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Abstract: A new chiral phosphinephosphite ligand, R)-2-(diphenylphosphino)-1,sbinaphthalen-2yl (S)-1,1-
binaphthalene-2;2iyl phosphite [R,S-BINAPHOS, R,9-24a], was synthesized. Its Rh(lI) complex was prepared,
and its structure has been characterizedHbynd3'P NMR spectroscopy. Using Rh(l) complexes Bf$-2a and

its enantiomer, highly enantioselective hydroformylation of styrene has been performed (94% ee, isofn86hal

12). The catalyst system was also effective for a variety of other olefins. Some other pheggtosphite ligands
bearing 1,Lbinaphthyl and biphenyl backbones, such$s3;3-dichloro-6-(diphenylphosphino)-2,2,4-tetrameth-
ylbiphenyl-8-yl (R)-1,1'-binaphthalene-2;2iyl phosphite [6,R-BIPHEMPHOS, §,R-54], (R,R-2a, (R,3-2b, (R)-

2¢, and R)-5b, were tested for asymmetric hydroformylation. The results indicate that the sense of enantioface
selection for the prochiral olefins is mainly determined by the absolute configuration of the phosphine site, for
example, the R)-2-(diphenylphosphino)-1'binaphthalen-2yl group in R,9-2a. The relative configurations of

the two biaryl groups in the phosphinphosphites play crucial roles in the degree of the enantioselectivities, that
is, the R*,S*-isomer generally gives products in high ee’s and ReR*)-isomer does in low ee’s. Treatment of
Rh(acac)[R,9-2a] with a 1:1 mixture of carbon monoxide and hydrogen gave a hydridorhodium complex, RhH-
(CO)(R,9-24], as a single species. Trigonal bipyramidal structure is suggested for this complex, in which the
hydride and the phosphite moiety are located at the apical positions and the phosphine and the two carbonyls occupy
the equatorial positions. The interchange of the phosphine and the phosphite sites with each other through rapid
pseudorotations has not been observed in RhH{{®)Y-2al. The structural deviations of the monohydride
complexes from an ideal trigonal bipyramid seem to be largeRihR*)-isomers than in the correspondirig*(S*)-
isomers. The existence of only one active species involved in the RIK)P-2a-catalyzed hydroformylation has

been manifested by the plot of IRJ[S) of the hydroformylation product vs the reciprocals of the reaction
temperatures. The higher thermodynamic stability of Rh(adaf2d] than its diastereomer Rh(acaj[R-24]

is demonstrated in relation to the restricted configuratiorR){2Ac to (R,9-2cin its complex formation with Rh(l).

Introduction

Optically active aldehydes are very important as precursors
not only for biologically active compounds but also for new

materials such as biodegradable polymers and liquid crystals.

Asymmetric hydroformylation has been attracting much atten-
tion as a potential synthetic tool for the preparation of enan-

highest level of optical purity up to 86% using a chiral
bisphosphine complex of Pt&as a catalyst in combination with
SnCh. In spite of the high enantioselectivities established with

(2) Recent examples with Pt(H#chiral phosphine complexes: (a)
Consiglio, G.; Nefkens, S. C. A.; Borer, Arganometallics1 991, 10, 2046.
(b) stille, J. K.; Su, H.; Brechot, P.; Parrinello, G.; Hegedus, L. S.
Organometallics1991, 10, 1183. (c) Consiglio, G.; Nefkens, S. C. Fetra-

tiomerically pure aldehydes. Because hydroformylation seems hedron: Asymmetrg99q 1, 417. (d) Kolfa, L.; Kégel, T.; Bakos, JJ.
to be attainable only with man-made catalysts, extensive efforts Organomet. Cheml993 453 155. (e) Kolfa, L.; Sandor, P.; Szalontal,

have been made to develop new chiral transition-metal catalysts.
Various chiral ligands are used in combination with transition
metal ions, especially, Pt(R)and Rh(1)3~5

The first highly enatioselective examples of asymmetric
hydroformylation have been reported with styrene using Pt-
(1).2ab |n 1991, Consiglio and his coworkers achieved the

T Deceased on Oct 4, 1995.
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(1) Review articles for asymmetric hydroformylation: (a) Agbossou, F.;
Carpentier, J.-F.; Mortreux, AChem. Re. 1995 95, 2485. (b) Gladiali,
S.; Baym, J. C.; Claver, CTetrahedron: Asymmetr§995 6, 1453. (c)
Consiglio, G. InCatalytic Asymmetric Synthesi®jima, |., Ed.; VCH
Publishers Inc.: New York, 1993; p 273. (d) Botteghi, C.; Paganelli, S.;
Schionato, A.; Marchetti, MChirality 1991, 3, 355. (e) Stille, J. K. In
Comprehensie Organic Synthesigrost, B. M., Fleming, I., Semmelhack,
M. F., Eds.; Pergamon Press: Oxford, 1991; Vol. 4, p 927. (f) Ojima, |.;
Hirai, K. In Asymmetric SynthesiMorrison, J. D., Ed.; Academic Press:
Orlando, 1985; Vol. 5, p 126. (g) Consiglio, G.; Pino,T®p. Curr. Chem
1982 105, 77. (h) Pino, P.; Consiglio, G.; Botteghi, C.; Salomon AGw.
Chem. Ser1974 132, 295.
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G. J. Mol. Catal. 1991, 67, 191. (f) Tah, I.; Guo, l.; Hanson, B. E.
Organometallics1993 12, 848. (g) Gladiali, S.; Fabbri, D.; KdlfaL. J.
Organomet. Chem1995 491, 91. (h) Bandini, A. L.; Banditelli, G.;
Cesarotti, E.; Minghetti, G.; Nowogrocki, G.; Wignacourt, Jirffdrg. Chem.
1992 31, 391. (i) Pottier, Y.; Mortreux, A.; Petit, K. Organomet. Chem.
1989 370, 333. (j) Naili, S.; Carpentier, J.-F.; Agbossou, F.; Mortreux, A.;
Nowogrocki, G.; Wignacourt, J. FOrganometallics1995 14, 401. (k)
Parrinello, G.; Stille, J. KJ. Am. Chem. So&987 109, 7122. (I) Consiglio,
G.; Kolléar, L.; Kélliker, R. J. Organomet. Chen199Q 396 375. (m) Kolla,
L.; Consiglio, G.; Pino, PJ. Organomet. Cheni987 330, 305. (n) Haelg,
P.; Consiglio, G.; Pino, Rl. Organomet. Chenl985 296 281. (o) Pittman,
C. U, Jr.; Kawabata, Y., Flowers, L. I. Chem. Soc., Chem. Commun
1982 473. (p) Scrivanti, A.; Beghetto, V.; Bostianini, A.; Matteoli, U.;
Menchi, G.Organometallics1996 15, 4687.

(3) Recent examples with Rh{trhiral phosphine complexes: (a) Hobbs,
C. F.; Knowles, W. SJ. Org. Chem1981, 46, 4422. (b) Gladiali, S.; Pinna,
L. Tetrahedron: AsymmetrdQ9Q 1, 693. (c) Gladiali, S.; Pinna, [Tetra-
hedron: Asymmetr§991 2, 623. (d) Becker, Y.; Eisenstadt, A.; Stille, J.
K. J. Org. Chem198Q 45, 2145. (e) Delogu, G.; Faedda, G.; Gladiali, S.
J. Organomet. Chenl984 268 167. (f) Lee, C. W.; Alper, HJ. Org.
Chem.1995 60, 499. (g) Stanley, G. Ii€atalysis of Organic Reactions
Scaros, M. G., Prunier, M. L., Eds.; Marcel Dekker, Inc.: New York, 1995;
p 363.
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these systems, however, Pt(ll)-catalyzed hydroformylation of corresponding isoaldehyde, 2-acetoxypropanal, was given in
arylethene®i and some functionalized olefitis™ still suffers 95% regioselectivity and in up to 49% ee. One of the
from several disadvantages such as rather low reaction rates, &haracteristic features of the bisphosphite system is that less
tendency for the substrates to undergo hydrogenation, unsatisamount of the chiral ligand is required to attain the maximum
factory iso to normal ratios, and undesirable racemization of ee compared with bisphosphine ligands. A ligand/Rh ratio of
the products. 1.1 is sufficient with this system. In the patent literature in
A chiral bisphosphineRh(l) complex has been another 1992, Babin and Whiteker reported the hydroformylation of
candidate for this purpose. With this system, high catalytic styrene in up to 90% ee using a chiral bisphosphite as a ligland.
activity and a high iso/normal ratio have been realizdulit Nevertheless, the ee’s observed with this catalyst for other
the ee’s achieved so far have been less than %0t.addition, substrates, such as 1-hexene or vinyl acetate, were not satisfac-
enantioselectivities of Rh(l)-catalyzed hydroformylation often tory (50% and 20%, respectively). Thus, at this stage, develop-
depend on the amount of the added chiral ligand because ofment of a truely efficient catalyst which is applicable to
much higher catalytic activity of phosphine-free rhodium asymmetric hydroformylation of a wide variety of substrates
species. Usually 46 equiv of the ligands to Rh(l) are used to has been eagerly desired.
obtain the maximum ee’s at the expense of catalytic actity. Encouraged by the advantages of the chiral bisphosphites,
Very recently, use of a tetraphosphine ligand which forms a we designed a new type of chiral bidentate ligand, “phosphine
chiral bimetallic complex has been reported by Stanley. Up to phosphite™ In this paper, we describe the highly enantiose-
85% ee has been achieved in the hydroformylation of vinyl lective asymmetric hydroformylation of a wide variety of
esters, although the applicable substrates are still lindted. substrates catalyzed by chiral phosphkipdosphite-Rh(l)
Lately, phosphite has attracted much attention as a ligand complexe$. Structures of the active species, RhH(GO)
for Rh(l)-catalyzed hydroformylation because its complex often (phosphine-phosphite) complexes, are also discussed in relation

shows higher catalytic activity than phosphine compléxes.
While bisphosphite ligands with bulky substituents are of much
use to produce linear aldehydes from 1-alketi€sydroformyl-

ation of styrene with these ligands results in a higher iso/normal

to the enantioselectivity of hydroformylation.

