
Published: June 16, 2011

r 2011 American Chemical Society 10728 dx.doi.org/10.1021/ja2034816 | J. Am. Chem. Soc. 2011, 133, 10728–10731

COMMUNICATION

pubs.acs.org/JACS

Bulky, Optically Active P-Stereogenic Phosphine�Boranes from Pure
H-Menthylphosphinates
David Gatineau, Laurent Giordano,* and G�erard Buono*

Equipe Chirosciences, UMR CNRS 6263 - ISM2 Universit�e Aix-Marseille III, Ecole Centrale de Marseille Av. Escadrille Normandie
Niemen, 13397 Marseille Cedex 20, France

bS Supporting Information

ABSTRACT: The transformation of readily available pure-
H-menthylphosphinates into chiral phosphinous acid-bor-
anes permits the elaboration of bulky P-stereogenic second-
ary phosphine�boranes. Taking advantage of the synthetic
potential of these compounds, a broad range of hindered
P-chiral tertiary phosphine�boranes has been prepared
with excellent enantiomeric excesses. The utility of bulky
o-tolylphosphines was illustrated by the synthesis of a rare
enantiopure phosphapalladacycle (SP,SP)-12.

The development of new metal-catalyzed pathways calls for
the design of new phosphine ligands with emphasis on the

electronic and steric parameters.1 For instance, electron-rich and
hindered-tertiary phosphines are of paramount importance in
C�C bond-forming reactions.2 Although various methods to
prepare these ligands are available, very little attention has been
paid to enantiomerically pure counterparts useful in asymmetric
catalysis.3 Processes leading to enantiomerically pure phos-
phorus compounds for asymmetric catalysis still remain a
challenging topic.4 In this context, during the past decade, the
synthesis of P-stereogenic phosphines has been an intensive field
of research.5 P-stereogenic phosphines are very attractive since
the element of chirality is brought closer to the metal center in
organometallics or metal complexes.6 To date, the method of
Jug�e and co-workers for the preparation of optically active
tertiary phosphine�boranes is the most convenient in terms of
versatility and stereoselectivity.7However, the introduction of bulky
groups by this methodology remains difficult to achieve.8 Dynamic
resolution/alkylation of lithiated tert-butylarylphosphine�boranes
with (�)-sparteine is useful procedure to alleviate these difficulties.9

Recently, Pietrusiewicz and Stankevic have also shown that the
resolution of tert-butylphenylphosphinous acid�borane offers an
entry for the preparation of P-stereogenic compounds containing a
tert-butyl substituent.10 Our interest in enantioselective catalysis11

has prompted us to develop the synthesis of chiral secondary
phosphine oxides (SPOs) as chiral preligands.12 Recently, we
disclosed a straightforward route to optically active phosphinous
acid�boranes from SPOs.13 In continuation of these studies, we
decided to examine the possibility to convert SPOs to optically
active hindered phosphine�boranes.Hopefully this approach would
preclude the PdO bond reduction which is difficult to achieve when
stereochemical control is required.14 Herein, we report a convenient
procedure for the synthesis of optically active hindered tertiary
phosphine�boranes and their utility for the enantioselective synth-
esis of chiral phosphapalladacycle.

First, we prepared various H-menthylphosphinates 1a�c
from inexpensive PCl3 and (�)-menthol through addition of
arylmagnesium bromides to dichloro-((�)-menthyloxy)phos-
phine 2. Diastereomerically pure 1a�c were obtained after two
recrystallizations on the multigram scale (up to 50 g).15 The
absolute configuration at the phosphorus atom was determined
by X-ray structural analysis for 1c and assigned by deduction for
1b (Scheme 1).

