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ABSTRACT

A series of bis-phosphite and bis-phosphine ligands for asymmetric
hydroformylation reactions has been evaluated. Bis-phosphite
ligands lead, in general, to high regioselectivities across a range of
substrates while good enantioselectivities are limited to only a few
examples. We found that bis-phospholane-type ligands, such as
bis-diazaphospholanes and bis-phospholanes, can lead to very high
regio- and enantioselectivities for several different substrates.

1. Introduction

There is a growing need to efficiently produce chemicals
in their enantiopure form as more and more pharmaceu-
tical drugs are required to be marketed as a single
enantiomer.! This need has led to greater interest in
asymmetric catalysis and development of new chiral
ligands for metal-catalyzed reactions. Asymmetric hydro-
formylation (AHF) is among very promising but under-
developed catalytic reactions.? Asymmetric hydroformy-
lation is a catalytical, atom-economic, one-carbon ho-
mologation reaction that produces chiral aldehydes from
inexpensive feedstock (olefins, syngas) in a single step
under essentially neutral reaction conditions (eq 1). Since
the aldehyde group is one of the most versatile functional
groups, a variety of useful chiral chemicals such as amines,
imines, alcohols, and acids can be easily prepared from
chiral aldehydes. Even though AHF offers great promise
to the fine chemical industry, this reaction has not yet
been utilized on a commercial scale due to several
technical challenges. Among the most significant are (a)
low reaction rates at low temperature where good selec-
tivities are usually observed, (b) difficulty in controlling
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regio- and enantioselectivities concurrently, and (c) lim-
ited substrate scope for any single ligand.

Rh catalyst/ CHO
chiral ligand
R/\ )\ + R/\/CHO
CO/H, R™ »

branched (b) linear () (1)

Reaction rates in Rh-catalyzed hydroformylation are
commonly slower than those of asymmetric hydrogenation
reactions® when conducted near ambient temperature.
Commercially practicable rates of several thousand turnovers
per hour can be achieved in AHF at temperatures higher
than 60 °C. However, at higher temperatures, lower regio-
and enantioselectivities are usually observed. Thus, to be
commercially viable for less reactive substrates, ligands
may be required to operate at higher temperature without
compromising selectivity. Unlike in asymmetric hydro-
genation where a single product is produced upon double
bond reduction, the additional challenge in AHF is control
of reaction regioselectivity. The ability of a ligand to give
high regioselectivities in AHF (high branched (b) to linear
() ratio) is a very important attribute since any amount
of achiral linear isomer can be regarded as an impurity
that requires separation from the desired chiral product.
For example, a reaction mixture with b/l of 9 represents
a 90% pure product (10% linear isomer impurity), whereas
b/l of 99 represents a 99% pure product. Although
regioselectivity can be controlled to some extent by
reaction conditions (temperature and syngas pressure),
it is mainly controlled by the nature of the chelating
ligand.

Considerable research effort has been devoted to
identifying effective chiral ligands for AHF; however,
success has been limited to only a few examples. The
initial success in rhodium-catalyzed hydroformylation
came from Union Carbide with the discovery of the bis-
phosphite ligand (2R 4R)-chiraphite (1).* This ligand was
designed to develop an AHF route to anti-inflammatory
2-aryl-propionic acid drugs, such as (S)-naproxen. Good
enantioselectivities can be obtained with (2R,4R)-chiraph-
ite in AHF of styrene but only when the reaction is
performed at around room temperature. (2R,4R)-chiraph-
ite analogs with different length of the diolate bridge and
different bridge substitution, reported by van Leeuwen et
al.,® led to significantly lower regio- and enantioselectivi-
ties. Somewhat improved enantioselectivity was observed
with (2R4R)-chiraphite analog 2, where (R,R)-pentane-
2,4-diol was substituted with a sugar-derived bridge.® It
is worth pointing out that the bridge in 2 represents a
three-carbon linker between oxygen atoms similar to that
found in (2R,4R)-chiraphite. A breakthrough in AHF came
from Takaya’s laboratory with the synthesis of (R,S)-
binaphos (3)” and its analogs. These ligands were found
to lead to high enantioselectivities for a variety of olefins;*
however, regioselectivities are typically quite low. Wills et
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al.® reported the first phospholane-type ligand (4) that was
found to be effective for AHF of vinyl acetate but,
interestingly, quite unselective toward hydroformylation
of styrene. These advances, although impressive, have not
led to the application of the asymmetric hydroformylation
reaction on a commercial scale. A new generation of
ligands is needed to realize its commercial potential. New
AHF ligands must have the ability to produce optically
active aldehydes at high reaction rates (turnover rates of
several thousand per hour) and operate at high temper-
ature where necessary, while maintaining very high
product regio- and enantioselectivity. Our research goal
has been to find such ligands.

