H). —
13C NMR (50 MHz, CDCl;): § = 27.8,29.8 (d, J = 2.9 Hz,), 44.9,
63.4 (d, J = 8.6 Hz), 70.1, 110.6 (d, J = 180.0 Hz), 117.5 (d, J =
11.8 Hz), 119.3 (d, J = 13.5 Hz), 131.9 (d, J = 6.8 Hz), 134.8, 162.2
(d, J = 8.1 Hz). — 3'P NMR (40.5 MHz, CDCl,): § = 43.0. —
C1H14NO;P (239.07): caled. C 55.2, H 5.9, N 5.9, P 12.9; found
C 554, H 5.6, N 6.2, P 12.7. — syn-2a: m.p. 122 °C. — [a]¥ =
—35.2 (¢ = 1.05, CH,Cl,). — 'H NMR (200 MHz, CDCl;): § =
1.63 (m, 1 H), 2.01 (m, 3 H), 2.99 (m, 2 H), 4.02 (td, J = 8.7 Hz,
J = 34Hz | H), 428 (m, | H), 467 (ddd, J = 154Hz, J =
8.8 Hz, J = 6.4 Hz, 1 H), 6.97 (m, 2 H), 7.35 (m, 2 H), 10.88 (s, 1
H). — 3C NMR (50 MHz, CDCls): § = 28.1 (d, J = 5.3 Hz), 30.48
(d, J = 54 Hz), 44.1 (d, J = 59 Hz), 61.7 (d, J = 14.4 Hz), 70.2,
107.4 (d, J = 1599 Hz), 1184 (d, J = 11.3Hz), 1194 (d, J =
14.4 Hz), 130.8 (d, J = 8.8 Hz), 134.8 (d, J = 2.6 Hz), 163.9 (d,
J = 59Hz). — 3P NMR (40.5 MHz, CDCl;): § = 38.0. —
C1H14NO;P (239.07): caled. C 55.2, H 5.9, N 5.9, P 12.9; found
C55.6,H 6.4, N54,P12.2.

(2R,5S5)-2-(2-Hydroxyphenyl)-4,4-diphenyl-1-aza-3-oxa-2-phos-
phabicyclo[3.3.0]octan-2-one (anti-2b) and (2S,55)-2-(2-Hydroxy-
phenyl)-4,4-diphenyl-1-aza-3-oxa-2-phosphabicyclo|3.3.0]octan-2-