Results and Discussion
1. Asymmetric Hydroformylations Catalyzed by Rh(l)

ratio#® Under these circumstances, several examples of asym- Complexes of Phosphine Phosphite Ligands. Preparation

metric hydroformylation with Rh(H-chiral phosphites have been
reportec® We previously synthesized several new chiral bis-
(triaryl phosphite) ligandda—d and used them for the Rh(l)-

OO OP(OAr),
OO OP(OA),

(S)-1a: Ar=Ph
(S)-1b: Ar = 4-tolyl
(S)-1c: Ar = 3,5-xylyl

L]
e

catalyzed asymmetric hydroformylation of vinyl acetzié.
These bis(triaryl phosphite)Rh(l) catalyst systems showed

(S)-1d: (OAr), =

comparable enantioselectivities and superior catalytic activities

to those of chiral bisphosphirdRh(l) catalysts at that time. The

(4) Recent examples with Rhftachiral phosphite complexes: (a) van
Leeuwen, P. W. N. M.; Roobeek, C. F. (Shell). Eur. Pat. Appl. EP 54986,
1982. (b) van Leeuwen, P. W. N. M.; Roobeek, CJFOrganomet. Chem.
1983 258 343. (c) Billig, E.; Abatjoglou, A. G.; Bryant, D. R. (Union
Carbide). U.S. Pat. US 4769498, 1988. (d) Cuny, G. D.; Buchwald, S. L.
J. Am. Chem. S0d.993 115 2066. (e) van Rooy, A.; Orij, E. N.; Kamer,

P. C. J.; van Leeuwen, P. W. N. Mrganometallics1995 14, 34.

(5) Recent examples with Rh{tthiral phosphite complexes: (a) Wink,
D. J.; Kwok, T. J. Yee, Alnorg. Chem 199Q 29, 5006. (b) Kwok, J.;
Wink, D. J. Organometallics1993 12, 1954. (c) Sakai, N.; Nozaki, K
Mashima, K.; Takaya, HTetrahedron: Asymmetr§992 3, 583. (d)
Buisman, G. J. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.
Tetrahedron: Asymmetr{993 4, 1625. (e) Babin, J. E.; Whiteker, G. T.
WO 93/03839, U.S. Pat. US 911518, 1992hem. Abstr.1993 119
159872h. (f) Buisman, G. J. H.; Martin, M. E.; Vos, E. J.; Klootwijik, A.;
Kamer, P. C. J.; van Leeuwen, P. W. N. Wetrahedron: Asymmet34995

6, 719. (g) Buisman, G. J. H.; Vos, E. J.; Kamer, P. C. J.; van Leeuwen, P.

W. N. M. J. Chem. Soc., Dalton Tran$995 409.

(6) (@) Podashova, G. M.; Smirnov, A. N.; and Khardin, A.Ghem.
Abstr.197Q 72, 67309n. Related bis(triaryl phosphite) ligands have been
reported for hydrocyanation of olefins. (b) Baker, M. J.; Harrison, K. N.;
Orpen, A. G.; Pringle, P. G.; Shaw, @. Chem. Soc., Chem. Commun
1991, 803. (c) Baker, M. J.; Pringle, P. G@. Chem. Soc., Chem. Commun
1991, 1292.

of Chiral Phosphine—Phosphite Ligands. Chiral phosphine
phosphites2 have been synthesized from optically active
binaphthol. R)-2-(Diphenylphosphino)-1;dbinaphthalen-2ol
[(R)-3a] was prepared according to the literature proced@res.
The enantiomerically pure ligan®S)-2awas readily obtained

in 90% yield from R)-3a by the reaction with$-4 in ether in
the presence of triethylamine (eq 1). Similarlg,R-2a, (RR)-

PPh,
PPhg (s) -4 O P O

OH NEt3/ Et20

(R)-3a

B

(R.S)-2b

(R.9)-2a: RS) BINAPHOS

PPh,

——o

(R)-2¢

2a, (R9-2b, and R)-2c have also been prepared in high yields.
For these ligands, the following characteristic features were
observed in theirt®l NMR spectrd?® (1) Ligand R,9-2a
exhibits a signal of the phosphine moietydd —13.3, almost

(7) Other hybrid-type ligands for asymmetric hydroformylation, for
example: (a) Pottier, Y.; Mortreux, A.; Petit, F.Organomet. Cheni989
370 333. (b) Arena, C. G.; Nicold~.; Drommi, D.; Bruno, G.; Faraone, F.
J. Chem. Soc., Chem. Commd®994 2251.

(8) Preliminary communications have been reported. (a) Sakai, N;
Nozaki, K.; Mano, S.; Takaya, H.. Am. Chem. S0d993 115 7033. (b)
Sakai, N.; Nozaki, K.; Takaya, Hl. Chem. Soc., Chem. Commu®894
395. (c) Higashijima, T.; Sakai, N.; Nozaki, K.; Takaya, Fetrahedron
Lett. 1994 35, 2023.

(9) (@) Kurz, L.; Lee, G.; Morgans, D., Jr.; Waldyke, M. J.; Ward, T.
Tetrahedron Lett199Q 31, 6321. (b) Uozumi, Y.; Tanahashi, A.; Lee, S.-
Y.; Hayashi, T.J. Org. Chem1993 58, 1945.
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the same value as those of a bis(triarylphosphine) BINAP ( for the major diastereomer and 21.4 Hz for the minor diaste-

—12.8)112 The signal due to the phosphite moiety Ras
observed ab 146.2 (Jp—p = 29.0 Hz), almost the same value
as that of bisphosphiteS-1d (both 6 144.7). Thus, the
phosphine and the phosphite iR,§-2a do not affect each
other’s chemical shift. (2) CompounB(R-2a, a diastereomer
of (R,9-2a, shows signals of Pand E with almost the same
chemical shifts as those oR(§-2a but with a much smaller
Jp—p value (9.2 Hz). (3) ForR)-2c, in which the binaphthyl
group of the phosphite moiety oR(S- or (R,R-2ais replaced
by a biphenyl group, the chemical shifts of #hd P resemble
those of R,9-2a. Due to the axial chirality of the biphenyl

reomer), the major diastereomer was tentatively assigned to be
(S,R-5b. Attempted separation of each diastereomer by either
recrystallization or column chromatography resulted in recovery
of the mixture in the same composition. This result indicates
that the rotation around the biphenyl axis Bj-6b in solution
is slower than the NMR time scale but that the diastereomers
are not stable enough to be separated at room temperature.
Preparation of Rhodium(l) Complexes Bearing the Chiral
Phosphine-Phosphite Ligands. The complex Rh(acaclR,9-
23] was prepared by mixing Rh(acac)(COind R,9-2a in
dichloromethane. Similarly, the corresponding Rh(acac)(ligand)

group, two pairs of signals for the two diastereomeric isomers complexes of other phosphin@hosphites,R R)-2a, (R,9-2b,
could have seen. However, the existence of the single peak(R)-2c, (S,R-5a, (R,R-5a, and R)-5b, were prepared. The
for each phosphorus atom suggests the rapid atropisomerizatiomotable points observed B{P NMR are as follows? (1) When
in the biphenyl moiety which is reported to occur on an NMR the phosphine signals!Pof Rh(acac)(phosphine-phosphite)

time scale® Thus, theJp_p value of 19.0 Hz seems like the

complexes are compared with that of Rh(ac&)EINAP],

average of that of the atropisomeric two diastereomers, which smaller values are observed both in the chemical-shift change

are R,9- and R,R-2c.
Chiral phosphine-phosphite ligands bearing a biphenyl

upon complex formationAd(P) (61.1-64.6 ppm for the
phosphine-phosphites and 66.9 ppm foB)¢BINAP) and in

framework, §,R-5a, (R,R-5a, and their enantiomers, have been the Jrp-p (172.4-180.0 Hz for the phosphiregphosphites and
synthesized by a similar procedure (eq 2). Treatment of racemic190.7 Hz for §-BINAP). (2) When the phosphite signald P

Me

Me ® PPre (4
Me O OH  NEty/Et,0

Cl
Me
racemic-6a

ch”O
cl o)

Me Me

Me O PPh,
Me Me

O 0-P-Q . O 0-P-Q @)
A S0 o S0

Me

(S,RA)-5a (R,R)-5a

5,5-dichloro-4,4,6,6-tetramethyl-2-diphenylphosphinc-By-
droxybiphenyl 6a)122with (R)-4 gave a diastereomeric mixture
of (S,R- and R,R-5a, which was easily separated by silica-
gel column chromatography to give pui®,B-5a (32% yield)
and R,R-5a(21%)8¢ Similarly, (R)-5b was prepared starting

O PPh, O PPh,
O 0-P-0
/
Q9

(S,R)-5b 55:45 (R,R)-5b

from biphenyl-2,2-diol as a 55:45 mixture of two diasteromers
(eq 3). On the basis of theirHP coupling constants (35.1 Hz

(10) A table summarizing th&®® NMR NMR data of the ligands and
their rhodium(l) complexes is deposited as Supporting Information.

(11) (a) Miyashita, A.; Takaya, H.; Souchi, T.; Noyori, Retrahedron
1984 40, 1245. (b) Takaya, H.; Mashima, K.; Koyano, K.; Yagi, M,;
Kumobayashi, H.; Taketomi, T.; Akutagawa, S.; Noyori,JROrg. Chem.
1986 51, 629.