t-Bu

0.
MeO

‘d!b’ tBu tBu

MeO
(1R,2R,3R4R,5S) (2)

PPh2
\ é
(R,S)-Binaphos (
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N <> N
)3 ®
N N

/

(S,S)-Esphos (4)

2. Ligand Evaluation

At the outset of our research we decided to develop a
screening method that would allow us to evaluate rapidly
and reliably many new ligands in AHF. For this purpose,
we utilized an Argonaut Endeavor reactor system consist-
ing of eight parallel stirred autoclaves. To increase the
ligand screening throughput further, we developed one-
pot screening of multiple olefinic substrates.” In this
screening, three substrates (styrene, allyl cyanide, and
vinyl acetate) are combined together in a 1:1:1 molar ratio
and are simultaneously hydroformylated under the same
reaction conditions. Our choice of styrene, allyl cyanide,
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and vinyl acetate was dictated by the recent interest in
applying these substrates in the synthesis of fine chemicals
via AHF. Additionally, these three substrates represent
different types of terminal olefins with their unique
reactivity and selectivity in hydroformylation reactions.
Our hope was that screening against all three of these
substrates in a single run would allow us to identify ligands
applicable to a broad range of olefins. An additional
benefit of multisubstrate screening is that relative reaction
rates of different substrates can be ascertained in a single
experiment. A series of control experiments using a few
different ligands and toluene as a solvent showed that the
products’ regio- and enantioselectivities as well as relative
reaction rates were very similar regardless of whether the
reactions were conducted on the pooled substrates or on
individual components. To rapidly quantify the products
of these reactions (ten possible components per individual
reactor—three substrates, three branched products, three
linear products, and dodecane as internal standard), we
utilized two different GCs equipped with two different
chiral columns. The first GC column (Supelco Beta Dex
225), based on fj-cyclodextrin, allowed complete separa-
tion of both enantiomers of branched aldehyde and the
achiral linear aldehyde derived from both styrene and
vinyl acetate, thus allowing for direct measurements of
regio- and enantioselectivity. The second GC column
(Astec Chiraldex A-TA), based on a-cyclodextrin, yielded
good separation of all products derived from allyl cyanide
hydroformylation. We found that this column was also
capable of resolving all vinyl acetate products although
we did not use this column for this purpose. It was our
practice to prepare two sets of GC vials and perform GC
analyses on both instruments at the same time. It is
important to prepare samples for GC analysis immediately
after the reaction is complete because products’ enanti-
oselectivities (especially those derived from styrene and
allyl cyanide hydroformylation) decrease noticeably when
the reaction mixture is left standing even for 24 h at
ambient temperature. In the absence of syngas, rhodium
species present in the solution can serve as racemization
catalysts for aldehyde products.'® We also found that
frequent replacement of GC liners is necessary because
accumulated rhodium particles can lead to a decrease in
enantiopurity of hydroformylation products. During every
Endeavor run, one out of eight pressure vessels was
devoted to a high selectivity ligand for which enantio- and
regioselectivity were well known. This type of control
experiment was essential to monitor the quality of the
asymmetric hydroformylation screen and allowed us to
detect problems due to equipment contamination (e.g.,
GC liners) or any changes to the screen, such as introduc-
tion of new batches of gases, solvents, or reagents. Since
commercially viable ligands in rhodium-catalyzed AHF
may be required to operate at higher temperature to
maintain acceptable reaction rates, our new ligands were
evaluated at temperatures >70 °C.
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Scheme 1. General Method for Synthesis of Phosphite Ligands
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3. Phosphite Ligands

Since chiraphite-type ligands contain epimerizable biaryl
fragments linked by an optically active diolate moiety,
access to a structurally diverse set of such ligands is
limited. To eliminate the requirement of optically active
bridging diols, we set out to prepare a new family of bis-
phosphite ligands that contain a conformationally rigid,
optically active fragment bridged by achiral diols.'* The
advantage of this ligand design is that a large library of
ligands can be easily assembled from readily available
achiral diols. Commercially available (S)-3,3'-di- fert-butyl-

5,5',6,6'-tetramethyl-biphenyl-2,2'-diol (biphen-H,) was
selected as a chiral auxiliary. The general synthesis of
phosphites derived from biphen-H, is presented in Scheme
1. We found that preparation of phosphites (especially
sterically hindered ones) can be best accomplished with
the use of phosphorobromidites or phosphoroiodidites
instead of more traditional phosphorochloridite reagents.
Phosphoroiodidite derivatives can be conveniently pre-
pared quantitatively by reaction of the corresponding
phosphorochloriditeswith excess TMS-I atroom temperature.