New enantiopure SPOs 3a�cwere prepared and converted to
chiral phosphinous acid-boranes 4a�c according to our proce-
dures (Scheme 2).13

Second, we examined the reactivity of various chiral phosphi-
nous acid�boranes 4 in stereoselective transformations. The
development of this method would be a straightforward
entry to optically pure hindered tertiary phosphine�boranes.
Starting from 3b, we first focused on the formation of

Scheme 1. Synthesis of Diastereomerically Pure
H-Menthylphosphinates 1a

aReagents and conditions: a) NaH, rt, THF; b) PCl3,�50 �C, THF; c)
ArMgCl,�50 �C, THF; d) two recrystallizations from hexane at�20 �C
for 48 h. Tol = o-tolyl; Naph = 1-naphthyl.

Scheme 2. Preparation of Optically Pure
Phosphinous Acid�Boranes 4a

aReagents and conditions: a) t-BuLi (2.2 equiv),�78 �C, THF; b)H2O,
H+; c) recrystallization from hexane/Et2O; d) n-BuLi,�78 �C, THF; e)
TMSCl, �78 �Cfrt, THF; f) BH3 3 SMe2, THF; g) TBAF, THF.
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sulfonyloxyphosphine�boranes 5 as key precursor of sec-phos-
phine�boranes 8. Attempts to apply the Pietrusiewicz and
Stankevic procedure using 4b instead 4a proved to be unsuccess-
ful. Indeed, when enantiopure 4bwas treated withmesyl chloride
in the presence of triethylamine in dichloromethane to form
mixed anhydride 5b, a complex mixture was obtained in which
the desired product was contaminated by products 6 and 7
(Scheme 3a).16

The formation of these could be explained by the presence
of chloride ions in the medium. A competitive nucleophilic
substitution takes place to form chlorophosphine�borane 6,
which then reacts with deprotonated 4b to give phosphinous
acid anhydride bis-borane 7. Noteworthy in this case is that
the reaction carried out with mesyl anhydride instead of
mesyl chloride resulted in the total suppression of byproducts.
The resulting mixed anhydride (SP)-5b was then reduced by
sodium borohydride in ethanol to afford cleanly (SP)-8b in
90% yield after purification.17 The whole transformation can
be achieved in two successive steps with excellent yields
(Scheme 3b).18

These promising results prompted us to test other chiral
phosphinous acid�boranes 4 using the optimized conditions
(See experimental section in SI).Wewere pleased to observe that
this one-pot procedure afforded the desired bulky P-stereogenic
sec-phosphine�boranes 8 in satisfactory yields (Scheme 4). This
new procedure for the preparation of this class of compounds is
complementary to the related approaches.19 As such, taking
advantage of the reactivity of the P�H bond, the synthetic potential
of these compounds opens new ways to a wide range of chiral
P-stereogenic phosphines.

Having in hand the sec-phosphine�boranes 8, the synthesis of
optically pure tertiary hindered phosphine�boranes 9 was
investigated. Alkylation of sec-phosphine�boranes was per-
formed with various halide compounds to extend its applicability
(Table1).

By using this procedure, the syntheses were achieved with high
levels of enantioselectivity. Absolute configuration of 9a, 9b, 9h,

9l was established by comparison with known compounds,9c and
absolute configuration of 9i was established by X-ray structural
analysis.20 In accordance with Pietrusiewicz and Stankevic re-
sults, transformation of 4 into 9, resulted in inversion of con-
figuration at phosphorus atom with excellent stereoselectivity.21

The highest enantioselectivities (>98 ee) were observed for
compounds 9a, 9b, 9f, 9h and 9i (entries 1, 2, 6, 8, 9).
P-stereogenic,N-bidentate ligand 9f seems to be promising for
the design of new metal complexes and asymmetric catalysis.22

When allyl or propargyl bromide, (iodomethyl)trimethylsilane
and furfuryl chloride were used as alkylating agents, tertiary
phosphine�boranes 9c, 9d, 9e, 9g, 9j, 9k were obtained with
fairly to good yields and satisfactory enantioselectivities (Entries
3, 4, 5, 7, 10, 11), which can be improve by a single crystallization
when crystals are obtained. The loss of enantioselectivity could
be imputed to the slow reaction at �78 �C. Thus, these results
suggest that, on warming up the reaction media, the conjugated
base of sec-phosphine�boranes 8 racemize slowly.23