(12) (a) Toda, F.; Tanaka, K.; lwata, $.0Org. Chem1989 54, 3007.
(b) Toda, F.; Tanaka, KI. Org. Chem1988 53, 3607. (c) Toda, F.; Tanaka,
K.; lwata, S.J. Org. Chem1994 59, 5748.

are compared with that of Rh(acag{1d], larger values are
observed both in the chemical-shift charyé(P?) (6.7—-15.6

ppm for the phosphinephosphites and 0.6 ppm foB)¢1d) and

in the Jrn—p (325.0-332.6 Hz for the phosphirgphosphites

and 300.0 Hz for®-1d).1® Thus, the chemical shifts adgn-p
values of the phosphine and the phosphite moieties in the
phosphine-phosphite complexes are considerably different from
those of bis(triaryl phosphine) or bis(triarylphosphite) com-
plexes. These data suggest that the phosphorus atoms of the
phosphine and the phosphite influence each other in the
complexes. These new complexes are therefore expected to
show different catalytic properties from bisphosphine or bis-
phosphite complexes.

Interestingly, the ligandR)-2c derived from biphenol pro-
vided a single species. Although the rapid atropisomerization
of the biphenyl moiety might still be possible, we will propose
in the latter part of this paper that the biphenyl is fixed to the
Sconfiguration to form Rh(acacJR,9-2c]. The diastereomeric
mixture of S,R- and R,R-5b (55:45 by3P NMR) also gave
Rh(acac)[6,R-5b] as a sole product. Thus, the interconversion
between §,R-5b and R,R-5b seems to be inhibited by the
coordination to the Rh(l) center, and the ligand is in one
configuration. Like R)-2c, we will conclude that the config-
uration is 8,R from the hydroformylation resultside infra).

Asymmetric Hydroformylation of Olefins. The oxoalde-
hydes derived from aryl-substituted olefins can be converted
to the various pharmaceuticals such as anti-inflammatory
agents'd14 We have first tested the asymmetric hydroformyl-
ation of styrene {a) and its derivatives qb—e) using the
complexes Rh(acac)(phosphirghosphite) as catalysts (eq 4).

In order to prevent the reaction catalyzed by unmodified
rhodium specieg,3.0 equiv of free ligands was added to the
Rh(acac)(phosphinrgphosphite) complexes for catalytic reac-
tions. It is more convenient to prepare the catalytic spdaies
situ by simply mixing Rh(acac)(CQ)and 4.0 equiv of the
ligands. The results are summarized in Table 1. The corre-
sponding aldehyde 2-phenylpropan8bY and its derivatives

(13) A similar tendency inJmeta-P} has been observed in Pt
complexes. For example, in PH{R,9-2a], the J{ Pt—P} of the phosphine
(3243 Hz) is smaller than that in PEBINAP) (3665 Hz) and the{ Pt—

P} of the phosphite site in Ptgl(R,9-2a] (6270 Hz) is larger than that in
PtChL[(9-14] (5672 Hz). Nozaki, K.; Sato, N.; Tonomura, Y.; Yasutomi,
M.; Takaya, H. Submitted for publication.

(14) Siegel, H.; Himmele, WAngew. Chem., Int. Ed. Engl98Q 19,

178.
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Table 1. Asymmetric Hydroformylation of Styrene and Its Derivative€atalyzed by Rh(acac)(L) CompleRes
run substrate COl/glatm/atm solvent ligand, L tempC time, h conv, % 8/9 % ee ofgP
1 7a 50/50 GHs (S,R-2a 60 43 >99 88/12 949
2 50/50 GHs (R,9-2a 80 16 >99 86/14 89R)
3 50/50 GHs (R,9-2a rt 39 24 92/8 95R)
4 50/50 GHs (R,9-2a 60 59 >99 90/10 45R)
5 63/8 GHs (R,9-2a 60 40 93 88/12 92R)
6 10/90 GHs (R,9-2a 60 40 >99 88/12 2R)
7 50/50 cyclohexane R,9-2a 60 40 >08 87/13 89R)
8 50/50 CHCI, (R,9-2a 60 41 >99 89/11 84R)
9 50/50 THF R,9-2a 60 41 >99 92/8 41R)
10 50/50 MeOH R,9-2a 60 98 98 92/8 25R)
11 50/50 GHs (R,9-2b 60 37 >99 90/10 85R)
12 50/50 GHs (R,R-2a 60 38 >99 86/14 25R)
13 50/50 GHs (R)-2c 60 43 >99 91/9 83R)
14 50/50 GHs (S,R-5a 60 42 >99 90/10 94 8)
15 50/50 GHs (R,R-5a 60 40 95 92/8 16R)
16 50/50 GHs (R)-5b 60 40 98 89/11 69%)
17 7b 50/50 GHs (S,R-2a 60 20 97 86/14 95+%)
18 7c 50/50 GHs (S,R-2a 60 34 >99 87/13 88¢)
19 7d 50/50 GHs (S,R-2a 60 34 >99 87/13 93¢)
20 7¢d 50/50 GHs (S,R-2a 60 66 >99 88/12 92 8y

aThe reaction conditions are described in the Experimental Seétiine ee’s were determined by GLC analysis using a chiral capillary column
(Chrompacks-236M, 0.25 mmx 25 m) of the corresponding 2-arylpropionic acids derived by Jones oxidation of the products. Optical rotations
or absolute configurations are drawn in parenthes€he product distribution:8a, 27%,9a, 1%, dimethyl acetal 08a, 65%, dimethyl acetal of
9a, 7%. 9 Substrate/Ri= 300.¢ The absolute configuration was determined by oxidation of the product aldehyde and comparison of the optical
rotation with the authentic sample. The carboxylic acid is Ibuprofen which is commercially available from Aldrich.

(8b—e) have been obtained in the highest level of enantiose- marized in the following two facts: (1) Remarkably high ee’s
lectivity among the previous catalyst systems. The regioisomerswere obtained withR*,S*-ligands (runs 11 and 14) and much

9 were also given. The byproducts from hydrogenation or
polymerization of7a were not detected.

Rh(acac)(CO),
-20r5
O/\ H,/CO
R benzene
7a—e
CHO
. CHO
. ,@N @
R R
8a—e 9a—e
a:R=H
b: R =CH,
c:R=0CH;
d:R=Cl
e: R = CH,CH(CHj3),

First, the reaction conditions have been optimized (runs
1-10). A satisfactory8a/9a ratio (88/12) and the highest ee
(94%, >99% conversion) were achieved in benzene, under CO
H, = 50 atm/50 atm, at 60C for 43 h (run 1). The ee of the
product decreased with increasing temperature (runs 1, 2, an
3). The prolonged reaction time after completion of the reaction
resulted in a substantial decrease in the ee (run 4), which shoul
be due to racemization of the prod@a The ratio of CO to
H, did not affect regio- and enantioselectivity (runs 5 and 6).

As a solvent, cyclohexane gave a comparable result (run 7), ) )
y g P ( 2: benzene, 60C, 40 h) to give R)-8a (12% yield, 33% ee)9a

but the use of dichloromethane or THF resulted in the loss o

lower ee’s were obtained withR¢,R*)-ligands (runs 12 and 15).
(2) The absolute configuration of the major enantiomeBaf
was alwaysR when the ligands have amR)-2-diphenylphos-
phino-1,1-biaryl group. Thus, the sense of enantiofacial
selection is predominantly controlled by the phosphine moiety.
It is noteworthy that the ee acomplished witR)-2c is fairly
high considering the possible exchange betweenRhg-(and
(R,R-forms (run 13). This may be explained by the fixation
of the biphenyl ring to be in theSf-form. The existence of a
single active species will be discussed later. In the literature,
other examples are seen for similar fixation of biphenyl rings
upon the coordination to a transition metal center using biphenol-
derived bisphosphité®. Similar discussion is possible for the
biphenyl ligand R)-5b. With (R)-5b, (9-8a was obtained in
69% ee (run 16). The ee of 69% (run 16) is lower than that
with (S,R-5a(94% ee, run 14) but much higher than that with
(R,R-5a(16% ee, run 15). Thus, this hydroformylation result
suggests the§,R-configuration of R)-5b in the Rh complex

/(Uide suprg. With bisphosphines, such as BINAP and DIOP,

the PtC}—SnCl system is reported to give higher ee’s than

Olheir corresponding Rh(I) systems in the hydroformylation of

styrene?®:%P |n contrast, hydroformylation using the present

O'ohosphinephosphite ligands in combination with Pt(HBnCh

was unsuccessful. The complex P{(R,9-2a] was used as a
catalyst for asymmetric hydroformylation of styrerf&@)in the
presence of Sngl(S/C = 500, CO/HB = 50 atm/50 atm, in

ee (runs 8 and 9). In methanol, most of the product aldehydes(75% Yield), and ethylbenzene (13% yield). Hydroformylations

were obtained as the corresponding dimethyl acetals (run 10).0f Para-substituted styrene derivativés—e with the Rh(acac)-
This suggests that the reaction condition is fairly acidic in (COk—(S,R-2a catalyst system also gave aldehyds-e in

methanol and that the low ee results from racemizatioeof
The precursor Rh(acac)(COwas the best choice. Other
precursors, [RhCI(CQ),, [Rh(cod}]|BF4, and RhH(CO)(PPs,
gave R)-8ain 80%, 25%, and 69% ee, respectively, when they
were used withRR,9-2a

Next, each phosphirgohosphite ligand was evaluated in the
hydroformylation of7a (runs 11+16). The results are sum-

high regio- and enantioselectivities (runs420)82 In particu-
lar, (§-2-(4-isobutylphenyl)propanaB¢), derived from7e in
92% ee, is the precursor of the anti-inflammatorg)-(
ibuprofen?d

The phosphinephosphite-Rh(l) complexes were next ap-
plied to functionalized olefins. Hydroformylation of vinyl
carboxylateslOa—e with (R,9-2a/Rh(acac)(CQ) gave 2-car-
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Table 2. Asymmetric Hydroformylation of Heteroatom-Substituted
Olefins (L0a—g) Catalyzed by Rh(acac)(t)

J. Am. Chem. Soc., Vol. 119, No. 19, 18417

Table 3. Asymmetric Hydroformylation of Fluorinated Olefins
(10h—k) Catalyzed by Rh(acac)(t)

temp, time, conv, % ee ligand® temp, time, yield?® % ee
run substrate S/C ligahd °C h % 11/12 of11° run substrate S/C L °C h % 11/12 of11®