one (syn-2b): Purification by column chromatography (silica gel;
ethyl acetate/petroleum ether, 25:75) afforded anti-2b and syn-2b as
white solids in 77% yield. — anti-2b: m.p. 64 °C. — [a]f = —198.7
(¢ = 1.17, CH,Cl,). — '"H NMR (200 MHz, CDCl,): § = 1.62 (m,
2 H), 1.77 (m, 2 H), 2.99 (m, 1 H), 3.66 (m, 1 H), 4.79 (ddd, J =
129 Hz, J = 6.6 Hz, J = 6.3 Hz, 1 H), 6.60 (tdd, / = 7.8 Hz, J =
3.6 Hz, J = 1.0Hz, 1 H), 6.75 (ddd, J = 15.8 Hz, J = 7.8 Hz, J =
1.8 Hz, Hyy), 6.92 (dd, J = 8.0Hz, J = 7.2 Hz, 1 H), 7.39 (m, 11
H), 10.73 (s, 1 H). — 3C NMR (50 MHz, CDCl;): § = 26.6, 30.3,
44.5,71.7 (d, J = 8.6 Hz), 89.8, 110.9 (d, J = 180.0 Hz), 117.5 (d,
J=11.7Hz), 119.2 (d, J = 14.5 Hz), 126.5 (s, 2 C), 126.7 (s, 2 C.),
127.7, 128.2 (s, 2 C.), 128.4, 128.6 (s, 2 C), 131.9 (d, J = 7.4 Hz),
134.7, 140.7 (d, J = 2.4 Hz), 1424 (d, J = 5.1 Hz), 162.3 (d, J =
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79Hz). — 3P NMR (40.5MHz, CDCly): & = 398. —
C53H,,NO;P (391.14): caled. C 70.6, H 5.7, N 3.6, P 7.9; found C
70.2, H 5.9, N 3.4, P 7.5. — syn-2b: m.p. 188 °C. — [0]¥ = —109.2
(¢ = 0.33, CH,Cl,). — "H NMR (200 MHz, CDCls): § = 1.32 (m,
1 H), 1.85 (m, 3 H), 3.15 (m, 2 H), 4.84 (ddd, J = 15.6 Hz, J =
10.8 Hz, J = 4.8 Hz, 1 H), .6.89 (m, 1 H), 7.02 (m, 1 H), 7.13 (td,
J=78Hz, J=15Hz, 1 H), 7.39 (m, 9 H), 7.64 (dd, J = 8.4 Hz,
J = 1.5Hz, 2 H), 11.07 (s, 1 H). — 3C NMR (50 MHz, CDCl;):
8 =1250(d, J=26Hz), 309,444 (d, J = 44Hz), 723, J =
9.8 Hz), 90.2, 106.4 (d, J = 160.1 Hz), 118.4 (d, J = 10.9 Hz), 119.3
(d, J = 144 Hz), 1254 (s, 2 C), 126.5 (s, 2 C), 127.7, 128.2 (s, 2
C), 128.4, 128.6 (s, 2 C.), 131.8 (d, J = 8.8 Hz), 1355 (d, J =
2.4 Hz), 141.3 (d, J = 7.2 Hz), 144.5, 164.6 (d, J = 7.1 Hz). — 3P
NMR (40.5 MHz, CDCl;): 8 = 39.8. — C,3H»,NO;P (391.14):
caled. C 70.6, H 5.7, N 3.6, P 7.9; found C 70.5, H 5.8, N 3.7, P 7.9.

(Sp)-1(2S5)-2-Hydroxymethylpyrrolidino]-(2-hydroxyphenyl)-
(diisopropylamino)phosphane Oxide (3): Purification by column
chromatography (silica gel; ethyl acetate/petroleum ether, 75:25) af-
forded 3 as a pale yellow solid in 46% yield; m.p. 206 °C. — [a]® =
—3.8 (¢ = 0.26, CH,Cl,). — 'H NMR (200 MHz, CDCl,): § =
1.11(d,J = 6.7Hz, 6 H), 1.31 (d, J/ = 6.7 Hz, 6 H), 1.83 (m, 4 H),
3.04 (m, 2 H), 3.60 (m, 5 H), 4.05 (br, 1 H), 6.85 (m, 2 H), 7.26
(m, 2 H), 11.65 (s, 1 H). — 3C NMR (50 MHz, CDCl;): § = 21.5
(3,2C),24.0(s, 2C), 249 (d, J = 8.6 Hz), 29.9 (d, J = 7.2 Hz),
474(d,J=49Hz 2C),48.5(d, J = 6.1 Hz), 60.7 (d, J = 2.4 Hz),
644 (d, J = 2.8 Hz), 114.7 (d, J = 1453 Hz), 118.1 (d, J =
10.2 Hz), 118.6 (d, J = 12.9 Hz), 131.2 (d, J = 6.6 Hz), 133.7 (d,
J = 2.5Hz), 161.5 (d, J = 6.19 Hz). — 3'P NMR (40.5 MHz,
CDCly): 6 = 30.5. — C7Hy9N,O5P (340.40): caled. C 59.90, H
8.59, N 8.23, P 9.10; found C 60.15, H 8.61, N 8.15, P 9.22.