Ligand 9i containing o-tolyl substituent appears to be a good
candidate for the preparation of optically pure metallacyle.24 As a
proof of principle, phosphapalladacycle (()-11 was conveni-
ently formed from the racemic free tertiary phosphine 10 and
Pd(OAc)2. The structure was in full agreement with the NMR
data (Scheme 5a) and secured by a single-crystal X-ray analysis.
Unfortunately, when the phosphapalladacyle formation was
performed with chiral (RP)-9i, no suitable crystals of (SP,SP)-
11 were obtained for X-ray spectroscopy. Attempted recrystalli-
zation of (SP,SP)-11 resulted in partial degradation (black
palladium deposit). Acetato to chloro ligand exchange for the
phosphapalladacycle (()-11 (LiCl, acetone, rt)25 provided the

Scheme 3. Conversion of Optically Pure (SP)-4b into
Secondary Phosphine�Borane (SP)-8b

a

aReagents and conditions: a) MeSO2Cl, Et3N, 0 �C, CH2Cl2; b)
(MeSO2)2O, Et3N, �15 �C, CH2Cl2; c) NaBH4, 0 �Cfrt, EtOH.

Scheme 4. Preparation of Enantiopure Bulky Secondary
Phosphine�Boranes 8

Table 1. Preparation of Optically Active Hindered Tertiary
Phosphine�Boranes 9

a Yield after purification. bEnantiomeric excess was determined by
HPLC analysis (see Supporting Information). cYield after recrystalliza-
tion. d Enantiomeric excess after recrystallization.
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chloropalladacycle (()-12 which exhibits complex NMR spec-
trum. In contrast, with chiral ligand (RP)-9i, NMR spectrum of
the phosphapalladacycle (SP,SP)-12 were dramatically simplified
compared to (()-12. Two diastereomeric complexes were
observed in 2:1 molar ratio and mass spectroscopy data are in
agreement with a dimeric structure, which suggested retention of
configuration at phosphorus atom (Scheme 5b).26,27

Ninety-five percent enantiomeric excess was determined by
31P NMR spectroscopy using known methods based on the
formation of two monomeric diastereomers with (S)-R-methyl-
benzylamine28 (see SI).

Finally, the optically pure trans-chloropalladacycle (SP,SP)-12
was slowly crystallized in EtOH, and suitable crystals for X-ray
analysis were isolated. The structure of (SP,SP)-12 was unambigu-
ously assigned and showed a square-planar geometry and retention
of configuration at the phosphorus atom (Figure 1). To the best of
our knowledge, structurally characterized enantiopure P-stereogenic
phosphapalladacycles are scarce, and only one example of a chiral
Pd(II) phosphapalladacycle has been reported so far.29

To test the activity of (SP,SP)-11, we briefly examined the
asymmetric version of addition reaction of alkynes 14 to nor-
bornadiene 13. Indeed, the Hermann�Beller phosphapallada-
cycle was known as the key catalyst for this interesting
transformation.30 Our results are listed in Table 2.

We found that palladacycle (SP,SP)-11 was a highly active
catalyst for this addition reaction. Using mild conditions, all

products were obtained in excellent yields (Table 2, entries
1�3). These preliminary results are promising since an enantio-
meric excess of 36% was observed without optimization of the
design of palladacycle (Table 2, entry 4).

In conclusion, a route to optically active electron-rich bulky
P-stereogenic secondary and tertiary phosphine�boranes has been
developed from (�)-menthol as convenient and friendly chiral
auxiliary toprevent theutilizationof (�)-ephedrine and(�)-sparteine.
To make the most of the borane-free tolylphosphine 10 a rare
enantiopure palladacycle (SP,SP)-12 was prepared with retention of
configuration at the phosphorus atom. Asymmetric addition reac-
tions of alkynes to alkenes31 with this conformationaly restricted
chiral palladacycle as catalyst are in progress in our laboratories.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental procedures,
compound characterization data, and spectra for all new com-
pounds; CIF files for compounds 1c, 11, 9i, and 12. This material
is available free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
laurent.giordano@centrale-marseille.fr; gerard.buono@
centrale-marseille.fr

’ACKNOWLEDGMENT

We are grateful to the CNRS and the ANR (program
BLAN07-1_190839) for fundings. We also thank Dr. Nicolas
Vanthuyne for HPLC analyses, Dr. Michel Giorgi for X-ray
analyses, and Dr. Alphonse Tenaglia for useful suggestions. This
work is dedicated to Professor Alfredo Ricci on the occasion of
his retirement.

