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The synthesis and characterization of a new series of aryl- and cycloalkyl-substituted
aminophosphine phosphinites (1-8) obtained from the reaction of the three precursors (S)-
2-hydroxymethyl azetidine, (S)-3-hydroxymethyl-1,2,3,4-tetrahydroisoquinoline, and (S)-2-
hydroxymethylindoline and chlorophosphines is described. The aromatic ring in (S)-2-
hydroxymethylindoline has allowed the synthesis and isolation of tricarbonyl chromium
complexed amino alcohols syn-10 and anti-10, which were similarly converted into the
corresponding aminophosphine phosphinites 11-13, presenting a stereogenic center and a
planar chirality. Ligand 5 ((S)-Cp,Cp-IndoNOP) revealed an unprecedented 31P NMR
fluxional behavior related to a rotation inhibition around the P-heteroatom (N and O) bonds.
These new AMPP ligands were used in the enantioselective hydrogenation of various
R-functionalized ketones, i.e., dihydro-4,4-dimethyl-2,3-furandione 14, N-benzyl benzoyl-
formamide 15, ethylpyruvate 16, and 2-(N,N-dimethyl)aminoacetophenone hydrochloride
17. The stereoelectronic effects generated by the presence of the tricarbonyl chromium moiety
onto the hydrogenations have been assessed. The beneficial effect of the matching chiralities
in ligand syn-12 associated with the use of the most appropriate nonchiral ligand Cl has
resulted in a win of 13% of ee for the rhodium-based hydrogenation of 15. While using the
most suitable new chiral AMPP ligand from this study, the four above-mentioned substrates
were converted into the corresponding optically active alcohols in >99% ee (l4/5), >99% ee
(15/6), 87% ee (16/5), and >99% ee (17/5), respectively.

Introduction

Optically active transition metal complexes are play-
ing a prominent role in the development of asymmetric
catalysis.1Indeed, the latter constitutes one of the most
progressing methodologies for the preparation of im-
portant bioactive intermediates. Among the processes,
remarkable success has been achieved in the homoge-
neous asymmetric hydrogenation of a large range of
substrates including enamides, imines, and ketones.1,2

To achieve high degrees of activity and enantioselec-
tivity in the hydrogenation of ketones, most of the
strategies have focused on the construction of optically
pure C2 symmetric diphosphines bearing phenyl sub-
stituents on their phosphorus atoms. Such chiral modi-
fiers have generally been devoted to ruthenium-cata-
lyzed processes. Hence, tremendous success has been

achieved in the hydrogenation of functionalized ketones
with ruthenium catalysts associated with atropisomeric
diphosphines (BINAP, BIPHEMP, ...)3 and even more
recently in the hydrogenation of arylalkyl ketones as
well.4 On the other hand, it is recognized that, for the
hydrogenation of ketones, the use of rhodium complexes
requires more electron-rich ligands in order to achieve
high activities.5 Thus, more basic diphosphanes have
also become popular recently for enantioselective hy-
drogenations in the presence of either ruthenium or

(1) (a) Noyori, R. In Asymmetric Catalysis in Organic Synthesis;
Wiley: New York, 1994. (b) Ojima, I., Ed. In Catalytic Asymmetric
Synthesis; VCH Publishers: New York, 1993. (c) Brunner, H.; Zet-
tlmeier, W. Handbook of Enantioselective Catalysis with Transition
Metal Compounds, Vol I and II; VCH: Weinheim, 1993.

(2) Kainz, S.; Brinkmann, A.; Leitner, W.; Pfaltz, A. J. Am. Chem.
Soc. 1999, 121, 6421, and references therein.

(3) (a) Noyori, R.; Takaya, H. Acc. Chem. Res. 1990, 23, 345. (b)
Schmid, R.; Broger, E.; Cereghetti, M.; Crameri, Y.; Foricher, J.;
Lalonde, M.; Mueller, R. K.; Scalone, M.; Schoettel, G.; Zutter, U. Pure
Appl. Chem. 1996, 68, 131.

(4) (a) Ohkuma, T.; Koizumi, M.; Doucet, H.; Pham, T.; Kozawa, M.;
Murata, K.; Yokozawa, T.; Ikariya, Y.; Noyori, R. J. Am. Chem. Soc.
1998, 120, 13529. (b) Mikami, K.; Korenaga, T.; Terada, M.; Ohkuma,
T.; Pham, T.; Noyori, R. Angew. Chem. Int. Ed. 1999, 38, 495.

(5) (a) Tani, K.; Suwa, K.; Yamagata, T. Otsuka, S. Chem. Lett. 1982,
265. (b) Tani, K.; Tanigawa, E.; Tatsuno, Y.; Otsuka, S. J. Organomet.
Chem. 1985, 279, 87. (c) Tani, K.; Suwa, K.; Tanigawa, E.; Ise, T.;
Yamagata, T.; Tatsuno, Y.; Otsuka, S. J. Organomet. Chem. 1989, 370,
203. (d) Morito, T.; Takahashi, H.; Fujii, K.; Chiba, M.; Achiwa, K.
Chem. Lett. 1986, 2061. (e) Inoguchi, K.; Sakaruba, S.; Achiwa, K.
Synlett 1992, 169.

5723Organometallics 2000, 19, 5723-5732

10.1021/om0006312 CCC: $19.00 © 2000 American Chemical Society
Publication on Web 11/23/2000

D
ow

nl
oa

de
d 

by
 R

A
D

FO
R

D
 U

N
IV

 o
n 

Ju
ne

 2
9,

 2
00

9
Pu

bl
is

he
d 

on
 N

ov
em

be
r 

23
, 2

00
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

00
06

31
2



rhodium catalysts.6 Furthermore, the use of such ligands
was not restricted to the hydrogenation of ketones. For
example, Duphos7 and BICP8 type ligands were also
applied with success in the hydrogenation of various
olefinic substrates. Finally, a very important contribu-
tion has been made recently by Zhang, who described
the efficient hydrogenation of simple ketones in the
presence of Rh-PENNPHOS catalysts and 2,6-lutidine
as an additive.9 For most of these new ligands, particu-
lar attention was paid to two properties in order to
enlarge their applicability and to induce higher enan-
tioselectivities. These are the ligand conformational
rigidity and the basicity of the phosphorus atoms.

Over the years, we have been much concerned with
the search and discovery of new efficient diphosphanes.
In this context, we have an ongoing interest in the
synthesis and application of aminophosphine phosphin-
ites (AMPP), which are based on readily available
enantiopure precursors.10 One major attribute of the
AMPP ligands described up to date is their synthesis
as they are prepared in a single step from R-amino
alcohols. The AMPP ligands found applications in
various enantioselective catalytic processes.10 Other
groups also reported on the synthesis and use of
analogous ligands.10,11 Nevertheless, aryl groups gener-
ally substitute the phosphorus atoms of the latter, and
they are uniformly examined in the enantioselective
hydrogenation of olefinic substrates. We have demon-
strated that a systematic modification of the phosphorus
residues of the AMPPs opened the possibility of efficient
hydrogenation of activated ketones.12 In fact, the fulfill-
ment of two key points, i.e., electron-donating phospho-
rus atoms and increased rigidity of the ligand frame-
work, provided the most efficient and enantioselective
AMPP type ligands for the rhodium-based hydrogena-
tion of activated ketones. For example, the cyclohexyl-
substituted ligand (S)-Cy,Cy-oxoProNOP (Scheme 1)

derived from oxoprolinol, which certainly exhibits the
most rigid backbone of the series, has also been by far
the most enantioselective for the reduction of amino
ketones and ketopantolactone to amino alcohols and
pantolactone, respectively.13 The latter compounds are
key intermediates for the synthesis of chiral epoxy-
styrenes14 and pantothenic acid,15 which is a member
of the vitamin B complex and a constituent of coenzyme
A.

As suggested above, while our earlier work focused
especially on diphosphanes based on amino alcohols
derived from proteinogenic amino acids, we thought to
expand the scope of our investigations to new structur-
ally related AMPPs with specific attention given to the
rigidity and the steric attributes of the ligand core. As
such, the exploration of closely related structures, even
if not synthesized starting from natural precursors, can
be of strong interest for a tuning of the ligands aimed
at the access to optimized auxiliaries. Furthermore, as
some new precursors possess an aromatic ring in their
framework and because of the unique properties ex-
pected by arene-chromium-based species,16,17 our atten-
tion was also drawn to adducts of AMPPs and Cr(CO)3.
Indeed, the tricarbonyl unit can coordinate above and
below the plane of the arene, providing diastereomeric
amino alcohols by virtue of planar chirality.18 Actually,
the close proximity of steric crowding and the comple-
mentary chirality exhibited by such species provide an
excellent opportunity to introduce new features in the
framework of the AMPP ligand. Such modifications
(electronic and/or steric) will allow one to examine their
impact on the properties (activities and enantioselec-
tivities) of the corresponding catalysts. It is anticipated
that these modified AMPP ligands might supply en-
hanced enantioselectivities. In this paper, we report the

(6) (a) Burk, M. J., Feaster; J. E.; Harlow, R. L. Organometallics
1990, 9, 2653. (b) Burk, M. J.; Harper, G. P.; Kalberg, C. S. J. Am.
Chem. Soc. 1995, 117, 4423.

(7) (a) Burk, M. J. J. Am. Chem. Soc. 1991, 113, 8518. (b) Burk, M.
J.; Feaster, J. E.; Nugent, W. A.; Harlow, R. L. J. Am. Chem. Soc. 1993,
115, 10125. (c) Burk, M. J.; Gross, M. F.; Harper, T. G. P.; Kalberg, C.
S.; Lee, J. R.; Martinez, J. P. Pure Appl. Chem. 1996, 68, 37.

(8) (a) Zhu, G.; Cao, P.; Jiang, Q.; Zhang, X. J. Am. Chem. Soc. 1997,
119, 1799. (b) Zhu, G.; Zhang, X. J. Org. Chem. 1998, 63, 3133.

(9) Jiang, Q.; Jiang, Y.; Viao, D.; Cao, P.; Zhang, X. Angew. Chem.,
Int. Ed. 1998, 37, 1100.

(10) (a) Petit, M.; Mortreux, A.; Petit, F.; Buono, G.; Peiffer, G. New
J. Chem. 1983, 7, 583. (b) Agbossou, F.; Carpentier, J.-F.; Hapiot, F.;
Suisse, I.; Mortreux, A. Coord. Chem. Rev. 1998, 178-180, 1615.