Of all the new bisphosphite ligands prepared (subset
is shown in Figure 1, ligands 5-8 and 12), the 2,2'-
biphenol-bridged ligand, (S,S)-kelliphite (8), was found to
exhibit the highest regio- and enantioselectivity for the
asymmetric hydroformylation of both allyl cyanide'! and
vinyl acetate® (Table 1). This situation resembles that of
the (2R4R)-chiraphite ligand family where only a very
limited subset of ligands leads to good enantioselectivity
in AHF. For AHF of neat allyl cyanide, (S,S)-kelliphite gave
79% ee and a b/l ratio of 17-18 at 35 °C and low catalyst

-Bu N t-Bu

CMV@

(S,8)-5 (S.5)-6 (8,8)-7
(S,S)-Kelliphite-8 (S,R,S)-9 (S,S,8)-10 (S,R,S)-11

OO

(S)-12
FIGURE 1. Phosphite ligands with (S,S)-biphen chiral moiety.

Table 1. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Phosphite Ligands
Shown in Figure 1

styrene allyl cyanide vinyl acetate

entry L T (°C)  conv® b/1¢ % ee conv® b/1¢ % ee conv® bA¢ % ee
1 (2R 4R)-chiraphite (1) 35 54 47 76 (R) 67 6.7 13 (R) 22 109 58 (R)

70 98 13 56 (R) 100 6.1 15 (R) 95 100 47 (R)
2¢ (R,S)-binaphos (3) 70 100 5.3 85 (R) 100 2.2 69 (R) 94 6.5 62 (S)
3¢ (S,S)-5 70 100 12 7(S) 100 10.5 18 (S) 99 16.4 30 (R)
4¢ (S,S)-6 70 99 7.6 7(R) 100 5.3 1([R) 81 11.3 12 (R)
5¢ (S,8)-7 70 100 12.6 21 (S) 100 7.1 5.7(R) 99 180 7(R)
6“ (S,S)-kelliphite (8) 35 40 68 18 (S) 95 16 75 (S) 19 125 88 (R)

70 100 17 1(R) 100 11 70 (S) 99 56 77 (R)
7° (S,S)-kelliphite (8) 70 95 16.9 1(R) 100 10.6 70 (S) 88 63.5 77 (R)
8° (S,R,S)-9 70 90 10.9 24 (R) 100 8.5 59 (S) 85 48.1 74 (R)
9° (S,S,5)-10 70 84 1.7 5(R) 100 2.5 12 (R) 81 47.3 3(S)
10® (S,R,S)-11 70 84 12.9 13 (R) 100 7.0 58 (S) 71 37.5 60 (R)
11¢ (S)-12 70 63 1.1 13 (S) 100 3.4 4 (R) 84 166 2(S)

¢ Reaction conditions: 150 psi of 1:1 H,/CO; ligand/Rh = 1.2:1 for bidentate and 2.2:1 for monodentate phosphites; molar ratio of olefin/Rh
= 300:1 (acetone as solvent) at 35 °C and 500:1 at 70 °C. ® Reaction conditions: 150 psi of 1:1 H,/CO; ligand/Rh = 1.2:1; molar ratio of
olefin/Rh =1000:1; solvent = toluene. ¢ Percentage conversion of olefins after 8 h. b/l = branched to linear ratio.
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loading (substrate to Rh ratio of 10 000:1). Under the same
reaction conditions (R,S)-binaphos gave similar enanti-
oselectivity for allyl cyanide (75-77% ee) but much lower
regioselectivity (b/1 of 2.8). Interestingly, we found that
enantioselectivities achieved with (R,S)-binaphos exhibit
strong solvent dependence and were 25% higher when the
reaction was conducted neat or in acetone instead of
toluene. This effect appears to correlate with the polarity
of the reaction medium, although it is not well under-
stood. Analogous enantioselectivity enhancement was not
observed in the case of (S,5)-kelliphite.