’REFERENCES

(1) (a) Beller,M., Bolm, C., Eds.TransitionMetals ForOrganic Synthesis,
2nd ed.;Wiley-VCH:Weinheim, 2004; Vols. I,II. (b) Jacobsen, E.N., Pfaltz,
A., Yamamoto,H., Eds.Comprehensive Asymmetric Catalysis; Springer: Berlin,
Heidelberg, NY, 1999; Vols. I�III. (c) Ojima, I., Ed. Catalytic Asymmetric
Synthesis, 2nd ed.; Wiley-VCH: New York, 2000. (d) B€orner, A., Ed.
Phosphorus Ligands in Asymmetric Catalysis; Wiley-VCH: Weinheim, 2008;
Vols. I�III.

(2) (a) Molander, G. A.; Canturk, B. Angew. Chem., Int. Ed. 2009,
48, 9240–9261. (b) Martin, R.; Buchwald, S. L. Acc. Chem. Res. 2008,
41, 1461–1473. (c) Fu, G. C. Acc. Chem. Res. 2008, 41, 1555–1564.

Figure 1. Crystal structure of complex trans-(SP,SP)-12 (ORTEP
drawing showing thermal ellipsoids at 40% probability). Hydrogen
atoms are omitted for clarity. Selected bond lengths (Å) and angles
(deg): C(1)�Pd(1) 2.039(5); Cl(1)�Pd(1) 2.460(1); Cl(2)�Pd(1)
2.416(1); P(1)�Pd(1) 2.203(1); C(1)�Pd(1)�Cl(2) 91.9(2); C(1)�
Pd(1)�P(1) 83.8(2); Cl(1)�Pd(1)�Cl(2) 85.89(4); Cl(1)�Pd-
(1)�P(1) 98.39(4).

Table 2. Asymmetric Addition of Alkynes 14 to 13

entry alkyne product yielda eeb

1 14a R = phenyl (�)-15a 98 27

2 14b R = p-MeOPh (�)-15b 90 29

3 14c R = 1-cyclohexen-1-yl (�)-15c 91 24

4 14d R = CH2OAc (�)-15d 82 36
a Yield after purification. bEnantiomeric excess was determined by
HPLC analysis (see Supporting Information).

Scheme 5. Preparation of Optically Active
Phosphapalladacycles (SP,SP)-11 and (SP,SP)-12

a

aReagents and conditions: a) DABCO, 50 �C, toluene; b) Pd(OAc)2
(0.8 equiv); c) LiCl, rt, acetone/methanol; 3/1. DABCO = 1,4-
diazabicyclo[2.2.2]octane.



10731 dx.doi.org/10.1021/ja2034816 |J. Am. Chem. Soc. 2011, 133, 10728–10731

Journal of the American Chemical Society COMMUNICATION

(d) Hassan, J.; S�evignon, M.; Gozzi, C.; Schulz, E.; Lemaire, M. Chem.
Rev. 2002, 102, 1359–1470. (e) Tang, W.; Capacci, A. G.; Wei, X.; Li,
W.; White, A.; Patel, N. D.; Savoie, J.; Gao, J. J.; Rodriguez, S.; Qu, B.;
Haddad, N.; Lu, B. Z.; Krishnamurthy, D.; Yee, N. K.; Senanayake, C. H.
Angew. Chem., Int. Ed. 2010, 49, 5879–5883. (f) Littke, A. F.; Fu, G. C.
Angew. Chem., Int. Ed. 2002, 41, 4176–4211. (g) Old, D.W.; Wolfe, J. P.;
Buchwald, S. L. J. Am. Chem. Soc. 1998, 120, 9722–9723. (h) Littke,
A. F.; Fu, G. C. Angew. Chem., Int. Ed. 1998, 37, 3387–3388.