(11) (a) Kreutzfeld, H.-J.; Döbler, C. J. Mol. Catal. A 1998, 136, 105.
(b) Broger, E. A.; Burkart, W.; Henning, M.; Scalone, M.; Schmid, R.
Tetrahedron: Asymmetry 1998, 9, 4043. (c) Mi, A.; Lou, R.; Jiang, Y.;
Deng, J.; Qin, Y.; Fu, F.; Li, Z.; Hu, W.; Chan, A. S. C. Synlett 1998,
847. (d) Moulin, D.; Darcel, C.; Jugé, S. Tetrahedron: Asymmetry 1999,
10, 4729.

(12) (a) Hatat, C.; Karim, A.; Kokel, N.; Mortreux, A.; Petit, F. New.
J. Chem. 1990, 14, 141. (b) Agbossou, F.; Carpentier, J.-F.; Hatat, C.;
Kokel, N.; Mortreux, A.; Betz, P.; Goddard, R.; Krüger, C. Organome-
tallics 1995, 14, 2480.

(13) (a) Roucoux, A.; Thieffry, L.; Carpentier, J.-F.; Devocelle, M.;
Méliet, C.; Agbossou, F.; Mortreux, A. Organometallics 1996, 15, 2440.
(b) Devocelle, M.; Agbossou, F.; Mortreux, A. Synlett 1997, 11, 1306.

(14) For the production of amino alcohols prior to ring closure, which
is the step providing chiral epoxides see: (a) Corey, E. J.; Bakshi, R.
K.; Shibata, S. J. Am. Chem. Soc. 1987, 109, 5551. (b) Corey, E. J.;
Bakshi, R. K.; Shibata, S.; Chen, C.; Singh, V. K. J. Am. Chem. Soc.
1987, 109, 7925. (c) Sayo, N.; Kumobayashi, H.; Akutagawa, S.; Noyori,
R.; Takaya, H. Eur. Pat. Appl. 295890, 1988; Chem. Abstr. 1990, 112,
138730. (d) Kitamura, M.; Ohluma, T.; Inoue, S.; Sayo, N.; Kumoba-
yashi, H.; Akutagawa, S.; Ohta, T.; Takaya, H.; Noyori, R. J. Am. Chem.
Soc. 1988, 110, 629. For the ring closure step see: Castedo, L.; Castro,
J. L.; Riguera, R. Tetrahedron Lett. 1984, 25, 120.

(15) Schmid, R. Chimia 1996, 50, 110.
(16) (a) For the use of arene-Cr(CO)3 in synthesis, see: Uemura,

M. In Advances in Metal-Chemistry; Liebeskind, L. Ed.; JAI Press:
Greenwich, 1991; Vol. 2, p 195. (b) Hegedus, L. S. In Transition Metals
in the Synthesis of Complex Organic Molecules; University Science
Books: Mill Valley, 1994; Chapter 10, p 523. (c) Davies, S. G.; Coote,
S. J.; Googfellow, C. L. In ref 16a, Vol. 2, p 1. (d) Semmelhack, M. F.
In Comprehensive Organic Synthesis; Trost, B. M., Flemming, I., Eds.;
Pergamon Press: Oxford, 1995; Vol. 2, p 517.

(17) For the use of planar chiral arene-Cr(CO)3 derivatives as chiral
reagents, see: (a) Solladié-Cavallo, A. In ref 16a, Vol. 1, p 99. (b)
Baldoli, C.; Del Buttero, P.; Licandro, E.; Maiorana, S.; Pagagni, A.
Tetrahedron: Asymmetry 1994, 5, 809. (c) Kündig, E. P.; Xu, L.-H.;
Romanens, P.; Bernardelli, G. Synlett 1996, 270. (d) Mukai, C.; Hirai,
S.; Kim, I. J.; Nanaoka, M. Tetrahedron Lett. 1996, 37, 5389.

(18) For the use of arene-Cr(CO)3 complexes as chiral auxiliaries,
see: (a) Jones, G. B.; Chapman, B. J.; Mathews, J. E. J. Org. Chem.
1998, 63, 2928. (b) Son, S. U.; Jang, H.-Y.; Lee, I. S.; Chung, Y. K.
Organometallics 1998, 17, 3236. (c) Bölm, C.; Muniz, K. Chem. Soc.
Rev. 1999, 28, 51. (d) Uemura, M.; Miyake, R.; Nakayama, K.; Shiro,
M.; Hayashi, Y. J. Org. Chem. 1993, 58, 1238. (e) Uemura, M.; Miyake,
R.; Nishimura, H.; Matsumoto, Y.; Hayashi, T. Tetrahedron: Asym-
metry 1992, 3, 213. (f) Uemura, M.; Hayashi, Y.; Hayashi, Y. Tetra-
hedron: Asymmetry 1993, 4, 2291. (g) Malfait, S.; Pélinski, L.; Brocard,
J. Tetrahedron: Asymmetry 1996, 9, 2595. (h) Jones, G. B.; Heaton,
S. B. Tetrahedron: Asymmetry 1993, 4, 261.

Scheme 1
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development of a series of conformationally rigid chiral
AMPP bisphosphanes and we establish their utility in
enantioselective hydrogenation of R-functionalized ke-
tones.19

Results and Discussion

Synthesis and Characterization of the Chro-
mium-Free Ligands. The three starting â-amino al-
cohols, i.e., (S)-2-hydroxymethylazetidine,20 (S)-3-hy-
droxymethyl-1,2,3,4-tetrahydroisoquinoline,21,22 and (S)-
2-hydroxymethylindoline were obtained by standard
reduction of the corresponding amino acids. Thus (S)-
azetidinecarboxylic acid was reduced with lithium alu-
minum hydride, and (S)-1,2,3,4-tetrahydro-3-isoquino-
linecarboxylic acid and (S)-indolinecarboxylic acid were
reduced with borane-methyl sulfide. Then, the diphos-
phanes 1-8 were generated following the convenient
standard procedure by reaction of the amino alcohols
with the appropriate chlorophosphine (ClPPh2, ClPCp2
(Cp ) cyclopentyl), or ClPCy2 (Cy ) cyclohexyl)) in the
presence of an excess of triethylamine, as described in
the Experimental Section (Scheme 2).12 Despite exten-
sive efforts, following the above route, we were unsuc-
cessful in obtaining a cyclohexyl-substituted analogue
of 5.

The ligands 1-8 (Scheme 2) were isolated after a
chromatographic workup through basic alumina as
colorless oils in 56-92% yield. These ligands and other

new compounds described below were characterized by
1H, 31P, and 13C NMR spectroscopy and microanalysis,
the data being summarized in the Experimental Section.
The 31P NMR data of the ligands are given in Table 1.
Although the 31P NMR data have been previously
reported, some data are included in Table 1 in order to
facilitate comparison. The general spectroscopic proper-
ties resemble those of the AMPP described earlier, and
a single set of signals is generally observed.12 Neverthe-
less, when recording the 31P NMR spectra of (S)-Cp,-
Cp-IndoNOP 5 at room temperature, we could observe
a broadening of the signal for the P(O) resonance (W1/2
) 69 Hz) and a splitting of the P(N) signal into two very
large singlets (W1/2 ) 138 Hz). This trend has been
attributed to the coexistence of two isomers in ca. 1:1
ratio resulting from a fluxionnal behavior on the NMR
time scale. This had not been observed before with other
AMPP ligands. Actually, a variable-temperature 31P
NMR study probed the thermal process giving most
probably two rotamers derived from a rotational barrier

(19) (a) Pasquier, C.; Naili, S.; Pélinski, L.; Brocard, J.; Mortreux,
A.; Agbossou, F. Tetrahedron: Asymmetry 1998, 9, 193. (b) Pasquier,
C.; Eilers, J.; Reiners, I.; Martens, J.; Mortreux, A.; Agbossou, F. Synlett
1998, 1162.

(20) Behnen, W.; Dauelsberg, C.; Wallbaum, S.; Martens, J. Synth.
Commun. 1992, 22, 859.

(21) (a) (S)-3-Hydroxymethyl-1,2,3,4-tetrahydroisoquinoline: Stingl,
K.; Martens, J.; Wallbaum, S. Tetrahedron: Asymmetry 1992, 3, 223.
(b) (R)-3-Hydroxymethyl-1,2,3,4-tetrahydroisoquinoline: Farge, D.;
Jossin, A.; Ponsinet, G.; Reisdorf, D. German Pat. 2 635 516, 1977;
Chem Abstr. 1977, 87, 5949.

(22) In our preliminary communication (see ref 19a), we reported
only on the use of QuinoNOP ligands based on the less easily accessible
(R) precursor (see ref 21b). However, all the catalytic reactions were
carried out with both optical antipodes providing equivalent results.
Here, only those obtained while starting from the commercial precur-
sor, (S)-1,2,3,4-tetrahydro-3-isoquinolinecarboxylic acid, are furnished.

Scheme 2

Table 1. Yields and 31P{1H} NMR Data for the
Ligandsa

ligand
yield
(%)

δ (PO)
(ppm)

δ (PN)
(ppm)

(S)-Ph,Ph-ProNOP b 113.5 45.6
(S)-Ph,Ph-oxoProNOP c 116.9 36.2
(S)-Ph,Ph-AzeNOP 1 60 115.4 46.7
(S)-Ph,Ph-IndoNOP 2 79 114.2 41.6
(S)-Ph,Ph-QuinoNOP 3 86 114.1 61.4
(ηR,S)-Ph,Ph-Cr(CO)3-IndoNOP anti-11 74 116.9 43.1
(ηS,S)-Ph,Ph-Cr(CO)3-IndoNOP syn-11 100 113.9 46.5
(S)-Cp,Cp-ProNOP d 142.0 57
(S)-Cp,Cp-oxoProNOP c 146.5 60.9
(S)-Cp,Cp-AzeNOP 4 90 144.0 56.6
(S)-Cp,Cp-IndoNOP 5 90 145.9 65.3 and