(2R,55)-2-(1-Hydroxy-2-naphthyl)-1-aza-3-oxa-2-phosphabicyclo-
|3.3.0]octan-2-one (anti-2¢): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 75:25) afforded
anti-2¢ as a white solid in 80% yield; m.p. 156 °C. — [a]® = +19.6
(¢ = 0.54, CH,Cl,). — '"H NMR (200 MHz, CDCl;): § = 1.70 (m,
1 H), 1.94 (m, 3 H), 2.84 (m, 1 H), 3.65 (m, 1 H), 3.88 (td, J =
8.6 Hz, / = 1.3 Hz, 1 H), 4.13 (m, 1 H), 4.35 (m, 1 H), 7.25 (m, 2
H), 7.51 (m, 2 H), 7.72 (d, J = 8.1 Hz, 1 H), 8.38 (d, / = 7.8 Hz,
1 H), 11.66 (s, 1 H). — 3C NMR (50 MHz, CDCl,): § = 27.7, 29.8
(d, J = 3.5Hz), 44.7, 63.3 (d, J = 8.6 Hz), 70.0, 100.2 (d, J =
181.6 Hz), 118.8 (d, J = 14.1 Hz), 123.3, 124.8 (d, J = 12.8 Hz),
125.7, 1259 (d, J = 7.1 Hz), 127.3, 128.8, 136.6 (d, J = 2.4 Hz),
160.9 (d, J = 7.5 Hz). — 3P NMR (40.5 MHz, CDCl,): 5 = 44.4.
— C;5H (NOsP (289.27): caled. C 62.28, H 5.58, N 4.84, P 10.71;
found C 62.01, H 5.49, N 4.82, P 10.51.

(2R,55)-2-(2-Hydroxy-5-methoxyphenyl)-1-aza-3-oxa-2-phosphabi-
cyclo[3.3.0]octan-2-one (anti-2d): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 50:50) afforded
anti-2d as a white solid in 67% yield; m.p. 160 °C. — [a]¥ = +71.2
(c = 0.08, CH,Cl,). — '"H NMR (200 MHz, CDCl;): § = 1.68 (m,
1 H), 1.89 (m, 3 H), 2.79 (m, 1 H), 3.55 (m, 1 H), 3.66 (s, 3 H),
3.82 (td, J = 8.7Hz, J = 1.8 Hz, 1 H), 4.08 (m, 1 H), 4.31 (ddd,
J=15.0Hz,J = 8.5Hz,J = 6.5 Hz, | H), 6.89 (m, 2 H), 7.30 (m,
2 H), 10.00 (s, 1 H). — 3C NMR (50 MHz, CDCl,): § = 27.7, 29.8
(d, J = 2.8 Hz), 44.9, 55.8, 63.4 (d, J = 8.3 Hz), 70.0, 110.4 (d, J =
180.0 Hz), 115.0 (d, J/ = 7.4 Hz), 118.4 (d, J = 14.4 Hz), 121.8 (d,
J = 2.5Hz), 152.1 (d, J = 17.4 Hz), 156.3 (d, J = 6.7 Hz). — 3P
NMR (40.5 MHz, CDCl;): 6 = 42.4. — C,H;(NO4P (269.23):
caled. C 53.53, H 5.99, N 5.20, P 11.50; found C 54.20, H 5.86, N
5.14, P 12.03.