(3) (a) Shen, X.; Jones, G.O.;Watson, D. A.; Bhayana, B.; Buchwald,
S. L. J. Am. Chem. Soc. 2010, 132, 11278–11287. (b) Kozlowski, M. C.;
Morgan, B. J.; Linton, E. C. Chem. Soc. Rev. 2009, 38, 3193–3207.
(c) Baudoin, O. Eur. J. Org. Chem. 2005, 2005, 4223–4229. (d) Cammidge,
A.N.; Cr�epy, K. V. L.Tetrahedron 2004, No. 60, 4377–4386. (e)Cammidge,
A. N.; Crepy, K. V. L. Chem. Commun. 2000, 1723–1724.
(4) (a) Reference 1d. (b) Rev�es, M.; Ferrer, C.; Le�on, T.; Doran, S.;

Etayo, P.; Vidal-Ferran, A.; Riera, A.; Verdaguer, X.Angew. Chem., Int. Ed.
2010, 49, 9452–9455. (c) Taylor, A. M.; Altman, R. A.; Buchwald, S. L.
J. Am. Chem. Soc. 2009, 131, 9900–9901. (d) Fu, X.; Loh, W. T.; Zhang,
Y.; Chen, T.;Ma, T.; Liu, H. J.;Wang, J.M.; Tan, C.H.Angew. Chem., Int.
Ed. 2009, 48, 7387–7390. (e) Nishida, G.; Noguchi, K.; Hirano, M.;
Tanaka, K. Angew. Chem., Int. Ed. 2008, 47, 3410–3413.

(5) For reviews of P-stereogenic compounds, see: (a) Grabulosa, A.;
Granell, J.; Muller, G. Coord. Chem. Rev. 2007, 251, 25–90. (b) Glueck,
D. S. Synlett 2007, 2627–2634. (c) Cr�epy, K. V. L.; Imamoto, T. Top.
Curr. Chem. 2003, 229, 1–40. (d) Pietrusiewicz, K. M.; Zablocka,
M. Chem. Rev. 1994, 94, 1375–1411. For recent exemples see:
(e) Gammon, J. J.; Gessner, V. H.; Barker, G. R.; Granander, J.; Whitwood,
A. C.; Strohmann, C.; O’Brien, P.; Kelly, B. J. Am. Chem. Soc. 2010,
132, 13922–13927. (f) Rajendran, K. V.; Kennedy, L.; Gilheany, D. G.
Eur. J. Org. Chem. 2010, 2010, 5642–5649. (g) Tang, W.; Qu, B.;
Capacci, A. G.; Rodriguez, S.; Wei, X.; Haddad, N.; Narayanan, B.; Ma,
S.; Grinberg, N.; Yee, N. K.; Krishnamurthy, D.; Senanayake, C. H. Org.
Lett. 2010, 12, 176–179. (h) Gschwend, B.; Pugin, B.; Bertogg, A.; Pfaltz,
A. Chem.—Eur. J. 2009, 15, 12993–13007. (i) Imamoto, T.; Tamura, K.;
Ogura, T.; Ikematsu, Y.; Mayama, D.; Sugiya, M. Tetrahedron: Asym-
metry 2010, 21, 1522–1528. (j) Chan, V. S.; Chiu, M.; Bergman, R. G.;
Toste, F. D. J. Am. Chem. Soc. 2009, 131, 6021–6032. (k) Harvey, J. S.;
Malcolmson, S. J.; Dunne, K. S.; Meek, S. J.; Thompson, A. L.; Schrock,
R. R.; Hoveyda, A. H.; Gouverneur, V. Angew. Chem., Int. Ed. 2009,
48, 762–766. (l) Hoge, G. J. Am. Chem. Soc. 2003, 125, 10219–10227.