58.4
(S)-Cp,Cp-QuinoNOP 6 72 143.5 78.0
(ηR,S)-Cp,Cp-Cr(CO)3-IndoNOP anti-12 55 149.5 55.2
(ηS,S)-Cp,Cp-Cr(CO)3-IndoNOP syn-12 84 146.0 67.3
(S)-Cy,Cy-ProNOP d 146.5 53.9
(S)-Cy,Cy-oxoProNOP c 150.4 58.1
(S)-Cy,Cy-AzeNOP 7 92 149.0 55.5
(S)-Cy,Cy-QuinoNOP 8 56 146.7 77.2
(ηR,S)-Cy,Cy-Cr(CO)3-IndoNOP anti-13 53 152.0 75.6

a CDCl3. b Taken from ref 10a. c Taken from ref 13a. d Taken
from ref 12b.
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of the PCp2 residue around the N-P bond. These
isomers can be considered interconvertible non-biaryl
atropisomers.23 On going from 20 to -40 °C, the two
signals decoalesced totally. The two coalescence tem-
peratures were 18 °C for P(O) and 45 °C for P(N). Thus,
the P(N) signal is more easily broadened than the P(O)
one. From the data, the calculation24 gave ∆Gq(Tc) )
13.5 kcal/mol for the process rendering the two P(N) and
two P(O) equivalent. In addition, the isomeric ratio
remained constant throughout the temperature range
applied (-40 to +60 °C, CDCl3). Such a phenomenon
can be reasonably related to the structure of the ligand
core. Hence, the bicyclic structure is probably seriously
flattened with an additional coplanarity of the aryl ring
and the nitrogen and phosphorus atoms. An overall
rigidity of the chiral skeleton thus explains the rotation
barrier of the P-N bond when the phosphorus is
substituted by cyclopentyl groups. On the other hand,
upon a careful examination of the chemical shift of the
phosphorus atoms P(O) and P(N), some characteristic
shift variations are observed which are related to the
electronic and steric properties in the direct environ-
ment of the phosphorus atoms. When considering the
several cyclic structures bearing identical substituents
on the phosphorus atoms, we observe clearly that the
chemical shifts of the P(O) moiety vary little compared
with those of the P(N) residues (Table 1). On the other
side, several factors influence the stereoelectronic prop-
erties of the nitrogen atom adjacent to the phosphorus
atoms (ring size, conjugation). These properties have an
influence on the phosphorus through modification of the
partial double bond character arising from Nπ-Pdπ
donor bonding, which in turn contributes to the s
character of the P atom. The latter, which is also
dependent upon the alkyl(P) group contribution, pro-
vides the final phosphorus shielding observed. As a
result, the P(N) resonance of the QuinoNOP ligands 3
and 6 are downfield from those of the corresponding
IndoNOP species 2 and 5 (∆δ ca. 20 ppm) and also from
other previously described AMPP ligands,12 which are
all presenting, likewise, the nitrogen atom of the ami-
nophosphine residue as part of a ring (average ∆δ ca.
15 ppm for PPh2N and 20 ppm for PCp2N moieties)
(Table 2, Schemes 1 and 2). Consequently, we propose
a rough classification of the above ligands into three
groups according to the stereoelectronic characteristic
of the nitrogen atom. The first class contains the
AzeNOP and ProNOP type ligands, where roughly only
a ring size constraint intervenes. The second group is
constituted by the IndoNOP and oxoProNOP type
ligands, where the nitrogen is most influenced by the
conjugation with the aryl and the carbonyl residues,
respectively.

Finally, there is the QuinoNOP type structure in
which the nitrogen can present a small pyramidalization
with a narrowing of the N-P-C(aryl) angle and a
concomitant widening of the phosphorus cone angle.25

There is also an additional deshielding of the phospho-
rus atoms substituted by cyclopentyl groups when
compared with cyclohexyl, which is in direct line with
a further widening of the phosphorus cone angle for Cp-
AMPPs. One last contribution, i.e., diamagnetic aryl
ring screening, is difficult to estimate because the
overall conformation of the molecules is unknown. The
31P NMR shielding of the P(N) phosphorus atoms
provides therefore a convenient approach to the stereo-
electronic properties of the chiral skeleton of the ligand.

Synthesis and Characterization of the Chromi-
um-Complexed Ligands. As mentioned above, the
presence of the arene ring in the ligands derived from
the optically pure (S)-2-hydroxymethylindoline offers
the possibility of Cr(CO)3 complexation providing a
mixture of diastereomers differing in the relative con-
figuration of the stereogenic center and the chirality
plane.18 Unfortunately, a separation of the diastereo-
meric complexed amino alcohols could not be done
straightforwardly. Thus, several routes were explored,
and access to both isomers was best achieved following
the procedure outlined in Scheme 3.

The amino alcohol (S)-2-hydroxymethyl indoline was
first converted into the corresponding silyloxy derivative
9 in the presence of tert-butyldimethylsilyl chloride.
Then, the chromium-complexed isomers were formed by
heating 9 in the presence of Cr(CO)6. The two diaster-
eomeric complexes anti (ηR,S) and syn (ηS,S) are formed
in a 76:24 ratio (1H NMR), separated through silica gel
chromatography, the anti isomer being eluted first, and
isolated as yellow powders in 70% overall yield. Then,
in separate experiments, both isomers were reacted with
n-Bu4NF to produce anti-10 (ηR,S) and syn-10 (ηS,S)
complexed amino alcohols in quantitative yields. The
corresponding anti and syn phenyl- and cycloalkyl-
substituted AMPP ligands 11-13 (Scheme 2) were
synthesized following the procedure described above for
the uncomplexed ligands and isolated in 53-100% yield

(23) Clayden, J. Angew. Chem., Int. Ed. Engl. 1997, 36, 949.
(24) Sandström, J. Dynamic NMR Spectroscopy; Academic Press:

New York, 1982.

(25) (a) Kluck, E.; Heckmann, G. In Phosphorus-31 NMR Spectros-
copy in Stereochemical Analysis; Verkade, J. G., Quin, L. D., Eds.; VCH
Publishers: 1987; Chapter 2, p 61. (b) Tolman, C. A. J. Am. Chem.
Soc. 1970, 92, 2953. (c) Tolman, C. A. Chem. Rev. 1977, 77, 313. (d)
For exhaustive key references to the quantification of electronic and
steric properties of phosphines see: Palo, D. R.; Erkey, C. Organome-
tallics 2000, 19, 81.

Table 2. Selected 31P{1H} NMR Data for the P(N)
Residue of the Ligands

R

ligand Ph Cp Cy

(S)-R,R-oxoProNOP 36.2 60.9 58.1
(S)-R,R-AzeNOP 46.7 56.6 55.5
(S)-R,R-ProNOP 45.6 57 53.9
(S)-R,R-IndoNOP 41.6 65.3 and 58.4
(S)-R,R-QuinoNOP 61.4 78 77.2

Scheme 3
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after workup. The chromium-complexed AMPP ligands
did not exhibit greatly distinctive 31P NMR features.
Nevertheless, there seems to be a tendency of shielding
of the phosphorus of the anti isomers. Indeed, ligand
anti-12 presents a signal at 55.2 ppm for the P(N)
residue as compared with 63 for the free ligand 5 and
67.3 for the diastereomer syn-12 as reported in Table
1. Nevertheless, a rationalization of the stereoelectronic
properties brought by the chromium tripod would be
hazardous at this stage.

Hydrogenation of Functionalized Ketones. To
evaluate the efficiency displayed by these new AMPP
ligands in asymmetric hydrogenation, four functional-
ized ketones were selected and examined, i.e., dihydro-
4,4-dimethyl-2,3-furandione 14, N-benzyl benzoylform-
amide 15, ethylpyruvate 16, and 2-(N,N-dimethyl)amino-
acetophenone hydrochloride 17 (Scheme 4).

Catalysts Precursors. Generally, the rhodium pre-
catalysts were generated in situ by reacting [Rh(COD)-
Cl]2

26 or [Rh(COD)(OCOCF3)]2
27 with 2 equiv of the

ligand in the solvent used for the catalytic reaction. The
ruthenium precatalysts Ru{AMPP}(2-methylallyl)2 are
formed prior to catalysis by heating Ru(COD)(2-methyl-
allyl)2

28 with 1 equiv of the AMPP in dichloromethane.
31P NMR spectra recorded on the crude reaction mix-
tures showed that the formation of the ruthenium
complexes was complete in the reported conditions.29

The latter were used for the catalytic reactions without
specific purification.

Hydrogenation of Dihydro-4,4-dimethyl-2,3-
furandione 14. The results of the hydrogenation of 14
are summarized in Table 3. For comparison, earlier
results involving (S)-Ph,Ph-oxoProNOP (entries 1 and
6) and (S)-Cp,Cp-oxoProNOP (entry 12) are also in-
cluded. From a general standpoint, substrate 14 under-
went quantitative hydrogenation under smooth condi-

tions in the presence of the most representative ligands
of the series. Phenyl-substituted AMPP ligands are best
associated with ruthenium complexes, as they are giving
higher activities and enantioselectivities than with
rhodium catalysts (entry 1 vs 6, 3 vs 8, and 5 vs 11).
Following previous conclusions,29 cycloalkyl-substituted
ligands were exclusively involved in rhodium-based
hydrogenations. While taking the enantioselectivity
standpoint, several remarks which are connected to the
structure of the chromium-uncomplexed chiral frame-
work emerge. Thus, the four-membered AzeNOP ligands
provide very low enantioselectivities (entries 13 and
19).30 It appears that the diastereomeric differentiation
induced by the four-membered cycle of the AzeNOP
ligands is certainly too small due to insufficient space
crowding. As a matter of fact, a minimumsif not ideals
steric requirement has to be present for high levels of
enantioselectivity. Among the three skeletons explored,
the cyclopentyl-substituted IndoNOP is undoubtedly the
most efficient of the series for the hydrogenation of 14
and provides an extremely high enantiocontrol as a total
asymmetric induction is reached (entries 15 and 16).
This efficiency can be related to the rigid planar
structure around the nitrogen atom which induces the
highest enantiodifferentiation through ideal balance
between steric and electronic characteristics. The ligands
of QuinoNOP type 6 and 8 are only slightly less
enantioselective than the corresponding IndoNOP 5
(entry 17, 18, and 20 vs 16 and 15).

Next, interesting comments ensue from the results
obtained with chromium-complexed ligands. A synergy
was expected from the proper combination of the rela-
tive configuration of the stereogenic center and the
chirality plane generated by the tricarbonyl unit. In-
deed, when substrate 14 was hydrogenated in the
presence of a Rh-Cl/5 catalytic system, the resulting
pantolactone was produced in 98% ee (entry14). When
syn-12 was used instead of 5 as the ligand, the enan-
tioselectivity increased to >99% ee (entry 22). For a
combination of Rh-TFA and syn-12, the enantioselec-
tivity remained identical to that obtained with the
uncomplexed ligand 5 (>99% ee) (entry 23). As a matter
of fact, the parent ligand 5 induces a very high enan-
tioselectivity when associated with either Rh-Cl or Rh-
TFA catalyst precursors (entries 15 and 16).

