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New diphosphite ligands for enantioselective asymmetric
hydroformylation
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Abstract—A series of new diphosphite ligands have been easily prepared from BINOL derivatives; moderate enantioselectivities (up
to 80% ee) and excellent regioselectivities (b/l up to 98/2) have been achieved in the Rh-catalyzed asymmetric hydroformylation of
vinyl acetate.
� 2007 Elsevier Ltd. All rights reserved.
Homogeneous catalytic hydroformylation has been
extensively applied in the fine chemical and pharmaceu-
tical industry. Asymmetric hydroformylation1 provides
a highly efficient method for the preparation of various
chiral aldehydes, which can be utilized in the synthesis of
important drug intermediates and pharmaceuticals. This
great demand has initiated tremendous efforts in the
development of effective phosphorus ligands to achieve
both high enantioselectivities and regioselectivities in
hydroformylation. However, to date only a few success-
ful ligand systems have been previously reported.2 One
such example is Chiraphite, a bisphosphite ligand devel-
oped by Babin and Whiteker at Union Carbide in
1992.2a,3 Excellent enantioselectivities (up to 90% ee)
have been achieved in the hydroformylation of styrene,
but only moderate enantioselectivities (up to 50% ee)
were reported for vinyl acetate. The chiral centers in
the (2R,4R)-pentane-2,4-diol backbone can effectively
transfer the chiral information to the phosphite moie-
ties. The presence of bulky substituents (t-butyl) at the
ortho-position of the biphenyl moieties is necessary for
good regio- and enantioselectivities. Kelliphite, another
diphosphite ligand which is not only a good ligand for
hydroformylation of allyl cyanide,2f but also exhibits
high enantioselectivity (88% ee at 35 �C) in the hydro-
formylation of vinyl acetate.4 The chiral phosphite moi-
eties, which are connected by the bis-phenol bridge,
determine the chirality of the product.
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Prompted by the excellent results obtained with Chi-
raphite and Kelliphite, we have designed a series of
new diphosphite ligands using chiral binaphthyl as the
backbone. The ligand design was based on the following
considerations: (i) ligand bearing binaphthyl backbone
such as BINAP can provide excellent chiral induction
in asymmetric reactions;5 (ii) introduction of substitutes
at 3,3 0-position on binaphthyl backbone can lock the
orientation of biphenyl groups of the phosphite moie-
ties, which can facilitate highly enantioselective hydro-
formylation; (iii) subtle tuning of steric and electronic
properties of the ligand can be achieved by varying the
substitutes on 3,3 0-position.

The synthetic route for ligand L1–L4 is depicted in
Scheme 1.6 In the presence of catalytic amount of 1-
methylpyrrolidin-2-one, reaction of PCl3 with 3,3 0-bis-
t-butyl biphenol 1 at 95 �C for 18 h afforded phosphoro-
chloridite 2, which was used in the next step without fur-
ther purification.7 (S) BINOL derivative 3 with different
3,3 0-substitutes were synthesized according to the
known literature methods.8 Deprotonation of 3 with n-
butyl lithium followed by quenching with phosphoro-
chloridite 2 afforded (S) ligands L1–L4 in moderate
yields.9

Rhodium-catalyzed asymmetric hydroformylation of
vinyl acetate was conducted for preliminary examina-
tions of the four ligands. The catalyst was prepared
in situ by mixing Rh(acac)(CO)2 with L1–L4. Hydro-
formylation reactions were performed using 1:1 CO/H2

gas with 0.1 mol % of the catalyst loading at 40 �C for
24 h.10 Screening of ligands L1–L4 showed a strong
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dependence of ee’s on the substitutes on 3,3 0-positions of
the ligands. The best results were obtained by L2 and L3
(Table 1, entries 2 and 3), while the enantioselectivities
were significantly lower using L1 and L4 (Table 1, entries
1 and 4). This results implies that the steric properties of
3,3 0-substitutes may play an important role in the chiral
induction. Good to excellent regioselectivities were also
achieved using these ligands (Table 1, entries 1–4).

Reaction conditions were optimized using L2 as the
ligand and the results are shown in Table 2. The effect
of ligand/metal ratio on the hydroformylation reaction
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Scheme 1. Synthesis of diphosphite ligands L1–L4. Reagents and conditio
(1.5 equiv), THF; (ii) 2 (1.5 equiv), 20–60%.
was first investigated. As shown in Table 2 (entries 1
and 3), the enantioselectivity increased from 35% ee to
77% ee when ligand/metal ratios increased from 1:1 to
4:1. Higher ligand/metal ratio (6:1) did not improve
the enantioselectivity (Table 2, entry 4). The reaction
was also examined at higher temperature to achieve
good conversions. In contrast to the moderate catalytic
activity observed at 60 �C (43%, 72% ee, Table 2, entry
5), close to complete conversion was achieved at 80 �C
though with diminished enantioselectivity (56% ee,
Table 2, entry 6), but regioselectivities did not change
significantly. The enantioselectivity in asymmetric hyd-
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Table 1. Screening of ligands for asymmetric hydroformylationa

OAc
Rh(acac)(CO)2 /ligand *

OAc OAc

CHO

OHC+
CO/H2, toluene

Entry Ligand Conv.b (%) b/lc eed (%)

1 L1 29 96/4 13(S)
2 L2 23 97/3 71(S)
3 L3 45 98/2 75(S)
4 L4 23 98/2 16(S)

a Reactions were carried out under 10 atom of H2 and CO at 40 �C for
24 h. Substrate/Rh = 1000. L/Rh = 4:1.

b Conversion was based on 1H NMR.
c Branched/linear ratio. Determined based on 1H NMR.
d Determined by GC analysis (Supelco’s Beta Dex 225). The absolute

configuration (S) was assigned by comparing the optical rotation of
the product with (S)-1-fomylethyl acetate.