(6) (a) Knowles, W. S. Angew. Chem., Int. Ed. 2002, 41, 1998–2007.
(b) Lipkowitz, K. B.; D’Hue, C. A.; Sakamoto, T.; Stack, J. N. J. Am.
Chem. Soc. 2002, 124, 14255–14267.

(7) (a) Kaloun, E. B.; Merdes, R.; Genet, J. P.; Uziel, J.; Jug�e, S.
J. Organomet. Chem. 1997, 529, 455–463. (b) Jug�e, S.; Stephan, M.;
Merdes, R.; Genet, J. P.; Halutdesportes, S. J. Chem. Soc., Chem. Commun.
1993, 531–533. (c) Jug�e, S.; Stephan, M.; Laffitte, J. A.; Genet, J. P.
Tetrahedron Lett. 1990, 31, 6357–6360. For selected examples using
Jug�e’s method see:(d) Colby, E. A.; Jamison, T. F. J. Org. Chem. 2003,
68, 156–166. (e) Nettekoven, U.; Widhalm, M.; Kalchhauser, H.;
Kamer, P. C. J.; van Leeuwen, P.; Lutz, M.; Spek, A. L. J. Org. Chem.
2001, 66, 759–770. (f) Grabulosa, A.; Muller, G.; Ordinas, J. I.; Mezzetti,
A.; Maestro, M. A.; Font-Bardia, M.; Solans, X. Organometallics 2005,
24, 4961–4973.

(8) For scarce examples see: (a) Brown, J. M.; Laing, J. C. P.
J. Organomet. Chem. 1997, 529, 435–444. (b) Maienza, F.; Spindler,
F.; Thommen, M.; Pugin, B.; Malan, C.; Mezzetti, A. J. Org. Chem. 2002,
67, 5239–5249. Recently, synthesis of P-stereogenic aminophosphines
with tert-butyl group was reported. Le�on, T.; Riera, A.; Verdaguer, X.
J. Am. Chem. Soc. 2011, 133, 5740–5743.
(9) For examples of a dynamic thermodynamic resolution using

phosphine�borane in alkylation reactions see: (a)Wolfe, B.; Livinghouse, T.
J. Am. Chem. Soc. 1998, 120, 5116–5117. (b) Heath, H.; Wolfe, B.;
Livinghouse, T.; Bae, S. K. Synthesis 2001, 2341–2347. (c) Headley, C. E.;
Marsden, S. P. J. Org. Chem. 2007, 72, 7185–7189.
(10) Stankevic, M.; Pietrusiewicz, K. M. J. Org. Chem. 2007, 72, 816–822.
(11) (a) Gatineau, D.; Moraleda, D.; Naubron, J.-V.; B€urgi, T.;

Giordano, L.; Buono, G. Tetrahedron: Asymmetry 2009, 20, 1912–

1917. (b) Toselli, N.; Martin, D.; Buono, G. Org. Lett. 2008,
10, 1453–1456. (c) Toselli, N.; Martin, D.; Achard, M.; Tenaglia, A.;
Burgi, T.; Buono, G.Adv. Synth. Catal. 2008, 350, 280–286. (d) Bigeault,
J.; Giordano, L.; Buono, G. Angew. Chem., Int. Ed. 2005, 44, 4753–4757.

(12) (a) Leyris, A.; Bigeault, J.; Nuel, D.; Giordano, L.; Buono, G.
Tetrahedron Lett. 2007, 48, 5247–5250. (b) Leyris, A.; Nuel, D.;
Giordano, L.; Achard, M.; Buono, G. Tetrahedron Lett. 2005, 46,
8677–8680. (c) For a similar example see: Xu, Q.; Zhao, C. Q.; Han,
L. B. J. Am. Chem. Soc. 2008, 130, 12648–12655.

(13) Moraleda, D.; Gatineau, D.; Martin, D.; Giordano, L.; Buono,
G. Chem. Commun. 2008, 3031–3033.