The detrimental effect of the mismatched pair in
ligand anti-12 was more noticeable, giving a lower
asymmetric induction, i.e., 84% ee for anti-12 compared
with >99% ee for syn-12 (entry 21 vs 15). Also, the
presence of the chromium unit takes some electron
density from the adjacent P(N) phosphorus atom. It is

(26) (a) Chatt, J.; Venanzi, L. M. J. Chem. Soc. 1957, 4735. (b)
Giordano, G.; Crabtree, R. H. Inorg. Synth. 1979, 19, 218.

(27) (a) Broger, E. A.; Crameri, Y. (Hoffmann-La Roche), Eur. Pat.
158875, 1985; Chem. Abstr. 1987, 106, 67506. (b) Broger, E. A.,
Crameri, Y. (Hoffmann-La Roche), Eur. Pat. 218970, 1986; Chem.
Abstr. 1987, 107, 7394. (c) Lahoz, F.; Martin, A.; Esteruelas, M. A.;
Sola, E.; Serrano, J. L.; Oro, L. A. Organometallics 1991, 10, 1794. (d)
Heiser, B.; Broger, E. A.; Crameri, Y. Tetrahedron: Asymmetry 1991,
2, 51.

(28) (a) Cesarotti, E.; Grassi, M.; Prati, L. J. Chem. Soc., Dalton
Trans. 1989, 161. (b) Cooke, M.; Goodfellow, R. J.; Green, M.; Parker,
G. J. Chem. Soc. (A) 1971, 16. (c) Finocchiaro, P.; Librando, V.;
Maravigna, P.; Recca, A. J. Organomet. Chem. 1977, 125, 185.

(29) Hapiot, F.; Agbossou, F.; Méliet, C.; Mortreux, A.; Rosair, G.
M.; Welch, A. J. New J. Chem. 1997, 21, 1161.

(30) Even if such a process has not been observed so far with AMPP
ligands, we sought to rule out any possible loss of stereochemical purity
during the synthesis of the ligand. For that purpose, we checked the
optical purity of (S)-Ph,Ph-AzeNOP 1. This was achieved by converting
the latter into its Pd complex [CN*Pd-1]BF4 according to the reference
given below. Thus, 1 was reacted in methanol with the optically pure
dimeric orthometalated palladium complex di-µ-chlorobis[(R)-1-(di-
methylamino)ethyl]-2-naphthenyl-C2,N]dipalladiu(II) in the presence
of 1 equiv of NaBF4, providing complex [CN*Pd-1]Cl. The presence of
a single set of signals, as assayed by careful examination of the 31P
NMR spectrum recorded on the crude reaction mixture (118 ppm, d
and 126, d, JPP ) 50 Hz), was indicative of an optically pure AMPP
ligand. Consequently, the basic conditions applied for the synthesis of
the ligands are not inducing any racemization of the ligand and/or
organic precursor. For the synthesis of the palladium complex see: (a)
Roberts, N. K.; Wild, S. B. J. Am. Chem. Soc. 1979, 101, 6254. (b)
Salem, G.; Wild, S. B. Inorg. Chem. 1983, 22, 4049. (c) Martin, J.;
Palmer, J.; Wild, S. B. Inorg. Chem. 1984, 23, 2664.

Scheme 4
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thus not surprising to observe an influence of that
moiety on the rate of the reaction. Indeed, a slight
decrease of the reaction rate is effectively observed with
ligand syn-12 when compared with 5. We noticed the
following values for the turnover frequencies at 50%
conversion (1 bar H2, room temperature, Rh-OCOCF3
catalysts) for the AMPP series (S)-Cy,Cy-oxoProNOP
(3333 h-1), 5 (2400 h-1), syn-12 (1500 h-1). The enan-
tioselectivity and activity induced by these AMPP
ligands reinforce the fundamental outcome of the P(N)
moiety on both the activity and enantioselectivity of the
hydrogenations. It is thus not surprising that the ligand
optimization is thus particularly efficiently accom-
plished on the PN side of the AMPP chelates. Finally,
it has to be pointed out that the utilization of rhodium
complexes is not prohibitive, as catalysis can be carried
out with higher substrate/metal ratios under still mild
conditions (entry 24). In the latter example, the high
selectivity was maintained.

Hydrogenation of Substrates 15-17. The preced-
ing ee data point out that ligands 5, 6, and syn-12 are
the most efficient of the series for the hydrogenation of
substrate 14. Thus, these new ligands were also evalu-
ated in the hydrogenation of other representative R-func-
tionalized ketones, i.e., a ketoamide 15, a ketoester 16,
and an aminoketone hydrochloride 17, where a gain in
enantioselectivity is still achievable. The results are
summarized in Table 4. It has to be pointed out that,
as no special efforts were made to obtain hydrogen
pressure and reaction time optimized catalytic condi-
tions, only selectivity levels have been taken into
consideration for the discussion. Compared with the
previous best AMPP ligand, a clean beneficial effect
could be achieved when using these new ligands for the
hydrogenation of some of the above substrates (entries
30-38 vs 26-29 and 43 vs 42). As already stressed in
previous reports,13 the nonchiral ligand is of great

importance for the hydrogenation of 15, and the ben-
eficial participation of the chloride is confirmed here.
For the IndoNOP type ligands, when combining properly
the matched planar and central chiralities of ligand syn-
12 and the appropriate nonchiral ligand (Cl), a signifi-
cant selectivity improvement (∆ee ) 13%) could be
achieved for the hydrogenation of 15 (entries 30-33)
(Figure 1). This result is indicative of the particular
ability of the IndoNOP type ligands to hydrogenate
R-ketoacids derivatives as well. In addition, the mis-
matched pair present in ligand anti-12 produced a
lower enantioselectivity (82 vs 97% ee, entry 34 vs 33).
The above results suggest that it is certainly the steric
hindrance inherent to the Cr(CO)3 pair in syn-12 that
leads to the increase of the stereodifferentiation between
the catalytic diastereomeric intermediates responsible
for the level of enantioselection. Finally, it has to be
highlighted that for the hydrogenation of 15, ligand 6
leads to a totally enantioselective transformation (entry
37). Consequently, the optimization of the AMPP ligands
is tricky when a unique ligand is targeted for the
transformation of a great variety of substrates. Mean-
ingfully, from our studies on AMPP ligands, only a few
easily accessible structures emerge as chiral auxiliaries
applicable to a broader variety of ketonic susbtrates, i.e.,
oxoProNOP, IndoNOP, and QuinoNOP.

For the hydrogenation of ketoester 16, the new
ligands 5 and 6 provide levels of selectivity similar to
those obtained earlier with oxoProNOP type ligands
(entry 40 vs 39).32 Even without condition optimization,
ligand 5 produces ethyl lactate under mild conditions
in 87% ee, which is close to the highest selectivity

(31) (a) Tani, K.; Suwa, K.; Tanigawa, E.; Ise, T.; Yamagata, T.;
Tatsuno, Y.; Otsula, S. J. Organomet. Chem. 1989, 370, 203. (b)
Roucoux, A.; Agbossou, F.; Mortreux, A.; Petit, F. Tetrahedron:
Asymmetry 1993, 4, 2279.

(32) Carpentier, J.-F., Mortreux, A. Tetrahedron: Asymmetry 1997,
8, 1083.

Table 3. Asymmetric Hydrogenation of Dihydro-4,4-dimethyl-2,3-furandione (14)a

entry chiral ligand complexb PH2 (bar) T (°C) time (h)c conv (%)d ee (%)d

1e (S)-Ph,Ph-oxoProNOP Ru 50 20 65 100 79.5
2 1 Ru 50 20 40 100 <1
3 2 Ru 50 20 42 100 70
4 anti-11 43 43 20
5 3 Ru 50 20 48 91 43
6f (S)-Ph,Ph-oxoProNOP Rh-TFA 50 50 48 100 48
7 1 Rh-TFA 50 50 18 39 12
8 2 Rh-TFA 50 50 66 81 50
9 anti-11 Rh-TFA 50 50 66 80 20

10 syn-11 Rh-TFA 50 50 120 59 29
11 3 Rh-TFA 50 50 66 100 37
12g (S)-Cp,Cp-oxoProNOP Rh-TFA 1 20 0.1 100 98.7
13 4 Rh-TFA 50 20 0.3 100 8
14 5 Rh-Cl 50 20 0.5 100 98
15 5 Rh-TFA 50 20 0.3 100 >99
16 5 Rh-TFA 1 20 0.7 100 >99
17 6 Rh-Cl 50 20 1 100 92
18 6 Rh-TFA 1 20 1.5 100 95
19 7 Rh-TFA 50 20 0.3 100 1
20 8 Rh-TFA 1 20 1 100 97
21 anti-12 Rh-TFA 1 20 1.5 100 84
22 syn-12 Rh-Cl 1 20 1 100 >99
23 syn-12 Rh-TFA 1 20 1 100 >99
24 syn-13 Rh-TFA 1 20 2 80 >99
24h 5 Rh-TFA 1 20 5 100 97

a Hydrogenations were carried out in either a 200 mL flask or in a 50 mL double-walled stainless steel autoclave by using recrystallized
14 in toluene for rhodium-based catalyses and in dichloromethane for the ruthenium ones (0.4 M); substrate/Rh or Ru ) 200:1. b Ru )
Ru{AMPP}(2-methylallyl)2. Rh-Cl ) [Rh{AMPP}Cl]2. Rh-TFA ) [Rh{AMPP}(OCOCF3)]2. c The reaction times were not necessarily
optimized. d Conversions and enantiomeric excesses were determined by GC analysis (FS-cyclodextrine â-I/P 25 m × 0.32 mm). All
configurations are R. e Taken from ref 29. f Unpublished result. g Taken from ref 12b. h Subtrate/Rh ) 5000.
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reached for the hydrogenation of that substrate in the
presence of rhodium catalysts.32,33 It has to be noted that
the highly enantioselective hydrogenation of that sub-
strate is rather difficult.32,33 Finally, the usefulness of
the AMPP ligands for the production of â-amino alcohols
via reduction of R-amino ketones, valuable intermedi-
ates for the production of chiral epoxystyrene,14 is
obvious from the result reported entry 42. Indeed, a total
enantioselectivity is reached when using ligand 5. In
the latter case, ethanol has been used as solvent in order
to dissolve the substrate, the latter being introduced as
its hydrochloride salt.