To probe the factors that influence regio- and enanti-
oselectivity of (S,S)-kelliphite in AHF, a series of (S,S)-
kelliphite analogs was prepared where the bridging biaryl
group was systematically altered to vary its dihedral angle
(ligands 9, 10, and 11) (Figure 1).!? Single-crystal X-ray
analyses of five different rhodium complexes confirmed
that changes of substituents in the 6 and 6' positions of
the bridging biaryl groups influence their dihedral angles.
The values of those dihedral angles fall in the range
between 60° and 80° with the smallest for biphenyl and
the largest for the octahydrobinaphthyl bridge. DFT
calculations performed on a five-coordinate model com-
plex LRh(CO),H (L = biaryl bridged bis-phosphite) suggest
that decreasing the dihedral angle of the biaryl bridging
group leads to smaller P-Rh-P bite angles. An AHF study
showed a correlation between regio- and enantioselec-
tivity for AHF of allyl cyanide and vinyl acetate and the
dihedral angle found in metal complexes derived from
ligands 8, 9, and 11. Ligands with smaller dihedral angles
between biaryl bridging fragments (smaller P-Rh-P bite
angle) lead to higher selectivities. The correlation between
bite angle and selectivities in linear selective (achiral)
hydroformylation was previously documented.?

The molecular structure of the (S,S)-kelliphite ligand
and its rhodium complex shows that the bridging biphenyl
adopts the R configuration.'! It was of interest to us to
determine whether the R configuration of the biphenyl
bridge is also maintained during hydroformylation reac-
tions. To probe this question, kelliphite analogs 7 and 9,
containing configurationally stable R- and S-binaphthol
fragments, respectively, have been synthesized and ex-
amined.'? The selectivities of AHF reactions (Table 1,
entries 7-9) obtained with (S,5)-kelliphite were much
closer to those obtained with 9 than 10, strongly suggest-
ing that the biphenyl moiety in (S,S)-kelliphite does indeed
maintain the R configuration during catalysis. Monoden-
tate phosphite ligands based on (S)-biphen (e.g., 12) lead
to very poor enantioselectivities, highlighting the necessity
of a multidentate ligand structure for optimum selectivity
control.

Within the group of bisphosphites examined, kelliphite
and chiraphite provide a complementary pair of easily
synthesized ligands. Kelliphite is highly effective for AHF
of allyl cyanide and vinyl acetate, whereas chiraphite
remains a good choice for screening against vinyl arene
substrates. Of all ligands in our initial study, only (R,S)-
binaphos exhibited enantioselectivities higher than 60%
for all three substrates, albeit with poor regioselectivities
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(b/1 below 10 for all three substrates). (R,S)-Binaphos
yields high enantioselectivities for a wide range of olefins
including a-olefins, vinylarylenes, butadienes, and cyclic
ethers.?° Recently, Zhang et al. reported the preparation
of phosphite-phosphoramidite (13), a ligand structurally
related to (R,S)-binaphos (3), where an oxygen atom was
replaced by an NEt fragment.'* Ligand 13 showed im-
provement in enantioselectivity over (R,S)-binaphos for
AHF of vinyl arenes and vinyl acetate. Very high enanti-
oselectivity (98%) was achieved for styrene hydroformy-
lation at 60 °C. Unfortunately, similarly to (R,S)-binaphos,
ligand 13 gave poor regioselectivities for both styrene (b/I
= 7.3) and vinyl acetate (b/l1 = 13.3) hydroformylation
products.