1 10a 400 R,9-2a 60 36 >99 86/14 929 1 10h 1000 R,9-2a 30 44 85 87/3 96R)

2 10a 2000 R,9-2a 80 78 97 84/16 889 2 10h 1000 R,9-2a 35 24 72 96/4 98R)

3 10a 200 R,R-2a 50 37 46 92/8 739 3 10h 1000 R,9-2a 35 40 >99 96/4 B87RY

4 10a 400 R,9-2b 60 36 72 85/15 909 4 10i g (S,R-2a 35 42 h 96/4 92Q)

5 10a 1000 S,R-5a 60 40 65 85/15 90R) 5 10i g (R9-2a 35 46 j 95/5 93¢Q

6 10b 500 R,9-2a 60 74 >99 88/12 939 6 10j 2000 R,9-2a 40 30 52 91/9 95¢)

7 10b 500 R,9-2a 40 47 38 88/12 989 7 10k 2000 R,9-2a 40 39 43 89/11 92+)

8 10c 500 R,9-2a 60 78 >99 85/15 909 - - - -

9 10c 500 R,9-2a 40 47 45 88/12 939 ® Reactions were carried out in benzene (solvent/substrate ratios were
10 10d 500 R,9-2a 60 71 >99 91/9 89§ 0.5-1 unless otherwise stated) in a 50-mL autoclave under a 1:1 mixture
11 10e 500 R,.9-2a 60 72 >99 88/12 809 of Hz and CO at an initial total pressure of 100 _afhtugand/[Rh]

12 10f 300 (S’F§-2a 60 90 98 89/11 85%) ratios were 4.0¢ Yields were determined on the basis'@fNMR using
13 10g 1000 R:S-Za 40 20 96 96/4 743" PhCH, as an internal standaréiDetermined by'H NMR. € The ee’s

were determined by GLC analysis with a chiral capillary column

aReactions were carried out in benzene (solvent/substrate ratios werg(Chrompackp-236M, 0.25 mmx 25 m) of acids derived by Jones

0.5-1) in a 50-mL autoclave under a 1:1 mixture of &hd CO at an
initial total pressure of 100 atmi.Ligand/[Rh] ratios were 4.0.

¢ Determination of the ee’s is as follows. Fbta 11d, and11f, H
NMR spectroscopy using Eu(hfc) For 11b and 11¢ GLC analysis
with a chiral capillary column (Chrompagk236M, 0.25 mmx 25

m) of acids derived by Jones oxidation of the products. JHe HPLC
analysis (Daicel Chiralcel OD) of the amide obtained from Jones
oxidation of 11e followed by the reaction with aniline. Absolute
configurations were determined by comparing the signs of optical
rotation of acids with reported data. Fbta—d, see ref 3a. Foile
(9-2-(octanoyloxy)propanoic acid was prepared fragrléactic acid
and octanoyl chloride: §)-2-(octanoyloxy)propanoic acide]?% 21.1

(c 1.94, toluene)d These data have been reported in ref 16.

boxypropanald1a—e and 3-carboxypropanal®a—e (eq 5 and
Table 2). Vinyl acetatel(0a) was converted toS)-2-acetoxy-

Rh(acac)(CO),—2a or 5a
H,/CO (1/1, 100 atm)

R
benzene
10
CHO
+ R/\/CHO (5)
R *
1 12
a: R=0OCOCH;,4 h: R=CgFs
b: R = OCOC(CH,)3 i R=CF,
c: R = OCOCH,CHj; j: R=0F-CgHy
d: R =0COPh k: R=pF-CgHy
e: R = 0CO(CHy)¢CH3
f

: R = NC(0)CgH4C(0)
1

g: R = S(4-tolyl)

propanal [§)-114 (86% vyield, 92% ee) and 3-acetoxypropanal
(128 (14% yield) (run 1). The combined yield @flaand12a
was quantitative fromlOa and no byproduct such as ethyl
acetate and acrolein was obser¢éd. This result is the first
example of successful asymmetric hydroformylation of het-

oxidation of the productdlh—k. Optical rotations or the absolute
configurations are shown in parentheseSee ref 35a for the absolute
configuration.9 A large excess of substrate was usedurnover
number 366 (8.72 1). ' See ref 35b for the absolute configuration.
' Turnover number 380 (8.26°H.

(acac)[6,R-24] gave R)-11f (89% selectivity, 85% ee) artf
(11% selectivity) (run 12). The produdtlfis a precursor of
alanine, one of the essential amino aditis Asymmetric
hydroformylation was successfully applied to sulfur-containing
olefins, and the results have been reported elsewliefeor
example, vinyl 4-methylphenyl sulfiddQg) gave §-11gwith
(R,9-2a (11g12g = 96/4, 74% ee). It should be noted that
the sense of enantioface selection for those heteroatom-
substituted olefinslOa—g is the same as that observed for
styrene {a). It was reported that hydroformylation of methyl
o-acetamidoacrylate with RhH(CO)(P#h-DIOP gave methyl
2-acetamido-2-formylpropanoate m99% yield and in 60%
eedd Attempted hydroformylation of this substrate catalyzed
by the RhH(CO)(PP#);—(R,9)-2a system (60 C, 65 h, H/CO

= 50 atm/50 atm) afforded methyl 2-acetamido-2-formylpro-
panoate in low ee (53% yield, 13% ee). A significant amount
of hydrogenated product was formed (30% vyield).

The discovery that introducing a pentafluorophenyl or a
trifluoromethyl group into a biologically active compound often
prompts unique physiological activit€stimulated the studies
on the synthesis of various building blocks embodying poly-
fluorinated moieties. Hydroformylation of fluorinated olefins
is a convenient way to synthesize such compounds. Hydro-
formylation of 2,3,4,5,6-pentafluorostyren&0f) and 3,3,3-
trifluoropropene 10i) was reported to give isoaldehyd&gh
and 11i in high regioselectivities, respectively. To our
knowledge, no asymmetric hydroformylation of this type of
substrate has been reported until now. Hydroformylation of
10h with Rh(acac)[R,9-24] proceeded under very mild condi-

eroatom-functionalized olefins. The substrate/catalyst ratio cantions (turnover number 19.4"h at 30°C) to give11hin high

be raised up to 2000 (run 2). Hydroformylationldfb, bearing
a bulky alkyl group on the carboxyl group, gatéb in high
ee, and the absolute configurationldfb was the same as that
of 11a(run 6). At a lower temperature of 4C, (9-11b was

regioselectivity {1W12h = 97/3) and in high ee (96%) (eq 5
and Table 3, run 1). The regioselectivityt@hwith Rh(acac)-
[(R,9-24] is comparable to that with other Rh(l) complexXés.

It is necessary to stop the reaction at moderate conversion to

obtained and the highest level of ee, 98%, was achieved (runObtain high enantioselectivities, probably because of the race-

7). Hydroformylation of other vinyl ester$0a—e also pro-
ceeded in high regio- and enantioselectivities (runslB).
Chiral aldehyded1a—e can be readily converted to lactic acid
and threonind? (9-Lactic acid has been attracting much
interest as a monomer of biodegradable polyrierslydro-
formylation of N-vinylphthalimide @0f)3¢ catalyzed by Rh-

(15) Ikada, Y. InPolymers and Biomaterigléeng, H., Han, Y., Huang,
L., Eds.; Elsevier Science Publishers B.V.: New York, 1991; p 273 and
references cited therein.

mization of 11h (runs 2 and 3). Similarly, hydroformylation
of 3,3,3-trifluoropropene 10i) with Rh(acac)[R,9-24] also
resulted in high regio- and enantioselectivities 1di (runs 4

(16) Nanno, T.; Sakai, N.; Nozaki, K.; Takaya, Hetrahedron:
Asymmetryl995 6, 2583.

(17) (&) Smith, F. A. CHEMTECH973 422. (b) Filler, R. CHEMTECH
1974 722. (c) Lin, T.-S.; Chai, C.; Prusoff, W. H. Med. Chem1976
19, 915.

(18) (a) Ojima, 1.Chem. Re. 1988 68, 1011. (b) Ojima, I.; Kato, K.;
Okabe, M.; Fuchikami, TJ. Am. Chem. Sod.987, 109, 7714.
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and 5). Ortho- andpara-monofluorinated styrene&pj and 10k, which both phosphorus atoms of the ligand occupy equatorial
gave the corresponding isoaldehydes in high ee’s (runs 6 andpositions. They concluded that this is essential to achieve high
7). The regioselectivity is the same level as that for styrene normal/iso selectivity in the hydroformylation of 1-hexene. With
(78) and is lower than that foiOh. a chiral bisphosphite system, complexes RhHfphosphite)
The present catalyst system was successfully applied to thebearing both of the two phosphorus atoms at equatorial positions
asymmetric hydroformylation of a wide variety of olefins, both have been reported by van Leeuwen and his co-workers as active
internal onesl3a—f and terminal one43g—j (eq 6). Most of species to achieve high iso/normal selectiAtgnd enantio-
selectivity59
HooRe ﬁ:/(ggam?%a(gﬁ-h In contrast to these studies, we have revealed that RhH{CO)
= - [(R,9-24] exists as a single species in which the phosphine
occupies an equatorial position and the phosphite an apical
position as follows2 When a solution of Rh(acaci(9-24]
in benzeneds was treated with a 1:1 mixture of hydrogen and