(14) (a) Naumann, K.; Zon, G.; Mislow, K. J. Am. Chem. Soc. 1969,
91, 7012–7023. (b) Valentine, D.; Blount, J. F.; Toth, K. J. Org. Chem.
1980, 45, 3691–3698.

(15) (a) Farnham,W. B.; Murray, R. K.; Mislow, K. J. Am. Chem. Soc.
1970, 92, 5809–5810.(b) Reference 12a. (c) Reference 12c.

(16) The observation in the 31P NMR spectrum of two multiplets at
124.1 and 139.5 ppm was characteristic of 6 and 7, respectively.
Stankevic, M.; Pietrusiewicz, K. M. Synthesis 2005, 1279–1290.

(17) The reduction reaction is known to proceed with total inversion
of configuration. Skrzypczynski, Z.; Michalski, J. J. Org. Chem. 1988,
53, 4549–4551.

(18) All steps were monitored by 31P NMR
(19) (a) See ref 9b. (b)Miura, T.; Yamada, H.; Kikuchi, S.; Imamoto,

T. J. Org. Chem. 2000, 65, 1877–1880. (c) Nagata, K.; Matsukawa, S.;
Imamoto, T. J. Org. Chem. 2000, 65, 4185–4188.

(20) On the basis of the result wherein the other absolute config-
urations of compounds 9 were assigned by deduction. The X-ray
structure of (RP)-9i confirms our hypothesis for absolute configuration
at the phosphorus atom of 1b.

(21) Reduction step occurs with total inversion of configuration,
whereas the mesylation and alkylation steps proceed with full retention
of configurations.

(22) Bidentate P,N ligands see: (a) Reference 1d pp 549�632.
(b) Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336–345. (c) For a
recent review concerning the applications of P,N ligands in transitionmetal�
catalyzed enantioselective hydrogenation of enamines and imines see: Xie,
J.-H.; Fhu, S.-F.; Zhou, Q.-L. Chem. Rev. 2011, 111, 1713–1760.

(23) The erosion of the enantioselectivity is probably attributed to
the racemization of the phosphido�borane anion see: (a) Imamoto, T.;
Oshiki, T.; Onozawa, T.; Matsuo, M.; Hikosaka, T.; Yanagawa, M.
Heteroat. Chem. 1992, 3, 563–575.(b) See ref 19b. (c) Al-Masum, M.;
Kumuraswamy, G.; Livinghouse, T. J. Org. Chem. 2000, 65, 4776–4778.

(24) (a) Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2005,
105, 2527–2571.(b) Dupont, J., Pfeffer, M., Eds. Palladacycles; Wiley-VCH:
Weinheim, 2008.

(25) Ng, J. K. P.; Li, Y. X.; Tan, G. K.; Koh, L. L.; Vittal, J. J.; Leung,
P. H. Inorg. Chem. 2005, 44, 9874–9886.

(26) Comparison of the enantiomeric excesses of 9h before and after
the DABCO deprotection�reprotection sequence confirmed P-stereo-
chemical integrity.

(27) In solution, the dimeric complex exists as an equilibrium
mixture of the two possible cis- and trans-diastereomers (see Figure 1)

(28) Roca, F. X.; Motevalli, M.; Richards, C. J. J. Am. Chem. Soc.
2005, 127, 2388–2389.

(29) (a) Dunina, V. V.; Gorunova, O. N.; Kuz’mina, L. G.; Livantsov,
M. V.; Grishin, Y. K. Tetrahedron: Asymmetry 1999, 10, 3951–3961.
(b) Dunina, V. V.; Razmyslova, E. D.; Gorunova, O. N.; Livantsov,
M. V.; Grishin, Y. K. Tetrahedron: Asymmetry 2003, 14, 2331–2333.

(30) Tenaglia, A.; Giordano, L.; Buono, G.Org. Lett. 2006, 8, 4315–4318.
(31) (a) See ref 30. (b) Tenaglia, A.; Le Jeune, K.; Giordano, L.;

Buono, G. Org. Lett. 2011, 13, 636–639.