(R.S)13

4. Diazaphospholane Ligands

Recently, we reported a new, versatile synthesis of a novel
class of phosphines that are based on the diazaphos-
pholane framework.'>'® The synthesis of diazaphos-
pholanes, which involves simple condensation of primary
phosphines and azines, is tolerant of many functional
groups thus allowing access to diverse arrays of diaza-
phospholane ligands. In most cases, the synthesis is highly
rac selective giving pure rac phosphines after a single
crystallization. The ability to incorporate various frag-
ments into the diazaphospholane ligand framework gives
access to ligands with broadly tunable steric and electronic
features. The IR carbonyl stretching measurements of Rh
carbonyl complexes containing diazaphospholane ligands
indicate that this phosphine class is significantly more
electron-deficient than trialkyl phosphines.!” Since elec-
tron deficient phosphines are required for achieving high
reaction rates in Rh-catalyzed hydroformylation
reactions,®® chiral diazaphospholanes were a natural
choice for exploration in AHF. Optically active bis-diaza-
phospholanes are prepared in three steps starting from
commercially available materials (Scheme 2). The first step
involves preparation of azine 15, which is then reacted
with a mixture of diphosphinobenzene and diacid chloride
in THF to yield tetra-acid 16 as a single diastereoisomer
in about 35% yield. Tetra-acid 16 is subsequently deriva-
tized with enantiopure amines to yield a mixture of
diastereoisomers, which is then separated into individual
components. Using this general synthetic protocol, we
prepared a small library of bis-diazaphospholanes (Figure
2) and evaluated them in AHF (Table 2).'8

We were pleased to discover that bis-3,4-diazaphos-
pholanes 17-20 exhibit even faster hydroformylation rates
than (R,S)-binaphos, (S,S)-kelliphite and (2R,4R)-chiraph-
ite ligands. At 80 °C and a substrate to Rh ratio of 5000:1,
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FIGURE 2. Structures of diazaphospholane ligands studied in asymmetric hydroformylation reactions.

Table 2. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Diazaphospholane
Ligands Shown in Figure 2¢

styrene allyl cyanide vinyl acetate
entry L conv b/l % ee conv b/l % ee conv b/l % ee
1 17a 93 8.4 76 (S) 100 5.3 64 (S) 94 24 85 (R)
2 18a 100 8.1 75 (R) 100 4.1 75 (R) 100 22 92 (S)
3 19¢ 100 5.7 65 (S) 100 4.0 69 (S) 100 36 86 (R)
4 20c 100 5.3 73 (R) 100 3.5 82 (R) 100 41 96 (S)
5 19a 100 6.3 73 (S) 100 4.1 77 (S) 100 31 91 (R)
6 20a 100 6.6 82 (R) 100 4.1 87 (R) 100 37 96 (S)
7% 20a 42 30 89 (R) 73 4.8 87 (R) 31 40 95 (S)
8¢ 20a 85 13 82 (R) 100 4.0 86 (R) 86 37 96 (S)
9 21a 28 1.1 12 (R) 93 1.3 10 (R) 31 39 23 (S)
10 (2R,4R)-chiraphite (1) 90 9.0 49 (R) 100 5.5 13 (R) 75 190 50 (R)
11 (R,S)-binaphos (3) 96 4.5 82 (R) 98 2.1 72 (R) 72 8.2 48 (S)
12 (S,S)-kelliphite (8) 78 8.9 2 (R) 100 9.3 66 (S) 78 61 73 (R)

@ All reactions performed at 80 °C in toluene with 150 psig of 1:1 CO/H, with I/Rh = 1.2 (2.1 for monophosphine 21a), total molar
substrate/Rh = 5000, and 3 h reaction time. ® 60 °C; 500 psi; total substrate/Rh = 30 000. ¢ 80 °C; 500 psi; total molar substrate/Rh =
30 000.

Scheme 2. General Synthesis of Bis-diazaphospholane Ligands

COH
i CHO COH
2 +  NHy-NH, - . @A

CO,H
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(I \)
0O O
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/\N 1) Coupling with chiral amines .(’ ~. : '}l /\N
. .
N\/ 2) Diastereoisomer separation T~ N\/
o) (chromatography) Io)
*RHNOC/Q CONHR* HOZC/Q CO,H
17-20
single enantiomer racemic
the bis-3,4-diazaphospholanes 17-20 led to quantitative curves shown in Figure 3 clearly illustrate high reaction
conversion of all three substrates after 3h. Syngas uptake rate capabilities of diazaphospholane ligands in hydro-
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FIGURE 3. Syngas uptake curves for AHF of styrene, allyl cyanide
and vinyl acetate (substrate/catalyst = 5000 at 80 °C in toluene with
150 psi of 1:1 CO/H, and L/Rh = 1.2).

formylation reactions. AHF with 20a at a substrate to
catalyst ratio of 30000:1, 80 °C, and 500 psi syngas
pressure led to 85%, 100%, and 86% conversion in 3 h for
styrene, allyl cyanide, and vinyl acetate, respectively, giving
an average turnover frequency of 9000 h™! (Table 2, entry
8). Bis-diazaphospholanes are the most active ligands, not
only among bis-phosphines, but among all phosphorus-
based ligands that we examined in our AHF screens.
Enantioselectivity values were dependent on the particular
ligand structure investigated. At 60 °C and 500 psi of
syngas pressure, 20a led to 89% ee and b/l = 30 for
styrene, 87% ee and b/l = 4.8 for allyl cyanide, and 95%
ee and b/l = 40 for vinyl acetate (Table 2, entry 7).
Regioselectivities are sensitive to reaction conditions and
can be increased (especially for styrene) at higher syngas
pressure and lower temperature.