R' R® benzene
13

H R? H R? X ! -
}—'eaa + n9~—<3 ®) carbon monoxide at atmospheric pressure, a monohydride
R CHO CHO R complex, RhH(COJ(R,9-2a] was formed?324 The structure
14 15 shown in eq 7 has been determined for the monohydride
R' R? R®  14/15 %eeof 14
a: CH; CgHs H 98/2  80(R) o’
b: CH; H CeHs 7822 79(R) OO Phy | \
(from 13a/13b = 1/1) p'-Rh—O
¢: CHy H CH,3 - 82(9) ,
d: CH; CH, H - 489 OO 0—P=G, Ho/CO (171, 1 atm)
e: CpHs H CHs - 79(8) Q T
f: CoHs CyHs H - 69(S) O O e
g: H n-CeHy H 24/76  82(R)
h: H  CoHs H 21/79  83(R) ‘
i H  CH(CHg), H 8/92  83(R)
i H  tcyclo- H 8812 96(R) Rh(acac)|(R,5)-2a]
hexenyl
. . . H
the data are shown in our previous pageis2° In addition to OO :?3R|h..‘-co
the results shown in eq 6, the reaction of indene and 1,2- ~co
dihydronaphthalene also gave the corresponding aldehydes in OO 0—F%Q (7)
high ee’s, in which the formyl groups are introduced at the Q O
o-position of the aromatic ring®.¢2° On the other hand, O O
hydroformylation of 2,3-dimethyl-1-butene, a 1,1-disubstituted O
olefin, gave racemic 3,4-dimethylpentanal. This is in sharp

contrast to the fact that hydroformylation of 2,3-dimethyl-1- RNH(CO)AA(R.S)-2a]

butene catalyzed by Pt&£tSnCLb—(R,R-Bco-dbp gave $)-3,4- ] .
dimethylpentanal in moderate ee, 48%Hydroformylation of ~ complex on the basis of the following data. (1) The IR spectrum
2,3-dimethyl-1-butene with Ptg+SnCb—(R,9-2a gave 3,4-  Of RhH(CO}(R,9-24] in benzeneds has absorption bands at
dimethylpentanal in even low ee (25%). In this case, the chiral 1969 (strong) and 2014 (medium) cidue tovco andven-w,
center is created at thposition of the formyl group, and the ~ réspectively. No shift in theco upon deuteration established
present chiral phosphirghosphite system may be unsuitable that the hydride and CO ligands of RhH(GIR,S-24] arecis
for this type of enantioselection. to one anothe®® (2) In NMR stu_dies, the coup_ling constant
2. Mechanistic Considerations. Configuration of the Rh- ~ between the phsophorus atom in the phosphif¢ #Ad the
H(CO)(phosphine-phosphite) Complexes The generally ~ hydride g{P*—H}) of 160 Hz was observed (Table 4). The
accepted mechanism of monophosphif(l)-catalyzed hy- mag_mtudg of{ PZ—H} is S|m|Iar_to that reported for th_e apical
droformylation was first proposed by Wilkinson and his co- hydride with the apical phosphit§ P of apical phosphiteH}
workers2! The most important intermediates in this mechanism (152 Hz) rather than with the equatorial phosphi{g> of
are five-coordinate bis(phosphine)rhodium complexes, although eguatorial phosphiteH} (5 Hz) in trigonal bipyramidal HRh-
complexes with one or three phosphine ligands may also be [P(OEtk]s at—134°C.?* These NMR data suggest the hydride
involved. In the trigonal bipyramidal bis(phosphine)rhodium Orientationcis to phosphine (F andtransto phosphite (P).
species, two phosphine ligands occupy either two equatorial sitesThis complex RhH(CGJ(R,9-2a] also exhibited catalytic
or one equatorial and one apical site. Recently, Casey and hisactivity for hydroformylation ofp-methylstyrene 7b) in the
co-workers reported a bidentate bisphosphine which was Presence of 2.3 equiv oR(9-2a (S/C = 300, in benzene, 60
designed to realize a-FRh—P angle near 12?2 With this °C, 20 h) to give {)-8b (82% yield, 94% ee) an8b (18%

ligand, a complex RhH(CQ{bisphosphine) was formed in  Yield), which demonstrates that RhH(G{0R,S-24] is an active
species involved in the catalytic cycle.

(29) (a) Horiuchi, T.; Ohta, T.; Nozaki, K.; Takaya, Bhem. Commun.

1996 155. (b) Nozaki, K.; Nanno, T.; Takaya, bl. Organomet. Chemin (23) van Rooy, A.; Kamer, P. C. J.; van Leewen, P. W. N. M.; Veldman,

press. N.; Spek, A. L.J. Organomet. Chenml.995 494, C15. See also ref 5f, 5g.
(20) Details are deposited as Supporting Information. (24) (a) Moasser, B.; Gladfelter, W. L.; Roe, D.@rganometallicsL995
(21) (a) Evans, D.; Osborn, J. A.; Wilkinson, G.Chem. Soc. A968 14, 3832. (b) Moasser, B.; Gladfelter, Vihorg. Chim. Actal996 242

3133. (b) Yagupsky, G.; Brown, C. K.; Wilkinson, @. Chem. Soc. A 125.

197Q 1392. (c) Brown, C. K.; Wilkinson, GJ. Chem. Soc. A97Q 2753. (25) Infrared spectroscopy allows an easy distinction betwsgand
(22) (a) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L.  transstructures in metaticarbonyl hydrides. Vaska, LJ. Am. Chem. Soc

M.; Gavney, J. A., Jr.; Powell, D. R.. Am. Chem. S0d 992 114, 5535. 1966 88, 4100.

The natural bite angle was proposed by the same authors. (b) Casey, C. P.; (26) Meakin, P.; Muetterties, E. L.; Jesson, JJFAm. Chem. Sod 972
Whiteker, G. T.Isr. J. Chem199Q 30, 299. 94, 5271.
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Table 4. Spectral Data of the Complexes RhH(G@hosphine-phosphite) in @Ds

phosphine phosphite hydride IR {05)

_ o(PY  JP—H} JP-Rh} o(P?) JP—-H} JP-Rh  JP-P%} o(H) JH-Rh  »(CO) v»(Rh—H)
ligand  (ppm) (Hz) (Hz) (ppm) (Hz) (Hz) (Hz) (ppm) (Hz) (cm™)  (cm™)
(R,9-2a 26.92 23.2 119.0 184.86 159.9 181.6 39.7 -—-8.85 9.8 1969 2014
(R,R-2a  30.26 33.6 119.8 179.52 134.3 193.0 32.8 —9.08 9.1 1971 2012
(R)-2¢c 26.87 23.8 119.8 184.01 158.1 182.3 405 —-8.85 9.2 1968 2012
(R,9-5a 24.97 17.1 120.5 183.46 173.4 177.0 42.7 —8.85 8.7 1968 2014
(R,R-5a 26.20 22.1 122.1 179.31 155.0 187.7 33.6 —9.18 8.5 1972 2016

Chart 1 4.0
Hy/'*co 3.8 4
1/1, total 1 at
Rh(acac)(CO), + (R.S)-2a M:Ta_ds‘anm— RhH('3CO)[(R.S)-2a] ~ 3.6
£ 3.4
3 194.9 (ddd, "Jgp-c = 69.6, 3-9.27 (dddd, 2Up2_y = 161.2, 2Jp1_yy = £ 3.2
2Jpa_c = 18.3, 2g_c = 14.6 Hz) 21.8, "Upnon = 9.3, 2o = 3.3 Hz)
5196.6 (at, 'Jan_c = 69.5, 3014
8269(ddt JRh p=119.0, H 2Jp1 g = 2Joc = 14.6 Hz) 28 — , . . .
*Jpp =38.2, %o = 183 He) 0., 28 29 30 31 32 33 34
Rn—”co 1/TX10°

ph2 .0 O Figure 1. In([RI/[S) vs 1/T for asymmetric hydroformylation of styrene
catalyzed by Rh(acac)y,9-2a).
QO CO of (R*,R*)-isomers. The smalled{ Rh—P(phosphitg) may
reflect the weakened bond due to the largansinfluence of
[5184.7 (dd, "Jnnp = 1816, 2Upp = 38.2 H2) | [iree *co: 5 185.5] the hydride. The maximatansinfluence would be observed
when the bond angle of P(phosphitdyh—H is 18¢°. Hence,
We have also prepared tHéC-labeled hydride complex  we think that a structure closer to the ideal trigonal bipyramid
RhH(3CO)Y[(R,9-24]. The NMR data in toluenels are sum- has been attained in thdr{,S*-isomers rather than in the
marized in Chart 1. In the literature, three other examples have (R*,R*)-isomers.
so been far reported for RhHCO)(ligand) complexes with Existence of a Single Species and Its Fluxional Nature of
cis bidentate ligands, two kinds of bisphosphidéss’ and a RhH(CO)[(S,R)-2a]. Brown and Kent have reported that RhH-
bisphosphité4@a The characteristic feature of the present (CO)(PPh), exists as an 85:15 mixture of two isomers in which
complex RhHECO)[(R,9-24] is the existence of the €C the two phosphines are placed on equateréuatorial and
coupling between the two carbonyls. In a reported exaf#le, equatorial-apical positions, respectivel§. At room tempera-
the two carbonyls are under a rapid interchange between theture, these two isomers are in rapid equilibrium. Itis considered
apical and the equatorial positions via pseudorotation so thatessential to form a single catalytically active species in order
the averaged signal could be observed. In REED)[(R,9- to achieve high selectivit$f because multiple species would
23], on the other hand, the two carbonyls seem to occupy the give different products via different reaction pathways. We have
two equatorial positions. Thus, it is suggested that all the ligands examined the existence of a single active species in the Rh-
in RhHE3COY[(R,9-24] form a rigid environment which is (D—(R,9-2a-catalyzed hydroformylation of styren&d), chang-
favorable for the asymmetric hydroformylationide infra). ing the reaction temperature. The plot of R([S) of the
The hydride complexes of the other phosphkipéosphite product8avs the reciprocals of the reaction temperatures shows
ligands were also prepared, and their structures were charactera straight-line relationship (Figure 1). This manifests that a
ized by spectroscopic data. When NMR spectra of RhnHECO)  single active species is involved in this hydroformylatin.