Conclusion

In summary, we have established that the mean
“optimized” aminophosphine phosphinites ligands and

some of their tricarbonylchromium counterparts are
available from easily accessible organic precursors and
can be readily prepared in good yields. The ligands
present particular 31P NMR properties with respects to
the stereoelectronic properties of their organic frame-
work. The two series of electron-rich ligands based on
(S)-3-hydroxymethyl-1,2,3,4-tetrahydroisoquinoline and
(S)-2-hydroxymethylindoline and on the previously ap-
plied oxoprolinol provide the most enantioselective
rhodium catalysts for the hydrogenation of several
R-functionalized ketones. In that direction, the two new
ligands 5 and 6 are the most efficient and versatile of
the whole series of AMPPs developed so far for the
hydrogenation of the above susbtrates, i.e., an R-keto-
lactone, an R-ketoamide, an R-ketoester, and an R-ami-
noketone. Also, the steric effects of the additionnal
planar chirality obtained by Cr(CO)3 complexation on
the arene ring of the hydroxymethyl indoline in ligand
syn-12 provides enhanced enantioselectivities in some
cases. The particularly efficient new ligands will be used
for the hydrogenation of other ketonic substrates, and
a mechanistic study will be reported soon.

Experimental Section

General Data. Unless otherwise stated, all the reactions
were performed under an atmosphere of N2 using standard
Schlenk techniques. All reactions carried out with tricarbon-
ylchromium complexes were performed in Schlenk tubes
wrapped in an aluminum foil in order to avoid chromium
decomplexation. Dry and oxygen-free solvents were treated as
follows: CH2Cl2 distilled from CaH2; toluene and Bu2O distilled
from sodium/benzophenone; Et2O distilled from sodium/potas-
sium (1Na/4K); and THF distilled from potassium. Reagents
were used as received from common commercial sources. [Rh-
(P2)Cl]2, [Rh(P2)OCOCF3]2, and Ru(P2)(2-methylallyl)2 were
synthesized from [Rh(COD)Cl]2,25 [Rh(COD)(OCOCF3]2,26 and
Ru(COD)(2-methylallyl)2,27 respectively, as previously de-
scribed. Catalytic hydrogenation reactions were carried out as
reported previously in the presence of rhodium13 and ruthe-
nium29 complexes. The conversions and enantiomeric excesses
were determined using the following methods and conditions.
Pantolactone: capillary GC, FS-cyclodextrine â-I/P (25 m ×

(33) Burk et al. reported also very recently on the hydrogenation of
16 in the presence of cationic bis(phospholane)-Rh catalysts. See:
Burk, M. J.; Pizzano, A.; Martin, J. A.; Liable-Sands, L. M.; Rheingold,
A. L. Organometallics 2000, 19, 250. However, even if this catalyst is
more active (compare: substrate/Rh ) 500, H2 ca. 4 bar, room
temperature, 12 h, 100% conversion and entry 39 Table 3: substrate/
catalyst ) 200, H2 ca. 50 bar, room temperature, 2 h, 100% conversion),
the AMPP-based catalyst is more enantioselective (87% vs.76% ee).

Table 4. Asymmetric Hydrogenation of Functionalized Ketones 15, 16, and 17a

entry substrate chiral ligand complex PH2 (bar) T (°C) time (h)b conv (%)c ee (%)d (confign)

26e 15 (S)-Cp,Cp-oxoProNOP Rh-TFA 1 20 0.5 100 67 (S)
27e (S)-Cy,Cy-oxoProNOP Rh-TFA 1 20 1.5 100 61 (S)
28e (S)-Cp,Cp-oxoProNOP Rh-Cl 1 20 2.3 100 80 (S)
29e (S)-Cy,Cy-oxoProNOP Rh-Cl 1 20 18 100 87 (S)
30 5 Rh-TFA 1 20 2.5 100 84 (S)
31 5 Rh-Cl 1 20 24 53 91 (S)
32 syn-12 Rh-TFA 1 20 2 81 91 (S)
33 syn-12 Rh-Cl 1 20 3 82 97 (S)
34 anti-12 Rh-Cl 1 20 12 100 82 (S)
35 6 Rh-TFA 1 20 1.5 100 95 (S)
36 8 Rh-TFA 1 20 1.5 100 95 (S)
37 6 Rh-Cl 50 20 19 100 >99 (S)
38 8 Rh-Cl 50 20 1.75 55 90 (S)
39f 16 (S)-Cy,Cy-oxoProNOP Rh-TFA 50 20 0.75 100 89 (R)
40 5 Rh-TFA 50 20 2 100 87 (R)
41 6 Rh-TFA 50 20 1 100 80 (R)
42g 17 (S)-Cy,Cy-oxoProNOP Rh-TFA 50 20 24 65 96 (S)
43h 5 Rh-TFA 50 20 18 100 >99 (S)
a Hydrogenations were carried out in a 200 mL flask or in a 50 mL stainless steel autoclave using recrystallized 15 and 17 and distilled

16 in toluene; substrate/Rh ) 200:1. b Reaction times were not necessarily optimized. c Determined by 1H NMR for 15 and 17 and capillary
GC, FS-cyclodextrineâ-I/P (25 m × 0.32 m) for 16. d Determined on the basis of the specific rotation value [R]26

D ) +82.2 (c 1.09, CHCl3)
for (S)-(+)-N-benzylmandelate31 for the hydrogenation of 15, by capillary GC, FS-cyclodextrine â-I/P (25 m × 0.32 m) for 16, and HPLC
analysis (chiralcel OD (Daicel)) of the free amine for 17. e Taken from ref 13a. f Taken from ref 32. g Taken from ref 13b. h Ethanol as
solvent.

Figure 1. Comparison of the enantioselectivity obtained
for the hydrogenation of 15 with respect to the chiral ligand
and the effect of the nonchiral ligand.
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0.32 mm). N-benzylmandelate: conversion determined by 1H
NMR. Enantiomeric excess determined by polarimetry, [R]D

26

+82.2 (c 1.09, CHCl3) for (S)-(+)-N-benzylmandelate.30 Ethyl
lactate: capillary GC, FS-cyclodextrine â-I/P (25 m × 0.32
mm). 2-(N,N-dimethylamino)phenylethanol: conversion de-
termined by 1H NMR, enantiomeric excess determined by
HPLC on the free amine, chiralcel OD (Daicel).

Routine 1H, 31P, and 13C NMR spectra were recorded at
ambient temperature on a Bruker AC300 spectrometer operat-
ing at 300, 121, and 75 MHz for the three nuclei, respectively.
Variable-temperature NMR was carried out on a Bruker
AMX400 spectrometer. Chemical shifts are given in ppm, and
coupling constants (J) are given in hertz. 1H and 13C{1H}
chemical shifts were referenced using the residual solvent
resonance relative to tetramethylsilane (δ 0 ppm). 31P{1H}
chemical shifts were referenced to external 85% H3PO4 in D2O
(0 ppm). Microanalyses were conducted by the Microanalytical
Laboratory of the UST Lille and by Laboratories Wolf, Clichy,
France. Mass spectra were carried out on a Finnigan MAT
311A (70 eV) or a Concept II H-H (Kratos Analytical Ltd)
(FAB) at the Mass Spectroscopy Service of the UST Lille.
Melting points were determined in open capillaries. HPLC
analyses were performed on a Shimadzu apparatus equipped
with a UV detector and a Chiralcel OD (5 × 250 mmm
DAICEL) column. Optical rotations were measured on a
Perkin-Elmer polarimeter in a 1 dm nonthermostated cell.

(S)-2-Hydroxymethylindoline. A 250 mL three-necked
round-bottom flask equipped with a stir bar, a reflux con-
denser, and a dropping funnel was charged with (S)-indolin-
ecarboxylic acid (2.5 g, 15 mmol) and THF (80 mL). Then, BH3‚
SMe2 (10 M, 12.5 mL) was placed in the funnel and added
dropwise with stirring to the reaction mixture at room tem-
perature over a period of 30 min. During the course of the
addition, the amino acid dissolved and hydrogen was released.
The mixture was stirred further at room temperature for an
additional hour. Then, a solution of sodium hydroxide (80 mL,
0.5 M in H2O) was added slowly over 30 min via the funnel.
The reaction mixture was then heated at reflux for 3 h. After
cooling, solid Na2CO3 was added to the mixture until satura-
tion. Then, the reaction medium was extracted with Et2O (3
× 50 mL). The combined organic phases were washed with
water (3 × 10 mL) and dried with MgSO4. After filtration,
rotatory evaporation of the solvents, and drying under oil
pump vacuum, (S)-2-hydroxymethylindoline was isolated as
a white powder (2.28 g, 15 mmol, 100%), mp 73 °C, [R]D +53.6
(c 0.89, EtOH). 1H NMR (CDCl3, δ): 7.1 (d, JHH ) 7.3, 1H,
Haro), 7.0 (t, JHH ) 7.6, 1H, Haro), 6.7 (t, JHH ) 7.3, 1H, Haro),
6.65 (d, JHH ) 7.6, 1H, Haro), 4.0 (m, 1H, NHCH), 3.7 (dd,
JHH ) 10.7 and 3.5, 1H, CHH′OH), 3.6 (dd, JHH ) 10.7 and
6.3, 1H, CHH′OH), 3.1 (dd, JHH ) 15.9 and 9.0, 1H, CCHH′),
2.8 (dd, JHH ) 15.9 and 7.9, 1H, CCHH′). 13C{1H} NMR (CDCl3,
δ): 150.5, 128.9, 127.5, 124.9, 119.3, and 110.1 (Caro), 65.2
(CH2OH), 60.3 (CH), 32.1 (CH2Caro). Anal. Calcd for C9H11-
NO: C, 72.46; H, 7.43; N, 9.39. Found: C, 72.02; H, 7.38; N,
9.40.

(S)-2-tert-Butyldimethylsilyloxymethylindoline 9. A
100 mL round-bottom flask was charged with a stir bar, (S)-
hydroxymethylindoline (0.487 g, 3.3 mmol), tert-butyldimeth-
ylsilyl chloride (0.507 g, 3.4 mmol), and 4-(dimethylamino)-
pyridine (0.038 g, 0.3 mmol). After nitrogen bubbling (5 min),
dichloromethane (25 mL) and triethylamine (0.47 mL, 3.4
mmol) were added successively to the mixture. The solution
was stirred overnight at room temperature. Then, 20 mL of
an aqueous solution saturated with NH4Cl was added. The
reaction mixture was extracted with CH2Cl2 (3 × 15 mL). The
combined organic extracts were washed with water (20 mL)
and dried with Na2SO4. After filtration and rotatory evapora-
tion of the solvents, the residue was purified by silica gel
chromatography (eluent petroleum ether/diethyl ether, 70:30).
(S)-2-tert-butyldimethylsilyloxymethylindoline was obtained
after oil pump vacuum-drying as an oil (0.789 g, 2.97 mmol,

90%). 1H NMR (D2O, δ): 7.1 (d, JHH ) 7.3, 1H, Haro), 7.0 (t,
JHH ) 7.6, 1H, Haro), 6.7 (t, JHH ) 7.4, 1H, Haro), 6.6 (d, JHH

) 7.75, 1H, Haro), 3.9 (m, 1H, CH), 3.6 (m, 2H, CH2OH), 3.1
(dd, JHH ) 15.9 and 9.0, 1H, CCHH′), 2.6 (dd, JHH ) 15.9 and
5.8, 1H, CCHH′), 0.9 (s, 9H, (CH3)3C), 0.1 (s, 6H, (CH3)2Si).
13C{1H} NMR (CDCl3, δ): 150.6, 128.3, 127.5, 125.0, 118.8,
and 109.8 (Caro), 66.7 (CH2OH), 60.6 (CH), 32.3 (CH2C(aro)),
26.1 (C(CH3)3), -3.4 ((CH3)3C), -5.1 (CH3Si). MS m/z (%): 263
(5.8) [M+], 206 (12.4) [M+ - t-Bu], 118 (100) [M+ - CH2 -
OSiMe2t-Bu].