Monodentate 3,4-diazaphospholane 21a, on the other
hand, exhibited lower activity and significantly lower
regio- and enantioselectivities. These data clearly dem-
onstrate that the bidentate nature of the bis-diazaphos-
pholane ligands is a critical feature for achieving very high
selectivities and activities in AHF, at least for terminal
olefins. The results obtained with 19a (diastereoisomer of
20a having the opposite chirality at the 2 and 5 positions
of the phospholane rings and the same chirality of the
amine fragment) led to formation of the opposite enan-
tiomers in the products indicating that the chirality of the
phospholane ring rather than the amine chirality prevails
in determining product stereochemistry. Product enan-
tioselectivities obtained for diastereomeric pairs 17/18 and
19/20 were found to be within 10% ee, indicating a modest
match/mismatch effect.

AHF of neat vinyl acetate with 20a was also successfully
conducted at 80 °C with a substrate to catalyst ratio of
100 000:1 leading to 97% conversion within 5 h (95% ee, b/l
= 28.7), which translates into an average TOF of 19 400 h'."°
Scale-up of this reaction was carried out on a 135 g scale
using both 19a and 20a in a 300 mL Parr reactor. The
enantiomers of 2-acetoxypropanaldehyde (product of AHF
of vinyl acetate), which were recovered by distillation,
showed very high selectivities ((R)-product, 93.8% ee and b/l
= 102 for 19a and (S)-product, 96.8% ee, and b/l = 139 for
20a). Enhanced regioselectivities of recovered products are
due to the lower boiling points of branched isomers. Both
enantiomers of 2-acetoxypropanaldehyde were used as
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Scheme 3. Synthesis of Optically Active Isoxazoline and Imidazole

Derivatives
Ph
o
4 steps Ny
cHo ——
AHF OAc
= OAc OAc \
5 steps Ph =i
N~N__N

o
): OAc

starting materials in the synthesis of optically active iso-
xazoline and imidazole derivatives, which proceeded without
racemization of the chiral center (Scheme 3)."

5. Phospholane Ligands

High activity and selectivity achieved with bis-diazaphos-
pholane ligands prompted the evaluation of other bis-
phospholane ligands in AHF. We were particularly inter-
ested in screening 1,2-bis(2,5-dialkylphospholano)benzene
(duphos), 1,2-bis(2,5-dialkylphospholano)ethane (BPE)*°
(22-24), (R,R)-1,2-bis(2,5-diphenylphospholano)ethane
((R,R)-Ph-BPE)?! (25), and (S,S,R, R)-tangphos®* because
all these ligands possess key structural features (phos-
pholane rings bridged by a two carbon linker) found in
bis-diazaphospholanes (Figure 4). The olefin conversion
data obtained with phospholane ligands pictured in Table
3 are in close agreement with syngas uptake curves (Figure
3) and demonstrate that (R,R)-Ph-BPE (25) exhibits the
fastest hydroformylation rates of all phospholanes stud-
ied.?® At 80 °C and 150 psi syngas pressure, (R,R)-Ph-BPE
(25) exhibits an average turnover frequency of 1139 h™*,
which is about 5 times more than values observed with
(S,5)-i-Pr-BPE (24). The most likely reason for the en-

R R
P P =
S e
R R B
R R

(R,R)-Me-BPE (22), R=Me DuPhos Ligands
(S,S)-Et-BPE (23), R=Et
(S,S)-i-Pr-BPE (24), R =i-Pr

i-Pr
Ph Ph Pr @\P
. P~ "
Ph Ph"
i-Pr

(R.R)-Ph-BPE (25) (R,R)-i-Pr-5-Fc (26)

-Pr
P H P E;P—Ph
\ =
t-Bu t-Bu i-Pr

(S,S,R,R)-Tangphos (28) (R,R)-i-Pr-phospholane (27)