(phosphine-phosphite) complexes oR(9-2aand G,R-5aare Regarding the diequatorial complex RhH(G@®isphosphine),
compared with those oR R-2aand 6,3-5a, several common Casey suggested that the two phosphine parts of the bidentate
tendencies are recognized. (1) TH&(phosphite)}-H} values ligand interchange with each other through rapid pseudorotations

in (R*,S*-isomers are always larger than those in their Vvia equatoriat-apical isomerg?® Such exchange was also
corresponding R*,R*)-isomers. (2) On the other hand, the observed in RhH(CQ}bisphosphite) by van Leeuwéf® In
J{PY{phosphine}H} values in R*S*-isomers are always both studies, low-temperature NMR spectroscopy revealed the
smaller than those in their correspondii)R*)-isomers. On existence of the pseudorotations. In contrast, such pseudoro-
the basis of the much largéf P(apicaly-H} (=152 Hz) than tation has not been observed in RhH(g(,S-2a]. Phosphorus-
J{P(equatoriah-H} (=5 Hz) in the trigonal bipyramidal HRh- 31 NMR spectroscopy shows the complex RhH(&(3R)-
[P(OEtY]4,26 it may be expected that tlP—H} increases with 2@ as a single species at 6€ and at 25°C (in tolueneds
increasing P-Rh—H bond angle in the range of 908C. If under 1 atm of CO). On cooling, the resonances due to the
this is the case, the above observations might suggest that théwo phosphorus atoms broadened arot#3@ °C. These signals
structural deviations of the monohydride complexes from an then sharpened again &80 °C to give substantially the same
ideal trigonal bipyramid are larger iiR¢,R*)-isomers than in signal patterns as those observed at@5 Because the chemical
the correspondingx*,S*)-isomers. (3) In addition, tha{ Rh— (28) Brown, J. M.; Kent, A. GJ. Chem. Sag Perkin Trans 2 1987,
P(phosphitg) values in R*,S*)-isomers are smaller than those 1597.

(29) (@) Noyori, R.; Takaya, HChem. Scr1985 25, 83. (b) Noyori,

(27) Kranenburg, M.; van der Burgt, Y. E. M.; Kamer. P. C. J,; van R.; Takaya, HAcc. Chem. Red.99Q 23, 345.

Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje,Qrganometallicsl 995 14, (30) () Enders, D. CHEMTECH981, 504. (b) Tdh, I.; Guo, |.; Hanson,
3081. B. E.; Organometallics1993 12, 848.
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Table 5. Asymmetric Hydroformylations of Styren@d) Catalyzed by Rh(acac)(C®)Mixed Ligand Systenfs

run catalyst conditions conv, % turnover;th 8al9a % ee of8a
1 (R,9-2a—(R,R-2a—Rh(acac)(CQ)(2:2:1) 25°Cl/42 h 26 124 90/10 8:)

2 (R,9-2a—(R,R-2a—Rh(acac)(CQ)(2:2:1) 60°C/39 h 98 89/11 72R)

3 (R,9-2a—(R,R-2a—Rh(acac)(CQ)(2:2:1) 80°C/15h >99 88/12 75R)

4 (R,R-2a—Rh(acac)(CQ)(4:1) 25°C/43 h 21 9.8 85/15 2R)

5 (R,9-2a—Rh(acac)(CQ)(4:1) 25°C/39h 24 12.3 92/8 IR)

6 (R,9-2a—Rh(acac)(CO)(2:1) 25°C/45 h 27 12.0 91/9 IR)

7 (R,9-2a—PPh—Rh(acac)(CQ)(2:2:3:1) 25°C/45 h 29 12.9 91/9 IR)

a2 The determination of th8a/9a ratio and thee€s was carried out in the same way as that in Table 1. §/2000.

shift of each phosphorus atom is constant with changing 3.0
temperature, no apicakquatorial interchange should exist at 28
any temperature. The reason for the peak broadening observed ]
—50 °C is unclear. & 2-64
Ligands withoutC, symmetry have been believed to be E 24
unsuitable for asymmetric catalysis because several catalytically <
active species may compete with each other to give a product = 221
with the opposite absolute configuraticiisAs described above, 2.0
however, a sole active species is formed and is involved in the
hydroformylation catalyzed by Rh(l) complexes of phosphine 1-82_8 29 30 391 32 33 34

phosphites. The unique dissymmetric environments created by 1/TX10°
phosphlnephosphltes qoupled with the for.matlon of a single Figure 2. In([RI/[S]) vs 1/T for asymmetric hydroformylation of styrene
catalytically active species seem to be the important factors for catalyzed by Rh(acacij-2d.
giving high enantioselectivity!
Preferred (R,9- and (S,R-Configurations of the Phos- qrotormylation.  Some runs of the hydroformylation of

phine—Phosphite Ligands for thf Complex Formation. styrene catalyzed by mixed-ligand systems were conducted
Thermodynamic stability of theR*,S*)-phosphine-phosphite- (Table 5). First, the catalytic activity of Rh(acad}[§-24] in

Rh(l) complex over theR*,R*)-diasteromer has been demon- o hresence of 3 equiv of free ligand (run 5) is comparable to
strated as follows. When 1 equiv dR3-2awas added to @ ot of Rh(acac)R,R-24 (run 4). Second, we assume that

solution of Rh(acac)R,R-28] in CeDs, a ligand exchange o Rp(1) complexes off,9- and R,R-2aare formed in a 7:1
occurred. Phosphorus-31 NMR of the resulting mixture showed | 4ti5 \when the two ligands are mixed with Rh(acac)(€i@)a

that the ratio of free ligand$(R-2a/(R,9-2athat remained in ratio of (R,9-2a:(R,R-2aRh= 2:2:1. The ee's of the reactions
the solution was about 7.0 at room temperature. Almost the | ) (R,9-2a(R,R-2aRh = 2:2:1 can then be estimated from
same composition of the free ligands and the complexes was n< 4 and 5 (or 6) to be 83%. The experimental result of 85%
observed starting from Rh(acad}[§-2a) and R,R-2a These ee in run 1 shows good agreement with the calculated values.
facts show the existence of a fast equilibrium as shown in €4 8. The nonlinear behavior of IJ/[S) vs the reciprocal of the
reaction temperature observed in runs3lconsists with the
fact that this reaction is catalyzed by more than two active
species. Addition of achiral phosphine RRIid not affect the

Ph, | PPh,
P—-Rh — ee (run 7). _ N '
0 e Such thermodynamic stability of théRf,S*)-phosphine-
OO O—P ° ~ phosphite-Rh(l) over the R*,R*)-isomer nicely explains the
behavior of R)-2c. When R)-2c is used as a ligand, two
O isomers of RhH(CQJ(R)-2c] can exist in solution, namely,

RhH(CO)[(R,9-2¢] and RhH(CO)[(R,R-2c¢]. The chemical
shifts and coupling constants for RhH(GfR)-2¢] in 3P and
Rh(acac)[(R,A)-2a] (R.5)-2a IH NMR spectra resemble those of RhH(G[OR,S-24] very
closely (Table 4). Hydroformylation of styrenéd) gave R)-
8ain 83% ee with R)-2c. This is slightly lower than that with
(R,9-2a(92%) but much higher than that witR (R-2a (25%)
ﬁ“iﬂlh_ PPne (Table 1). The results suggest thB)-@c coordinates to Rh(l)
in the R,9-form. We have elucidated the existence of only
_” ° one active species by the plot of IR{[[S) of the product8a
against the reciprocals of the reaction temperatures (Figure 2).
As was the case forR,9-2a, a straight-line relationship is
observed. Thus, it is suggested that RhH(E®),9-2q] is
formed as an exclusive species and that this species affords the
h(acac)((R,S)-2a] (R.A)-2a product in much higher ee than the correspondiRgr-isomer
would give. We can deny the existence of RhH(g[3,R-
The difference in coordinating abilities betwedR,§- and 2c] with much lower catalytic activity because the activity of
(R,R-2awas reflected in the enantioselectivity of asymmetric Rh(acac)[R,R-24] is similar to that of Rh(acac)K,9-24

(31) Such formation of a single active species from a chiral unsym- (Table 1). We think that RhH(CGS,R-50] is similarly

metrical bidentate ligand was also reported in the aminophosphine formed Predominar.‘tly fromR)-5b on the basis of the hydro-
phosphinite-Rh(l) system. See ref 7a. formylation result ¢ide suprg.
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Figure 3. Models for the transition state determining asymmetric in-
duction: (a) A simplified general model proposed by Consiglio and
Pino9 Olefin approach or coordinate from the front side. L, S, and Z
represent a large, a small, and an apical ligand, respectively. (b) and
(c) (R,9-2a—Rnh(I) system. All the experimental results can be predicted

by (b).

Proposed Models for the Transition States Figure 3a is
a model of the transition state proposed by Consiglio and Pino
that differentiates the enantiofaces of prochiral olefthdt has
been considered that the asymmetric induction occurs before
or during the metatalkyl formation from the metatolefin
complex3? L, S, and Z represent a large, a small, and an apical
ligand, respectively. Isoaldehydes are produced feootefins
via transition states where eithet Br R? is occupied by the
substituent. Substituents would prefer thed@sition because
of steric demand. On the basis of the structure of RhHEEO)
[(R,9-24], it is reasonable to assume that the “large” group is
the phosphine site ofR;9-2a and the “small” group is the
carbonyl. The apical position Z is occupied by the phosphite
site. Accordingly, two transition states, Figure 3b, c, can be
drawn for the R,9-2a—Rh(l) system.

Regioselection to iso over normal strongly depends on the
nature of the substrate olefins, and this selectivity is beyond

J. Am. Chem. Soc., Vol. 119, No. 19, 12421

Table 6. Absolute Configuration of the Prevailing Enantiomers in
Asymmetric Hydroformylation Catalyzed by Rh{ljR,9-2a:2
Predicted from Model b vs Observed

absolute configuration

olefin predicted observed % ee
styrene and its derivatives R R 88—95
(7a,eand10h)
vinyl carboxylate {Oa—e) S S 80—-98
N-vinylphthalimide (Of) S S 85
vinyl 4-methylphenyl sulfide0g) S S 74
3,3,3-trifluoropropenel(0i) S S 92
(E)-1-propenylbenzend 8a) R R 92
(2)-2-butene 130 and S S 79-82
(2)-3-hexene 136
(E)-2-butene 13d) and S S 48—-69
(E)-3-hexene 13f)
monosubstituted aliphatic R 82—-83
olefins (L3g—i)
1-vinylcyclohexeneX3j) R R 96

aWhen the experiment was carried out wig-2a, theeés were
given as they are here and the opposite absolute configurations were
given.