Table 2. Asymmetric hydroformylation of vinyl acetate with Rh–L2

catalysta

OAc
Rh(acac)(CO)2 /ligand *

OAc OAc

CHO

OHC+
CO/H2, toluene

Entry Ligand L/Rh T (�C) Time
(h)

Conv.
(%)

b/l ee (%)

1 L2 1:1 40 12 6 98/2 35(S)
2 L2 2:1 40 12 16 98/2 69(S)
3 L2 4:1 40 12 23 98/2 77(S)
4 L2 6:1 40 12 3 98/2 77(S)
5 L2 4:1 60 12 43 97/3 72(S)
6 L2 4:1 80 12 >99 98/2 56(S)
7 L2 4:1 60 24 80 98/2 66(S)
8 L2 4:1 60 36 98 98/2 41(S)
9 L3 4:1 40 12 9 98/2 80(S)

10 L3 4:1 40 24 45 98/2 75(S)
11 L3 4:1 60 12 69 98/2 73(S)
12 L3 4:1 60 24 98 98/2 69(S)

a Reactions were carried out under 10 atom of H2 and CO. Substrate/
Rh = 1000.
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roformylation usually decreases rapidly with prolonged
reaction time due to product isomerization. This factor
was examined in detail with different reaction time rang-
ing from 12 h to 36 h. As shown in the table (Table 2,
entries 5 and 8), the enantioselectivity dropped from
72% ee (12 h) to only 41% ee (36 h), with an increased
conversion from 43% to 98%. Asymmetric hydroformy-
lation with ligand L3 was also investigated (Table 2, en-
tries 9–12). The best enantioselectivity (80% ee) was
achieved at 40 �C for 12 h, although the conversion
was only 9% (Table 2, entry 9). Elevated reaction tem-
perature and prolonged reaction time resulted in 98%
conversion with lower enantioselectivity (Table 2, entry
12).

In conclusion, four structural related diphosphite
ligands L1–L4 have been synthesized from readily avail-
able starting materials. Their application in asymmetric
hydroformylation reactions of vinyl acetate has been
investigated. Moderate enantioselectivities (up to 80%
ee) and excellent regioselectivities (b/l up to 98/2) have
been achieved. However, low enantioselectivites (less
than 30% ee) were obtained for the hydroformylation
of styrene. Further ligand structure modifications are
currently undergoing to increase the enantioselectivity
and the reactivity.
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solution of 3b (438 mg, 1 mmol) in THF (15 mL) at 0 �C
was added dropwise n-BuLi (3 mmol, 1.2 mL of 2.5 M
hexane solution). The reaction mixture was allowed to
warm to room temperature and stirred for 30 min to give a
deep red solution. The reaction mixture was then recooled
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to 0 �C, and then was added dropwise to 2 (1.43 g,
3 mmol) in THF (10 mL). After addition, the cooling bath
was removed and the mixture was stirred at room
temperature overnight. The volatiles were evaporated
under reduced pressure. To the residue was added CH2Cl2
(10 mL), and the mixture was filtered to remove the salt.
The filtration was concentrated and subjected to chroma-
tography on silica gel (eluted with hexane/EtOAc 25:1) to
afford pure ligands L2 722 mg (55% yield). Spectra data
for ligand L2: 1H NMR (360 MHz, CD2Cl2): d 8.04 (s,
2H), 7.85 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 7.9 Hz, 4H),
7.40–7.31 (m, 6H), 7.19–7.12 (m, 4H), 6.93 (t, J = 7.2 Hz,
2H), 6.84–6.77 (m, 8H), 1.31 (s, 18H), 1.16 (s, 18H), 1.14
(s, 18H), 1.00 (s, 18H). 13C NMR (126 MHz, CDCl3): d
146.34, 146.10, 145.80, 145.46, 140.10, 139.92, 137.94,
135.57, 134.39, 133.04, 132.26, 130.96, 130.26, 128.12,
127.82, 127.03, 126.98, 126.53, 126.38, 126.30, 126.24,
125.22, 123.94, 35.27, 35.09, 34.59, 34.46, 31.63, 31.50,
31.28, 31.23, 31.20. 31P NMR (146 MHz, CD2Cl2): d
140.18 (s). ES+HRMS calcd for C88H101O6P2 [MH+]
1315.7073, found 1315.6960.

10. General procedure for asymmetric hydroformylation: To
a 2 mL vial equipped with a magnetic bar were added
ligand (0.004 mmol), Rh(acac)(CO)2 (0.001 mmol in
0.10 mL of toluene), and vinyl acetate (1.0 mmol), and
additional benzene was charged to bring the total volume
of the reaction mixture to 1.0 mL. Carbon monoxide
(10 atm) and dihydrogen (10 atm) were charged in
sequence. The reaction mixture was stirred (120 rpm) at
40 �C (oil bath) for 24 h. The conversion and regioselec-
tivity were determined by 1H NMR spectroscopy from the
crude reaction mixture. The enantiomeric excess was
determined directly by GC analysis of the crude reaction
mixture.
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