(ηS,S)- and (ηR,S)-Tricarbonyl(2-tert-butyldimethyl-
silyloxymethylindoline)chromium. A 100 mL round-bot-
tom flask equipped with a stir bar and a reflux condenser was
charged with (S)-2-tert-butyldimethylsyliloxymethylindoline
(0.789 g, 3 mmol), Cr(CO)6 (0.862 g, 3.9 mmol), Bu2O (15 mL),
and THF (5 mL). After 15 min of nitrogen bubbling, the
heterogeneous mixture was heated at 135 °C for 72 h. After
cooling to room temperature, the reaction mixture was filtered
through a fritted funnel and the solvents were removed under
reduced pressure. The two diastereomers (ηR,S) and (ηS,S)
were separated by silica gel chromatography (eluent petroleum
ether/diethyl ether, 80:20) and isolated as yellow powders
(0.640 g, 1.6 mmol and 0.200 g, 0.50 mmol, respectively, 70%
overall).

(ηS,S)-Tricarbonyl(2-tert-butyldimethylsilyloxymeth-
ylindoline)chromium. Mp: 163 °C. 1H NMR (CDCl3, δ): 5.6
(d, JHH ) 6.3, 1H, Haro), 5.3 (t, JHH ) 6.1, 1H, Haro), 5.0 (d,
JHH ) 6.6, 1H, Haro), 4.8 (t, JHH ) 6.1, 1H, Haro), 4.1 (broad
s, 1H, NH), 4.0 (m, 2H, CHH′O and CH), 3.6 (d, JHH ) 4.9,
1H, CHH′O), 3.1 (dd, JHH ) 16.2 and 9.6, 1H, CHH′C(aro)),
2.6 (dd, JHH ) 16.2 and 3.3, 1H, CHH′C(aro)), 0.9 (s, 9H,
(CH3)3C), 0.1 (s, 6H, (CH3)2Si). 13C{1H} NMR (CDCl3, δ): 234.9
(s, CO), 134.1, 97.3, 94.3, 93.1, 84.2, and 73.5 (Caro), 64.2 (s,
CH2O), 59.1 (CH), 30.5 (CH2C(aro)), 25.9 (C(CH3)3), -5.3 (s,
CH3Si). MS m/z (%): 399 (4.1) [M+], 343 (0.4) [M+ - 2CO],
315 (38.0) [M+ - 3CO], 263 (8.7) [M+ - Cr(CO)3], 118 (100)
[M+ - Cr(CO)3 - CH2-OSiMe2t-Bu].

(ηR,S)-Tricarbonyl(2-tert-butyldimethylsilyloxymeth-
ylindoline)chromium. Mp: 92 °C. 1H NMR (CDCl3, δ): 5.6
(d, JHH ) 5.9, 1H, Haro), 5.4 (t, JHH ) 6.3, 1H, Haro), 4.9 (d,
JHH ) 6.3, 1H, Haro), 4.8 (t, JHH ) 6.1, 1H, Haro), 4.1 (m, 1H,
CH), 3.9 (broad s, 1H, NH), 3.7 (dd, JHH ) 9.8 and 4.0, 1H,
CHH′O), 3.6 (dd, JHH ) 9.8 and 7.7, 1H, CHH′OH), 2.8 (dd,
JHH ) 14.9 and 8.5, 1H, CHH′C), 2.58 (dd, JHH ) 14.9 and
10.6, 1H, CHH′C), 0.9 (s, 9H, (CH3)3C), 0.1 (s, 6H, (CH3)2Si).
13C{1H} NMR (CDCl3, δ): 234.7 (s, CO), 133.6, 97.6, 94.7, 93.1,
83.8, and 73.2 (Caro), 66.0 (s, CH2O), 60.9 (CH), 31.0 (CH2C-
(aro)), 25.9 (C(CH3)3), -5.3 (s, CH3Si). MS m/z (%): 399 (3.8)
[M+], 343 (0.7) [M+ - 2CO], 315 (33.4) [M+ - 3CO], 263 (9.5)
[M+ - Cr(CO)3], 118 (100) [M+ - Cr(CO)3 - CH2-OSiMe2-
t-Bu].

(ηS,S)-Tricarbonyl(2-hydroxymethylindoline)chromi-
um syn-10.34 A 50 mL round-bottom flash was charged with
a stir bar, (ηS,S)-tricarbonyl(2-tert-butyldimethylsilyloxy-
methylindoline)chromium (0.220 g, 0.55 mmol), THF (30 mL),
and 1 M t-Bu4NF (0.66 mL, 0.66 mmol). After a few minutes
of nitrogen bubbling, the reaction mixture was stirred at 0 °C
for 4 h. After warming to room temperature, the reaction
mixture was transferred into a funnel, washed with an
aqueous solution saturated in NH4Cl (30 mL), and extracted
with diethyl ether (2 × 20 mL), and the combined organic
layers were dried with Na2SO4. After filtration, rotatory
evaporation of the solvent and drying under oil pump vacuum,
syn-10 was obtained as a yellow powder (0.157 g, 0.55 mmol,
100%), mp 108 °C, [R]D -42.0 (c 1, CHCl3). 1H NMR (CDCl3,
δ): 5.6 (d, JHH ) 5.6, 1H, Haro), 5.4 (s, 1H, Haro), 5.0 (d, JHH

) 6.4, 1H, Haro), 4.8 (s, 1H, Haro), 4.1 (m, 2H, CH and
CHH′OH), 3.6 (d, JHH ) 7.3, 1H, CHH′OH), 3.1 (dd, JHH )
10.3 and 15.2, 1H, CHH′C(aro)), 2.6 (d, JHH ) 14.4, 1H,
CHH′C(aro)). 13C{1H} NMR (CDCl3, δ): 237.4 (s, CO), 135.3,
98.7, 97.0, 96.0, 86.5, and 76.2 (Caro), 65.3 (CH2OH), 60.5
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(CHN), 32.7 (CH2C(aro)). MS m/z (%): 285 (5.0) [M+], 201
(3.0) [M+ - 3CO], 149 (10.9) [M+ - Cr(CO)3], 132 (17.1) [M+

- Cr(CO)3 - OH], 118 (100) [M+ - Cr(CO)3 - CH2OH]. Anal.
Calcd for C12H11NO4Cr: C, 50.53; H, 3.89; N, 4.91. Found: C,
50.29; H, 4.04; N, 5.05.

(ηR,S)-Tricarbonyl(2-hydroxymethylindoline)chromi-
um anti-10. (ηR,S)-Tricarbonyl(2-tert-butyldimethylsilyloxy-
methylindoline)chromium (0.620 g, 1.55 mmol) was reacted in
a procedure analogous to that given for syn-10. An identical
workup gave anti-10 as a yellow powder (0.350 g, 1.24 mmol,
80%), mp 98 °C, [R]D +263.2 (c 1, CHCl3). 1H NMR (CDCl3, δ):
5.6 (d, JHH ) 5.3, 1H, Haro), 5.4 (s, 1H, Haro), 5.0 (d, JHH )
5.5, 1H, Haro), 4.8 (s, 1H, Haro), 4.2 (m, 1H, CH), 3.8 (d, J )
7.3, 2H, CHH′OH and NH), 3.6 (s, 1H, CHH′OH), 2.8 (d, JHH
) 8.7, 2H, CHH′C(aro)). 13C{1H} NMR (CDCl3, δ): 234.6 (s,
CO), 133.1, 98.3, 97.0, 94.6, 84.5, and 74.0 (Caro), 63.9 (CH2-
OH), 60.6 (CHN), 30.6 (CH2C(aro)). MS m/z (%): 285 (7.7)
[M+], 201 (4.8) [M+ - 3CO], 149 (10.6) [M+ - Cr(CO)3], 132
(14.7) [M+ - Cr(CO)3 - OH], 118 (100) [M+ - Cr(CO)3 - CH2-
OH]. Anal. Calcd for C12H11NO4Cr: C, 50.53; H, 3.89; N, 4.91.
Found: C, 50.67; H, 3.99; N, 4.92.

(S)-3-Hydroxymethyl-1,2,3,4-tetrahydroisoquino-
line.21a A 250 mL round-bottom flask was equipped with a stir
bar, a reflux condenser, and a dropping funnel and charged
with (S)-1,2,3,4-tetrahydroisoquinolinecarboxylic acid (1 g, 5.6
mmol) and THF (35 mL). Then, BH3‚SMe2 (10 M, 4.5 mL) was
added. The reaction mixture was heated at reflux for 2 h.
During the reflux, the starting acid dissolved and a hydrogen
release was observed. After removing the oil bath, the reaction
mixture was cooled to 0 °C. NaOH (1 M, 50 mL) was added
dropwise via the funnel over a period of 30 min. The reaction
mixture was again heated at reflux for 3 h. After cooling to
room temperature, the reaction mixture was extracted with
Et2O (3 × 30 mL). The combined organic extracts were washed
with water (40 mL) and dried with MgSO4. After filtration,
evaporation of the solvents under reduced pressure, and drying
under oil pump vacuum, (S)-3-hydroxymethyl-1,2,3,4-tetrahy-
droisoquinoline was isolated as a white powder (0.80 g, 4.87
mmol, 87%). 1H NMR (CDCl3, δ): 7.2-7.0 (m, 4H, Haro), 4.0
(s, 2H, CH2N), 3.8 (dd, JHH ) 10.8 and 3.7, 1H, CHH′OH), 3.5
(dd, JHH ) 10.8 and 8.1, 1H, CHH′OH), 3.1 (m, 1H, CH), 2.7
(dd, JHH ) 16.3 and 4.2, 1H, CHH′C(aro)), 2.6 (dd, JHH ) 16.3
and 10.7, 1H, CHH′C(aro)), 2.1 (s, 2H, NH and OH). 13C{1H}
NMR (CDCl3, δ): 135.9, 134.1, 129.4, 126.3, 126.1, and 126.0
(Caro), 66.0 (CH2OH), 55.1 (CH), 47.9 (CH2N), 31.1 (CH2C-
(aro)). Anal. Calcd for C10H13NO: C, 73,59; H, 8.03; N, 8.58.
Found: C, 73,32; H, 8.01; N, 8.25.