2a system. This is consistent with the low ee’s observed for
1,1-disubstituted olefins for which the substituents occupy R
and R in the transition state.

Conclusions

Rhodium(l) complexes of chiral phosphinphosphite, a new
class of chiral bidentate ligands, are highly efficient catalysts
for asymmetric hydroformylations of a very wide range of
prochiral olefins, including heteroatom-functionalized olefins
and 1,2-disubstituted olefins. The reason for the exceptionally
high enantioselectivities is attributed to the exclusive formation
of a single active species, RhH(G{hosphine-phosphite) in
which the phosphine occupies the equatorial position and the
phosphite the apical position. The unique dissymmetric struc-
ture is considered to be a very important factor in retaining this
structure. Because derivatives of the phosphipleosphite

the discussion here. An olefin is expected to approach andsSeem to be easily prepared from various chiral biphenols and
coordinate to the Rh center to minimize the steric repulsion binaphthols, it would be possible to select the best ligand
between substituents on the olefin and the ligands on the metal.according to the type of substrate. Thus, we believe that our
If we assume the enantioface of the olefin is discriminated either New catalyst systems have high potential use for industrial
at this stage or at the following olefin insetion to RH in a preparation of biologically active compounds via asymmetric
similar conformatior$3 the absolute configuration of the product hydroformylation.

aldehyde can be predicted using the model of Figure 3b (Table

6). The transition state drawn in Figure 3c would give the Experimental Section

opposite configurations. The prediction was made on the basis
of the following rules. (1) For a monosubstituted olefi) 10,
and13g—j), the substituent occupies B give the isoaldehyde.

(2) For acis-disubstituted olefinX3cand13e), the substituents
are placed at Rand R. (3) For atransdisubstituted olefin
(133 13d, and 13f) the substituents occupy !Rand R.
Assignment of Rand R for 13ais based on the regioselectivity

of the experimental result. As a result, the model in Figure 3b
is consistent not only with the experimental results of the
hydroformylation of simple olefins but also with those of
functionalized olefins and 1,2-disubstituted olefins. Because
of the rigid equatoriatapical conformation of R,§-2a, the
quadrants Q; and Q. in Figure 3b seem to be strictly
distinguished. On the other hand, the difference in steric
hinderance between;@nd Q may not be large in theR,9-

General Procedures. All manipulations involving the air- and
moisture-sensitive compounds were carried out using standard Schlenk
technigues under argon purified by passing through a hot column packed
with BASF-Catalyst R3-11. All NMR spectra were recorded using a
JEOL EX-270 {H, 270 MHz; 3P, 109 MHz; °C, 67.8 MHz)
spectrometer. TetramethylsilanéH(and *C) and HPO, (3P) were
employed as internal and external standards, respectively. Gas
chromatographic (GLC) analyses were conducted on a Hitachi 263-30
or a Shimadzu GC-15A equipped with a flame ionization detector.
Optical rotations were measured on a JASCO DIP-360 spectrometer.
Melting points were measured in sealed tubes on a Yanagimoto-
Seisakusho micro melting point apparatus, MP-500D, and uncorrected.
Column chromatography was conducted on silica gel (Wakogel C-200)
from Wako Pure Chemical Industries Ltd. Elemental analyses were
performed at the Microanalytical Center, Kyoto University. Most
reagents were purchased from Wako Pure Chemical Industries Ltd.,
Nacalai Tesque, or Aldrich Chemical Co., Inc., and were used without
further purification unless otherwise specified. Solvents were purified
by distillation under argon after drying over calcium hydride (xylene
and dimethyl sulfoxide), #s (dichloromethane), or sodium benzophe-
none ketyl (toluene, benzene, THF, and ether). Bendgaed toluene-

(32) Consiglio, G.; Botteghi, C.; Salomon, C.; Pino,Ahgew. Chem.,
Int. Ed. Engl.1973 12, 669.

(33) Deuterioformylation with the present catalyst system suggests the
olefin insertion is mostly irreversible. Horiuchi, T.; Shirakawa, E.; Nozaki,
K.; Takaya, H. Submitted for publication.
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ds for NMR spectroscopy of oxygen- and moisture-sensitive materials
were distilled over NaK alloy. Triethylamine was distilled under
argon after drying over calcium hydride. Vinyl acetate and styrene

Nozaki et al.

Preparation of Hydroxyphosphines with Biphenyl Frameworks.
The above triflates were hydrolized by NaOH in dioxaiheOH—
H,O and then were reduced by trichlorosilane in the same manner as

were distilled before use. Carbon monoxide (99.9%) and hydrogen their binaphthyl analog¥. Data for &)-6a (90% yield): mp 7%+79

(99.9999%) were obtained from Teisan Cd&)-(—)-Binaphthol and

its enantiomer came from Mitubishi Gas Chemical Co. Inc.
Prepration of (S)-(1,2-Binaphthalene-2,2-dioxy)chlorophosphine

[(9)-4]. A mixture of (§-2,2-dihydroxy-1,1-binaphthyl (3.5 g, 12

°C; 3P NMR (CDC}) ¢ —13.37. Anal. Calcd for gHpsCl,OP: C,
70.15; H, 5.26. Found: C, 70.08; H, 5.27. Data fd){2-(diphe-
nylphosphino)-2hydroxybiphenyl 6b) was prepared in 60% yield by
the same method: mp 12223°C; 3P NMR (CDCE) 6 —12.01. Anal.

mmol) and phosphorus trichloride (25 g, 0.18 mol) was heated at reflux Calcd for GJHigOP: C, 81.34; H, 5.40. Found: C, 80.88; H, 5.30.

with stirring under an argon overnight.

The excess phosphorus

General Procedure for the Preparation of Phosphine-Phosphite

trichloride in the reaction mixture was removed under reduced pressure.Ligands Consisting of 2-(Diphenylphosphino)biphenyl Groups
The last trace of phosphorus trichloride in the residue was removed by [(S,R-5a, (R,R)-5a, and R)-5b]. The racemic6a was allowed to

azeotropic distillation with toluene (25 mL) under reduced pressure,

couple with R)-4 in the presence of triethylamine as for its binaphthyl

and this procedure was repeated three times. A yellow solid (4.4 g, analog 3. The crude reaction mixture was purified by silica-gel
100%) was obtained after freeze-drying of the benzene solution of the chromatography (hexane/GEl, = 20/1— 3/1) to give §,R-5a(32%

residuein vacua The crude productgj-4 was used for the next
reaction without further purification®P NMR (CDCE) 6 174.0 (s).
General Procedure for Preparation of Phosphine-Phosphite
Ligands Consisting of 2-(Diarylphosphino)-1,1-binaphthyl Groups
[(R,9-2a, R,R)-2a, R,9-2b, and (R)-2c]. HydroxyphosphinesR)-
and ©-3awere prepared according to the literature proceduia a
solution of R)-3a (3.4 g, 7.5 mmol) and9)-4 (4.7 g, 13 mmol) in
ether (170 mL) was added triethylamine (1.4 g, 14 mmol) in ether (40
mL) at 0°C. The mixture was stirred at room temperature for 10 h,

yield) and R,R-5a(21% yield). The isomeric phosphir@hosphites
(R,9-5aand §,3-5awere also prepared. Data f@,8-5a mp 155-
162 °C; 3P NMR (CDCE) 6 —13.4 (phosphineJs_p = 35.1 Hz),
146.7 (phosphite);d]p?® = —281° (¢ 1.0, toluene). Anal. Calcd for
CugH36Cl,0sP2: C, 72.64; H, 4.57. Found: C, 72.71; H, 5.14. Data
for (S,3-5a mp 147-151°C; 3P NMR (CDCE) 6 —12.6 (phosphine,
Jp-p = 12.2 Hz), 145.8 (phosphite)p]p?* = +253 ( 1.0, toluene).
Anal. Calcd for GgH36Cl,.0sP,: C, 72.64; H, 4.57. Found: C, 71.98;
H, 5.14. R)-5b was given as a mixture of diastereome®sH-5b and

and then quenched with cold brine (200 mL). The phases were (R,R-5b via a method similar to that fobb. Separation of the
separated, and the aqueous phase was extracted with ether (200 mL)diasteromers by either column chromatgraphy or recrystallization was
The combined organic phases were dried over anhydrous magnesiurrunsuccessful. Data forS(R- and R,R-5b (55:45, 871 mg, 62%
sulfate and concentrated under reduced pressure. The residue wayield): the mixture melted in the range 15056 °C; 31P NMR (CDCE)

purified by silica-gel column chromatography-fiexane/dichlo-
romethane= 2/1 — 5/3) to afford R,9-BINAPHOS [(R,9-24] as a
white solid (5.2 g, 90%). Data foR(§-2a mp 159-175°C (unclear);
3P NMR (CDCh) 6 —13.3 (phosphineJp_p = 29.0 Hz), 146.2
(phosphite); ¢]%% = +339 (c 1.3, toluene). Anal. Calcd for
CsH3405P: C, 81.24; H, 4.46. Found: C, 81.16; H, 4.66. Other
phosphine-phosphite ligandsR,R-2a, (R,9-2b, and R)-2c, were
similarly prepared. Data folRR)-2a 99% yield, pale yellow solid
(hexane-CH.Cl,), mp 168-173 °C (unclear);3'P NMR (CDCEk) 6
—12.7 (phosphinelr—p = 9.2 Hz), 145.8 (phosphite)p] % = —214°
(c 1.2, toluene). Anal. Calcd for 4gH3,03P2: C, 81.24; H, 4.46.
Found: C, 80.76; H, 5.53. Data foR§)-2b: 98% vyield, pale yellow
solid (hexane-CH,Cl,): mp 158-162°C (unclear)2*P NMR (CDC})
0 —12.4 (phosphineJs—p = 30.5 Hz), 145.5 (phosphite)p]®, =
+228 (c 1.0, toluene). Anal. Calcd for 4H4,0sP,: C, 81.54; H,
5.13. Found: C, 81.33; H, 5.31R)-2c. 77% yield, pale yellow solid
(hexane-CH.Cl,): mp 102-109 °C (unclear);**P NMR (CDC}) o
—13.1 (phosphinelr—p = 13.7 Hz), 126.8 (phosphite)y[?% = +92.4
(c 1.0, toluene). Anal. Calcd for LH3OsP2: C, 79.04; H, 4.52.
Found: C, 79.21; H, 4.78.