(2R,55)-2-(2-Fluoro-6-hydroxyphenyl)-1-aza-3-oxa-2-phosphabi-
cyclo[3.3.0]octan-2-one (anti-2e): Purification by column chromato-
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graphy (silica gel; ethyl acetate/petroleum ether, 50:50) afforded
anti-2e as an orange syrup in 65% yield. — [0]¥ = +47.5 (¢ = 0.06,
CH,Cl,). — 'H NMR (200 MHz, CDCls): § = 1.67 (m, 1 H), 1.94
(m, 3 H), 2.85 (m, 1 H), 3.59 (m, 1 H), 3.84 (td, J = 8.3 Hz, J =
2.5Hz, 1 H), 4.14 (m, 1 H), 4.36 (m, 1 H), 6.46 (ddd, J = 14.3 Hz,
J=289Hz, J = 559Hz, 1 H), 6.65 (dd, J = 8.3Hz, J = 54 Hz,
1 H), 7.26 (dd, J = 15.3 Hz, J = 8.3 Hz, 1 H), 11.09 (s, | H). —
13C NMR (50 MHz, CDCly): § = 27.9 (d, J = 2.4 Hz), 30.2 (d,
J = 40Hz), 448 (d, J = 24 Hz), 62.2 (dd, J = 10.8Hz, J =
3.4 Hz), 70.6, 100.0 (dd, J = 178.8 Hz, J = 20.3 Hz), 105.6 (dd,
J = 23.0Hz, J = 6.6 Hz), 113.4 (dd, J = 10.6 Hz, J = 3.0 Hz),
1352 (d, J = 12.0 Hz), 163.4 (dd, J = 5.8 Hz, J = 3.2 Hz), 164.0
(d, J = 247.2 Hz). — >'P NMR (40.5 MHz, CDCly): § = 38.4. —
YF NMR (94.2 MHz, CDCl;): § = —87.7. — C;H;;FNO;P
(257.20): caled. C 51.37, H 5.09, N 7.39, P 12.04; found C 52.01,
H 5.26, N 7.36, P 11.95.

(2R,55)-2-(2-Hydroxy-6-methoxyphenyl)-1-aza-3-oxa-2-phosphabi-
cyclo|3.3.0]octan-2-one (anti-2f): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 50:50) afforded
anti-2f as an orange syrup in 85% yield; — [a] = +43.0 (¢ = 0.1,
CH,Cl,). — '"H NMR (200 MHz, CDCls): § = 1.89 (m, 4 H), 2.89
(m, 1 H), 3.82 (s, 3 H), 3.89 (m, 1 H), 4.16 (m, 1 H), 4.38 (m, 1
H), 6.33 (dd, J/ = 8.2 Hz, J = 59 Hz, 1 H), 6.53 (dd, J = 8.3 Hz,
J=58Hz, 1H),7.30(dd, J = 8.5Hz, J = 8.3Hz, 1 H), 11.48 (s,
1 H). — 3C NMR (50 MHz, CDCl;): § = 27.6 (d, J = 2.0 Hz,),
30.6 (d, J = 3.0 Hz), 44.9, 55.8, 62.2 (d, J = 11.1 Hz), 70.6 (d, J =
2.1 Hz), 99.8 (d, J = 180.0 Hz), 101.0 (d, J = 8.6 Hz), 110.2 (d,
J = 124 Hz), 135.0, 161.9, 163.7 (d, J = 49 Hz). — 3P NMR
(40.5 MHz, CDCly): § = 43.2. — C,H {NO4P (269.23): caled. C
53.53, H 5.99, N 5.20, P 11.50; found C 53.20, H 5.80, N 5.14,
P 11.36.