(S)-Ph,Ph-AzeNOP 1. This represents a typical experiment
used for the synthesis of the ligands. A 100 mL Schlenk tube
was charged with a stir bar, (S)-2-hydroxymethylazetidine
(0.143 g, 1.6 mmol), THF (4 mL), and NEt3 (2 mL). Then,
chlorodiphenylphosphine (0.796 g, 3.6 mmol) in solution in
THF (1 mL) was introduced via cannula. The mixture was
stirred at room temperature overnight. The progress of the
reaction mixture and the end of the reaction were checked by
31P NMR. The stirring was continued if necessary until
completion of the reaction.35 The crude reaction mixture was
then filtered under nitrogen through basic alumina (1 × 5 cm)
and washed with Et2O (2 × 10 mL). The solvents were
evaporated under oil pump vacuum from the combined fil-
trates. The residue was dried further under oil pump vacuum,
providing 1 (0.981 g, 0.96 mmol, 60%) as a colorless oil. 1H
NMR (CDCl3, δ): 7.5-7.2 (m, 20H, Haro), 4.1 (m, 1H, CH),
4.0 (m, 2H, CH2O), 3.5 (m, 1H, CHH′N), 3.2 (m, 1H, CHH′N),
2.25 (m, 1H, CHH′CH), 2.1 (m, 1H, CHH′CH). 13C{1H} NMR

(CDCl3, δ): 133.3 (d, JCP ) 20.1, Caro), 131.7 (d, JCP ) 18.1,
Caro), 130.4 (dd, JCP ) 21.4, JCP ) 3.0, Caro), 129.2 (d, JCP )
20.1, Caro), 128.5 (m, Caro), 79 (d, JCP ) 16.5, CH2O), 63.5
(dd, JCP ) 20.1 and 7.9, CH), 46.3 (d, JCP ) 3.0, CH2N), 22.5
(d, JCP ) 13.4, CH2CH). Anal. Calcd for C28H27NOP2: C, 73.84;
H, 5.97; N, 3.08. Found: C, 73.51; H, 5.90; N, 3.05.

(S)-Ph,Ph-IndoNOP 2. (S)-2-Hydroxymethylindoline (0.314
g, 2.1 mmol), Et2O (2 mL), NEt3 (1 mL), and chlorodiphen-
ylphosphine (1.38 g, 6.3 mmol) in solution in Et2O (1 mL) were
reacted in a procedure analogous to that given for 1. An
identical workup gave 2 (0.861 g, 1.66 mmol, 79%) as a
colorless oil. 1H NMR (CDCl3, δ): 7.5-7.3 (m, 24H, Haro), 7.1
(d, JHH ) 7.1, 1H, Haro), 6.9 (t, JHH ) 7.6, 1H, Haro), 6.7 (t,
JHH ) 7.3, 1H, Haro), 6.6 (d, JHH ) 7.9, 1H, Haro), 4.3 (m, 1H,
CH), 3.7 (m, 1H, CHH′OH), 3.6 (m, 1H, CHH′OH), 3.40 (dd,
JHH ) 16.1 and 9.2, 1H, CHH′Caro), 3.1 (d, JHH ) 16.1, 1H,
CHH′Caro). 13C{1H} NMR (CDCl3, δ): 149.5 (d, JCP ) 3.2,
Caro), 141.8 (dd, JCP ) 17.4 and 8.1, CP), 136.8 (dd, JCP )
12.7 and 8.3, CP), 132.2-128.2 (m, Caro and CCaro), 126.3 (s,
Caro), 124.8 (s, Caro), 19.4 (s, Caro), 111.8 (d, JCP ) 8.5, Caro),
71.9 (d, JCP ) 17.4, CH2OH), 64.1 (dd, JCP ) 15.2 and 8.9, CH),
33.3 (s, CH2Caro). Anal. Calcd for C33H29NOP2: C, 76.65; H,
5.65; N, 2.71. Found: C, 76.20; H, 5.65; N, 2.57.

(S)-Ph,Ph-QuinoNOP 3. (S)-3-Hydroxymethyl-1,2,3,4-tet-
rahydroisoquinoline (0.148 g, 0.9 mmol), Et2O (2 mL), NEt3

(1 mL), and chlorodiphenylphosphine (0.437 g, 2.0 mmol) in
solution in Et2O (1 mL) were combined in a procedure identical
to that given for 1. After 48 h, an identical workup gave 3
(0.415 g, 0.77 mmol, 86%) as a colorless oil. 1H NMR (CDCl3,
δ): 8.0-6.9 (m, 24H, Haro), 4.2 (m, 1H, CH), 4.0 (dd, JHH )
16.7, JHH ) 2.3, 2H, CH2N), 3.9 (m, 1H, CHH′O), 3.7 (m, 1H,
CHH′O), 3.1 (dd, JHH ) 16.1 and 6.8, 1H, CHH′Caro), 2.9 (d,
JHH ) 16.1, 1H, CHH′Caro). 13C{1H} NMR (CDCl3, δ): 125.7-
141.9 (m, Caro), 70.1 (dd, JCP ) 5.5 and 5.5, CH2O), 58.8 (d,
JCP ) 6.1, CH), 31.5 (d, JCP ) 5.5, CH2CH). Anal. Calcd for
C34H31NOP2: C, 76.82; H, 5.88; N, 2.63. Found: C, 77.15; H,
5.62; N, 2.52.

(S)-Cp,Cp-AzeNOP 4. (S)-2-Hydroxymethylazetidine (0.054
g, 0.6 mmol), Et2O (4 mL), NEt3 (1 mL), and chlorodicyclo-
pentylphosphine (0.281 g, 1.4 mmol) in solution in Et2O (1 mL)
were combined in a procedure identical to that given for 1.
After 18 h, an identical workup gave 4 (0.534 g, 1.26 mmol,
90%) as a colorless oil. 1H NMR (CDCl3, δ): 4.0 (m, 1H), 3.8
(m, 1H), 3.6 (m, 2H), 3.5 (m, 1H), 2.3 (m, 1H, CHH′CH), 2.1
(m, 1H, CHH′CH), 2.0-1.2 (m, 36H, CHcyclopentyl). 13C{1H}
NMR (CDCl3, δ): 75.3 (s, JCP ) 14.5, CH2O), 63.7 (dd, JCP )
14.1 and 7.1, CHN), 47.0 (CH2N), 40.9 (d, JCP ) 4.5, Ccyclo-
pentyl), 40.6 (d, JCP ) 3.7, Ccyclopentyl), 37.8 (d, JCP ) 6.0,
Ccyclopentyl), 37.0 (d, JCP ) 13.4, Ccyclopentyl), 30.7-25.0
(Ccyclopentyl), 23.6 (d, JCP ) 11.9, CH2CH). Anal. Calcd for
C24H43NOP2: C, 68.06; H, 10.23; N, 3.31. Found: C, 68.43; H,
10.04; N, 3.23.

(S)-Cp,Cp-IndoNOP 5. (S)-2-Hydroxymethylindoline (0.150
g, 1 mmol), THF (2 mL), NEt3 (1 mL), and chlorodicyclopent-
ylphosphine (0.550 g, 2.7 mmol) in solution in THF (1 mL) were
combined in a procedure analogous to that given for 1. After
4 days, an identical workup gave 7 (0.371 g, 0.9 mmol, 90%)
as a colorless oil. 1H NMR (CDCl3, δ): 7.1 (d, JHH ) 7.3, 1H,
Haro), 7.0 (t, JHH ) 7.6, 1H, Haro), 6.7 (t, JHH ) 7.3, 1H, Haro),
6.6 (d, JHH ) 7.8, 1H, Haro), 4.0 (m, 1H, CH), 3.7 (m, 1H,
CHH′O), 3.5 (dd, JHH ) 17.8 and 9.5, 1H, CHH′O), 3.1 (dd,
JHH ) 15.9 and 9.1, 1H, CHH′Caro), 2.97 (d, JHH ) 15.9, 1H,
CHH′Caro), 2.0-1.2 (m, 36H, Hcyclopentyl). 13C{1H} NMR
(CDCl3, δ): 150.5 (s, Caro), 127.9 (s, Caro), 126.9 (s, Caro),
124.8 (s, Caro), 118.6 (s, Caro), 109.4 (s, Caro), 72.4 (d, JCP )
9.8, CH2O), 59.7 (d, JCP ) 6.1, CHN), 40.7 (d, JCP ) 11.0,
CHcyclopentyl), 40.6 (d, JCP ) 15.3, CHcyclopentyl), 33.3-25.7
(m, Ccyclopentyl). Anal. Calcd for C29H45NOP2: C, 71.73; H,
9.34; N, 2.88. Found: C, 71.47; H, 9.22; N, 2.97.

(S)-Cp,Cp-QuinoNOP 6. (S)-3-Hydroxymethyl-1,2,3,4-tet-
rahydroisoquinoline (0.107 g, 0.6 mmol), THF (2 mL), NEt3 (1

(34) Jones, G. B.; Heaton, S. B.; Chapman, B. J.; Guzel, M.
Tetrahedron: Asymmetry 1997, 8, 3625.