Preparation of 2,2-Bis[[(trifluoromethylsulfonyl]oxy]biphenyls.
To a solution of &)-5,5-dichloro-4,4,6,6-tetramethylbiphenyl-2;2
diol (6.22 g, 20.0 mmolj?? 2,6-lutidine (4.72 g, 44.0 mmol), and
4-(dimethylamino)pyridine (732 mg, 6.00 mmol) in @&, (30 mL)

o for major, —11.9 (phosphineJs—p = 35.1 Hz), 146.8 (phosphite);
for minor, —11.5 (phosphineJe—p = 21.4 Hz), 146.8 (phosphite);
[a]p? (as a mixture)= +324 (c 1.0, toluene). Anal. Calcd for
CuqH3003Po: C, 79.04; H, 4.52. Found: C, 79.18; H, 4.55.
Preparation of Rh(acac)(phosphine-phosphite). In a 20-mL
Schlenk tube were dissolve®3-2a (50.0 mg, 0.0651 mmol) and
Rh(CO}(acac) (16.8 mg, 0.0651 mmol) in GEl; (5 mL). The
solution was stirred at room temperature for 5 min. The reaction
mixture was concentrated under reduced pressure to give Rh(acac)-
[(R,9-24] as a yellow solid. Purification of the complex by recrys-
tallization was unsuccessfuB'P NMR (CDCE) 6 48.9 (phosphine,
Jrh-p = 174.0 Hz,Jr—p = 83.9 Hz), 161.8 (phosphitdrn-p = 331.1
Hz). Rh(acac) complexes dR(R-2a, (R,3-2b, (R)-2¢, (S,R-5a and
(R,R-5a were also prepared, and the formations of these complexes
were confirmed by?’P NMR. A mixture of §,R-5b and R,R-5b
gave a single species by an admixture with Rh({&xjac), which was
assigned to be Rh(acag[R-5b] (see the text).3'P NMR (CDC}) of
Rh(acac)(ligand) complexes are as followR,R-2a, 6 51.9 (phos-
phine,Jrh-p = 178.5 Hz,Jp_p = 80.4 Hz), 152.5 (phosphitdrn-p =
325.1 Hz); R,9-2b, 6 48.7 (phosphinelrn-p = 172.4 Hz,Jp» = 82.4
Hz), 160.9 (phosphitelrn-p = 332.6 Hz); R)-2¢, 6 49.4 (phosphine,
Jrn-p = 175.5 Hz,Jp_p = 82.4 Hz), 136.2 (phosphitdrn-p = 328.0
Hz); (S,R-5a, 6 49.4 (phosphine)rn—p = 175.5 Hz,Jp—p = 84.0 Hz),
159.8 (phosphitelrn-p = 330.4 Hz); R,R-5a, 6 51.2 (phosphinelrh-p

was added trifluoromethanesulfonic anhydride (12.4 g, 44.0 mmol) at = 180.0 Hz,Jp-p = 82.4 Hz), 154.7 (phosphitdrn-p = 325.0 Hz);
0 °C under argon. The mixture was stirred at room temperature for 1 (S,R-5b (from a mixture of §,R-5b and R,R-5b), 6 50.4 (phosphine,
h. The reaction mixture was concentrated and chromatographed onJgn-p = 174.0 Hz,Jp-p = 87.0 Hz), 160.2 (phosphitdrn-p = 328.1

silica gel (hexane/CtCl, = 1/1) to give &)-5,5-dichloro-4,4,6,6-
tetramethyl-2,2bis[[(trifluoromethylsulfonyl]oxy]biphenyl (10.9 g, 18.9
mmol, 95%). mp 9691 °C. Anal. Calcd for GgH14Clo.FsOsS,: C,
37.58; H, 2.45. Found: C, 37.77; H, 2.39. Similary, 'Zhx-
[[(trifluoromethyl)sulfonyl]oxy]biphenyl was prepared from biphenyl-
2,2-diol (96%): mp 33-34 °C. Anal. Calcd for GHgFsOsS:: C,
37.34; H, 1.79. Found: C, 33.76; H, 1.59.

Preparation of 2-(Diphenylphosphinyo)-2-[[(trifluoromethyl)-
sulfonylJoxy]biphenyls. The title compounds were prepared in the
same manner as their binaphthyl analogs. Data£9+3,3-Dichloro-
6-(diphenylphosphino)-2'2,4-tetramethyl-6[[(trifluoromethyl)sulfo-
nyljoxy]biphenyl (62% yield): mp 159160°C; 3P NMR (CDC}) 6
27.75. Anal. Calcd for @H24F30,SPCh: C, 55.51; H, 3.86. Found:
C, 55.57; H, 3.89. Data forH)-2-(diphenylphosphino)-Z[(trifluo-
romethylsulfonylloxy]biphenyl (77%): mp 123124 °C; 3P NMR
(CDClg) 6 27.78. Anal. Calcd for gH1sFs04PS: C, 59.76; H, 3.61.
Found: C, 60.48; H, 3.66.

Hz).

General Procedure for the Asymmetric Hydroformylation of
Olefins Catalyzed by Rhodium(l) Complexes of Phosphine
Phosphite Ligands A solution of styreneqa) (2.08 g, 20.0 mmol),
dicarbonyl(2,4-pentanedionato)rhodium (2.6 mg, 0.010 mmol), and
(R9-2a (31 mg, 0.040 mmol) in benzene (1 mL) was degassed by
freeze-pump—thaw cycles and transferred into a 50-mL stainless-steel
autoclave. Carbon monoxide (50 atm) and dihydrogen (50 atm) were
charged, and the solution was stirred at’@0for 43 h. Conversion to
aldehydes ¥99%) and the regioselectivity of the reaction (2-phenyl-
propanal 8a)/3-phenylpropanalda) = 88/12) were determined I3
NMR spectroscopy of the crude reaction mixture without evaporation
of the solvent. Chromatography on silica gel followed by short pass
distillation of the reaction mixture gave a pure sample R (+)-2-
phenylpropanal R)-8]. Optical rotation was used to determine the
absolute configuratiof. The enantiomeric excess of the prod&et
was determined to be 94% ee by oxidatiorBafto the corresponding
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carboxylic acid by Jones oxidation followed by GLC analysis using a
chiral capillary column (Chrompac-236M, 0.25 mmx 25 m, 135

°C, He 2 kgcm™?). Other olefins except for extremely volatile ones
were subjected to hydroformylation by a similar procedure. The

J. Am. Chem. Soc., Vol. 119, No. 19, 12423

23a] (21.0 mg, 0.0203 mmol), Sne(3.8 mg, 0.020 mmol),R,9-2a

(24 mg, 0.0301 mmol), and styren#&g] (1.01 g, 10.2 mmol) in benzene

(3 mL). The solution was degassed by freetteaw cycles and
transferred into a 50-mL autoclave. Dihydrogen (50 atm) and carbon

determination of the ee of other products is shown in the corresponding monoxide (50 atm) were charged, and the mixture was stirred &€60

tables or Supporting Information.

Hydroformylation of Highly Volatile Olefins . In a 20-mL Schlenk
tube was dissolved}-2-butene 13¢) (5.0 mL, excess), Rh(acac)(CO)
(2.6 mg, 0.010 mmol), andR(9-2a (31 mg, 0.040 mmol). As an
internal standard to calculate turnover number'dyNMR, PhCH,
was added (510 equiv to the catalyst). The solution was degassed
by three freezethaw cycles and was transferred into a 50-mL
autoclave. The mixture was stirred under the pressure, @661 atm)
and CO (50 atm) at 60C for 40 h. The ee’s were determind by GLC
analysis of the corresponding acid using a chiral capillary column
(Chrompackp-236M, 0.25 mmx 25 m, for 14c (= 14d = 15¢c =
15d) , 80 °C; for 14e (= 14f = 15e = 15f), at 100°C). Absolute

configurations are given in parentheses. See ref 32 for the assignment

Hydroformylations of other highly volatile olefins 1-buterksf), (E)-
2-butene {3d), and 3,3,3-trifluoropropend Qi) were conducted in the

same way. The determination of the ee’s of other products are shown

in the corresponding tables.
Asymmetric Hydroformylation of Styrene (7a) Catalyzed by
PtCI,[(R,9-2a]. In a20-mL Schlenk tube were dissolved Bf®R,9-

(34) Consiglio, G.; Pino, P.; Flowers, L. I.; Pittman, C. U.,drChem.
Soc., Chem. Commut983 612.

(35) (a) Iseki, K.; Kuroki, Y.; Nagai, T.; Kobayashi, ¥. Fluorine Chem.
1994 69, 5. (b) Fukumasa, M.; Furuhashi, K.; Umezawa, J.; Takahashi,
O.; Hirai, T. Tetrahedron Lett1991, 32, 1059.

for 40 h. The analyses were conducted in the same way as the Rh-
(I)-catalyzed reaction.

Preparation of the Hydride Complexes RhH(CO}(phosphine—
phosphite). A solution of the complex Rh(acac)(phosphirghosphite)
(50—100 mg/1 mL in benzends or tolueneds) was stirred under a
1:1 mixture of H and CO (100 atm) at room temperature for 12 h.
The resulting solution was tranferred into an NMR tube under CO (1
atm) to record'P and*H NMR spectra. IR spectra were also measured
for the same solution. Spectral data are shown in Table 4.
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