(2R,5S5)-2-(4-tert-Butyl-2-hydroxyphenyl)-1-aza-3-oxa-2-phosphabi-
cyclo|3.3.0]octan-2-one (anti-2g): Purification by column chromato-
graphy (silica gel; ethyl acetate/petroleum ether, 50:50) afforded
anti-2g as a white solid in 33% yield; m.p. 144 °C. — [a]f = +58.7
(¢ = 1.05, CH,Cl,). — '"H NMR (200 MHz, CDCl;): 6 = 1.26 (s,
9 H), 1.76 (m, 1 H), 1.99 (m, 3 H), 2.90 (m, 1 H), 3.62 (m, 1 H),
3.89 (td, J = 8.7Hz, J = 1.9 Hz, 1 H), 4.17 (m, 1 H), 4.39 (ddd,
J=21.1Hz, J=8.6Hz, J = 6.5Hz, 1 H), 6.85(dd, J = 8.7 Hz,
J=72Hz, 1 H), 7.23 (dd, J = 16.5Hz, J = 2.5Hz, 1 H), 7.43
(ddd, J = 8.8 Hz, / = 2.5Hz, J = 0.9 Hz, 1 H), 10.32 (s, 1 H). —
13C NMR (50 MHz, CDCly): § = 27.7 (d, J = 1.9 Hz), 29.8 (d,
J = 2.8Hz), 31.3 (s, 3 C), 32.4, 45.1, 63.4 (d, J = 7.5Hz), 70.1,
109.5 (d, J = 179.1 Hz), 117.2 (d, J = 13.0Hz), 1274 (d, J =
8.2 Hz), 132.6, 141.8 (d, J = 13.2 Hz), 160.1 (d, J = 7.6 Hz). — 3'P
NMR (40.5 MHz, CDCl;3): & = 43.7. — C;sHx»pNO;P (295.31):
caled. C 61.01, H 7.51, N 4.74, P 10.49; found C 60.90, H 7.42, N
4.58, P 10.61.

General Procedure for the Enantioselective Borane Reduction of Ke-
tones: A solution of BH;*SMe, (2 M in THF) was added dropwise
to a stirred and pre-warmed solution of 2 mol-% of the catalyst
and ketone (1 equiv.) in degassed THF (5SmL) at 65 °C. After
10 min, the solution was cooled to room temperature and then a
saturated solution of NaHCO; was added slowly to the mixture.
After decanting, the organic layer was dried with MgSO, and then
distilled in a Kugelrohr apparatus to afford the expected alcohol.
Enantiomeric excesses were determined by HPLC analysis.

X-ray Analyses: anti-2a: A plate white monocrystal of
C,H 7N ,O;P, obtained by recrystallization in ethyl acetate, with
approximate dimensions 0.5 X 0.4 X 0.4 mm was mounted on a
glass capillary. All measurements were made with a Rigaku dif-
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fractometer with Mo-K,, radiation. Cell constants and the orienta-
tion matrix for data collection were obtained from a least-squares
refinement using setting angles of 30 reflections in the range 6 =
1—25°, which corresponded to a monoclinic cell with dimensions:
a = 7.0136(6), b = 8.0819(5), ¢ = 10.5564(9) A. For Z = 2 and
M = 25425, peaica. = 1.41 g cm™3. The space group was deter-
mined to be P2, from the systemic absences. A total of 1149
reflections were collected at 7' = 298 K. The standards were meas-
ured after every 144 reflections. Among the first 200 pairs of
reflections, the signs of the corresponding calculated differences,
establishing that the molecule is described with the correct absolute
configuration (Rp). — 3: A plate white monocrystal of
C7H»9N,O3P, obtained by recrystallization in ethyl acetate, with
approximate dimensions 0.4 X 0.3 X 0.3 mm was mounted on a
glass capillary. All the measurements were made with a Rigaku
diffractometer with Mo-K,, radiation. Cell constants and the ori-
entation matrix for data collection were obtained from a least-
squares refinement using setting angles of 30 reflections in the
range 0 = 1—25°, which corresponded to an orthorhombic cell
with dimensions: @ = 9.3766(2), b = 11.0703(3), ¢ = 17.8257(5) A.
For Z = 4 and M = 340.34, pcaica. = 1.19 g cm™3. The space group
was determined to be P2,2,2, from the systemic absences. A total
of 2157 reflections were collected at 7= 298 K. The standards were
measured after every 208 reflections. Among the first 200 pairs of
reflections, the signs of the corresponding calculated differences,
establishing that the molecule is described with the correct absolute
configuration (Sp). — Crystallographic data (excluding structure
factors) for the structures reported in this paper have been depos-
ited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-145276 (anti-2a) and -145277 (3).
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (in-
ternat.) + 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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