(35) When monitoring the reaction by 31P NMR, the general trends
reported earlier are observed,13a e.g., concomitant presence of OP-
NH, NP-OH, and NP-OP species until complete conversion into the
OP-NP ligands.
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mL), and chlorodicyclopentylphosphine (0.295 g, 1.4 mmol) in
solution in THF (1 mL) were combined in a procedure identical
to that given for 1. After 3 days, an identical workup gave 6
(0.214 g, 0.432, 72%) as a colorless oil in 72% yield. 1H NMR
(CDCl3, δ): 7.1 (m, 3H, Haro), 6.9 (m, 1H, Haro), 4.1 (s, 2H,
CH2N), 3.7 (m, 1H, CHH′O), 3.6 (m, 1H, CH), 3.5 (m, 1H,
CHH′O), 2.9 (dd, JHH ) 15.9 and 5.4, 1H, CHH′CH), 2.8 (dd,
JHH ) 15.9 and 2.4, 1H, CHH′CH), 2.2-1.1 (m, 36H, Hcyclo-
pentyl). 13C{1H} NMR (CDCl3, δ): 135.2 (s, Caro), 134.0 (s,
Caro), 129.5 (s, Caro), 126.0 (s, Caro), 125.5 (s, Caro), 125.4
(s, Caro), 71.8 (dd, JCP ) 14.8 and 5.3, CH2O), 58.3 (dd, JCP )
29.3 and 7.9, CH), 44.9 (s, CH2CH), 40.5 (d, JCP ) 15.9,
CHcyclopentyl), 38.7 (d, JCP ) 10.5, CHcyclopentyl), 38.2 (d,
JCP ) 13.6, CHcyclopentyl), 31.1-25.7 (m, CH2CH and Ccy-
clopentyl). Anal. Calcd for C30H47NOP2: C, 72.12; H, 9.41; N,
2.80. Found: C, 71.85; H, 9.40; N, 2.64.

(S)-Cy,Cy-AzeNOP 7. (S)-2-Hydroxymethylazetidine (0.130
g, 1.5 mmol), Et2O (4 mL), NEt3 (1 mL), and chlorodicyclo-
hexylphosphine (0.763 g, 3.3 mmol) in solution in Et2O (1 mL)
were combined in a procedure identical to that given for 1.
After 18 h, an identical workup gave 7 (0.662 g, 1.38 mmol,
92%) as a colorless oil. 1H NMR (CDCl3, δ): 3.9 (m, 1H), 3.8-
3.5 (m, 4H), 2.3 (m, 1H, CHH′CH), 2.1 (m, 1H, CHH′CH), 1.9-
1.0 (m, 44H, CHcyclohexyl). 13C{1H} NMR (CDCl3, δ): 75.9
(d, JCP ) 15.0, CH2O), 64.9 (dd, JCP ) 20.1 and 8.2, CHN),
47.7 (d, JCP ) 5.2, CH2N), 38.3 (d, JCP ) 5.6, CH2CH), 38.0 (d,
JCP ) 5.2, Ccyclohexyl), 35.6 (d, JCP ) 7.1, Ccyclohexyl), 33.2
(d, JCP ) 14.1, Ccyclohexyl), 30.1-24.9 (m, Ccyclohexyl), 23.9
(d, JCP ) 11.5, CH2CH). Anal. Calcd for C28H51NOP2: C, 70.11;
H, 10.72; N, 2.92. Found: C, 69.88; H, 10.53; N, 2.88.

(S)-Cy,Cy-QuinoNOP 8. (S)-3-Hydroxymethyl-1,2,3,4-tet-
rahydroisoquinoline (0.103 g, 0.6 mmol), THF (2 mL), NEt3 (1
mL), and chlorodicyclohexylphosphine (0.323 g, 3.6 mmol) in
solution in THF (1 mL) were combined in a procedure identical
to that given for 1. After 3 days an identical workup gave 8
(0.189 g, 0.34 mmol, 56%) as a colorless oil. 1H NMR (CDCl3,
δ) 7.1-6.9 (m, 4H, Haro), 4.1 (m, 2H, CH2N), 3.7 (m, 1H,
CHH′O), 3.5 (m, 1H, CH), 3.4 (m, 1H, CHH′O), 2.9 (dd, JHH )
15.4 and 4.9, 1H, CHHCH), 2.8 (dd, JHH ) 15.4 and 1.6, 1H,
CHH′CH), 2.0-0.8 (m, 44H, Hcyclohexyl). 13C{1H} NMR
(CDCl3, δ): 135.2, 133.9, 129.6, 125.9, 125.5, and 125.4 (Caro),
73,0 (d, JCP ) 23.5, CH2O), 59.0 (dd, JCP ) 23.5 and 7.3, CH),
46.1 (s, CH2CH), 37.9 (d, JCP ) 16.6, CHcyclohexyl), 36.1 (d,
JCP ) 13.4, CHcyclohexyl), 35.0 (d, JCP ) 15.9, CHcyclohexyl),
30.7-26.1 (CH2C and Ccyclohexyl).

(ηR,S)-Cr(CO)3-Ph,Ph-IndoNOP anti-11. (ηR,S)-Tricar-
bonyl(2-hydroxymethylindoline)chromium anti-10 (0.0538 g,
0.19 mmol), THF (2 mL), NEt3 (1 mL), and chlorodiphe-
nylphosphine (0.133 g, 0.6 mmol) in solution in THF (1 mL)
were combined in a procedure identical to that given for 1.
After 46 h of stirring at 60 °C, an identical workup gave anti-
11 (0.092 g, 0.14 mmol, 74%) as a yellow oil. 1H NMR (CDCl3,
δ): 7.5-7.2 (m, 20H, Hphenyl), 5.4 (d, JHH ) 6.0, 1H, Haro),
5.1 (dt, JHH ) 6.5, JHP ) 1.1, 1H, Haro), 5.0 (dd, JHH ) 6.6,
JHP ) 1.4, 1H, Haro), 4.8 (dt, JHH ) 6.1, JHP ) 0.7, 1H, Haro),
4.1 (m, 1H, CH), 3.9 (m, 1H, CHH′O), 3.7 (m, 1H, CHH′O),
3.2 (dd, JHH ) 16.0 and 9.9, 1H, CHH′CH), 3.0 (dd, JHH ) 16.0
and 5.5, 1H, CHH′CH). Anal. Calcd for C36H29NCrO4P2: C,
66.16; H, 4.47; N, 2.14. Found: C, 66.65; H, 4.36; N, 2.06.

(ηS,S)-Cr(CO)3-Ph,Ph-IndoNOP syn-11. (ηS,S)-Tricar-
bonyl(2-hydroxymethylindoline)chromium syn-10 (0.050 g,

0.17 mmol), Et2O (2 mL), NEt3 (1 mL), and chlorodiphen-
ylphosphine (0.083 g, 0.38 mmol) in solution in Et2O (1 mL)
were combined in a procedure identical to that given for 1.
After 4 days, an identical workup gave syn-11 (0.112 g, 0.17
mmol, 100%) as a yellow oil. 1H NMR (CDCl3, δ): 7.3-7.2 (m,
20H, HPhenyl), 5.5 (d, JHH ) 5.8, 1H, Haro), 5.4 (dd, JHH )
6.8, JHP ) 1.7, 1H, Haro), 5.2 (dt, JHH ) 6.8, JHP ) 1.2, 1H,
Haro), 4.8 (t, JHH ) 6.1, 1H, Haro), 4.1 (m, 1H, CH), 4.0 (m,
1H, CHH′OH), 3.3 (m, 1H, CHH′OH), 3.2 (dd, JHH ) 16.3 and
9.5, 1H, CHH′CH), 3.0 (dd, JHH ) 16.3 and 5.5, 1H, CHH′CH).

(ηR,S)-Cr(CO)3-Cp,Cp-IndoNOP anti-12. (ηR,S)-Tricar-
bonyl(2-hydroxymethylindoline)chromium anti-10 (0.067 g,
0.235 mmol), Et2O (2 mL), NEt3 (1 mL), and chlorodicyclo-
hexylphosphine (0.205 g, 1 mmol) in solution in Et2O (1 mL)
were combined in a procedure identical to that given for 1.
After 4 days, an identical workup gave anti-12 (0.123 g, 0.20
mmol, 55%) as a yellow powder.

(ηS,S)-Cr(CO)3-Cp,Cp-IndoNOP syn-12. (ηS,S)-Tricar-
bonyl(2-hydroxymethylindoline)chromium syn-10 (0.0602 g,
0.2 mmol), THF (2 mL), NEt3 (1 mL), and chlorodicyclopen-
tylphosphine (0.0946 g, 0.46 mmol) in solution in THF (1 mL)
were combined in a procedure analogous to that given for 1.
After 4 days, an identical workup gave syn-12 (0.068 g, 0.11
mmol, 84%) as a yellow oil. 1H NMR (CDCl3, δ): 5.4 (d, JHH )
6.0, 1H, Haro), 5.2 (m, 2H, Haro), 4.6 (t, JHH ) 6.1, 1H, Haro),
3.9 (m, 1H, CH), 3.8 (m, 1H, CHH′OH), 3.6 (m, 1H, CHH′OH),
3.0 (dd, JHH ) 16.5 and 9.6, 1H, CHH′CH), 2.7 (dd, JHH ) 16.5
and 2.4, 1H, CHH′CH), 2.3-0.9 (m, 36H, Hcyclopentyl). 13C-
{1H} NMR (CDCl3, δ): 233.8 (s, CO), 93.9 (s, Caro), 92.2 (s,
Caro), 83.8 (s, Caro), 76.6 (s, Caro), 70.4 (d, JCP ) 11.6, CH2O),
60.5 (s, CHN), 40.6 (d, JCP ) 17.7, CHcyclopentyl), 40.3 (d,
JCP ) 16.5, CHcyclopentyl), 32.7-25.7 (m, CH2cyclopentyl).
MS: m:z (%): 593 (1.1) [M+ - CO], 537 (5.8) [M+ - 3CO], 416
(2.5) [M+ - Cr(CO)3 - Cp], 103 (52.6), 69 (100) [Cp+]. Anal.
Calcd for C32H45NCrO4P2: C, 61.83; H, 7.3; N, 2.25. Found:
C, 61.42; H, 7.18; N, 2.15.

(ηS,S)-Cr(CO)3-Cy,Cy-IndoNOP syn-13. (ηS,S)-Tricarbon-
yl(2-hydroxymethylindoline)chromium syn-10 (0.0795 g, 0.28
mmol), THF (2 mL), NEt3 (1 mL), and chlorodicyclohexylphos-
phine (0.170 g, 0.73 mmol) in solution in THF (1 mL) were
combined in a procedure analogous to that given for 1. After
3 days, an identical workup gave syn-13 (0.102 g, 0.39 mmol,
53%) as a yellow oil. 1H NMR (CDCl3, δ): 5.6 (d, JHH ) 5.4,
1H, Haro), 5.4 (t, JHH ) 5.8, 1H, Haro), 4.9 (d, JHH ) 6.1, 1H,
Haro), 4.8 (t, JHH ) 5.8, 1H, Haro), 4.1 (m, 1H, CH), 3.9 (m,
1H, CHH′O), 3.7 (m, 1H, CHH′O), 2.9 (dd, JHH ) 14.9, JHH )
8.6, 1H, CHH′CH), 2.6 (dd, J ) 14.9 Hz, JHH ) 11.2, 1H,
CHH′CH), 2.1-1.1 (m, 44H, Hcyclohexyl).
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