FIGURE 4. Structures of some of the phospholane ligands studied
in AHF.
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Table 3. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Phospholane Ligands
Shown in Figure 4¢

styrene allyl cyanide vinyl acetate
entry L conv b/l % ee conv b/l % ee conv b/l % ee
1 (R,R)-Me-BPE (22) 8 14 43 (S) 36 5.8 37(S) 23 97 59 (R)
2 (S,S)-Et-BPE (23) 10 11.3 55 (R) 40 6.2 49 (R) 23 152 66 (S)
3 (S,S)-i-Pr-BPE (24) 11 9.5 82 (S) 48 6.7 83 (S) 28 142 70 (R)
4 (R,R)-Ph-BPE (25) 57 45.0 94 (R) 96 7.1 90 (R) 52 340 82 (S)
5 (R,R)-i-Pr-5-Fc (26) 9 3.2 15 (R) 28 3.9 49 (R) 22 94 29 (R)
6 (R,R)-i-Pr-phospholane (27) 11 4.4 11 (R) 30 3.5 7(R) 17 21 8 (S)
7° (S,S,R,R)-tangphos (28) 10 14.9 13 (S) 49 7.5 6(S) 26 138 81 (R)
8 [(S,S,R,R)-tangphos]Rh(acac) 12 14.8 90 (S) 61 7.5 93 (S) 17 30 83 (R)

“ Reactions performed at 80 °C in toluene with 150 psig of 1:1 CO/H, with L/Rh = 1.2 (2.1 for 27), total molar substrate/Rh = 5000,
catalyst concentration 0.037 mol %, 3 h reaction time. ® Total molar substrate/Rh = 3000, ligand/Rh = 2 (entry 7).

Table 4. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Molar Substrate to
Catalyst Ratio of 30 000:1¢

styrene allyl cyanide vinyl acetate
entry L conv b/l % ee conv b/l % ee conv b/l % ee
1 (2R,4R)-chiraphite (1) 32 10.8 51 (R) 74 5.8 13 (R) 34 204 50 (R)
2 (R,S)-binaphos (3) 35 4.6 81 (R) 58 2.1 68 (R) 23 7.1 58 (S)
3 (S,S)-kelliphite (8) 32 9.2 3(S) 929 10.1 66 (S) 32 100 75 (R)
4 diazaphospholane (20a) 73 5.7 80 (R) 100 3.9 80 (R) 92 47 95 (S)
5 (R,R)-Ph-BPE (25) 33 45.0 92 (R) 67 7.6 90 (R) 34 263 82 (S)

¢ Reactions performed at 80 °C in toluene with 150 psi of 1:1 CO:H, with L:Rh = 1.2, total molar substrate:Rh = 30,000, 4.43 mL of
styrene: allyl cyanide: vinyl acetate: dodecane (1:1:1:0.3 molar ratio), 3 hour reaction time.

hanced activity of (R R)-Ph-BPE (25) over other phos-
pholane ligands is the presence of the electron-withdraw-
ing phenyl rings, which reduce the electron density at the
phosphorous atoms. The IR data v obtained for a series
of molybdenum carbonyl complexes containing BPE
ligands (22-25) confirmed that (R,R)-Ph-BPE is the least
basic phosphine among the BPE ligands.>® At very low
catalyst loadings (molar ratio of substrate to Rh of 30 000:
1), the rate of hydroformylation with (R,R)-Ph-BPE (25)
(an average turnover frequency of 4467 h™') was virtually
identical to those of (2R4R)-chiraphite (1) and (R,S)-
binaphos (3) and only slower than (S,S)-kelliphite (8) and
bis-diazaphospholane (20a) (Table 4).
Enantioselectivity data show that BPE and duphos
ligands having larger substituents in the 2,5-positions of
phospholane rings (i-Pr or Ph vs. Me or Et) lead to
noticeably higher enantioselectivities. As in the case of bis-
diazaphospholanes, bis-phospholane ligands appear to be
equally effective toward all three olefins (styrene, allyl
cyanide, and vinyl acetate), suggesting potential broad
applicability of this ligand class across a wide range of
substrates. Under the standard screening conditions,
(R,R)-Ph-BPE (25) combines high enantioselectivity and
regioselectivity for styrene hydroformylation giving 94%
ee and an unprecedented branched to linear isomer ratio
of 45. The ligand (R,R)-Ph-BPE (25) also is very effective
in AHF of allyl cyanide (90% ee, b/1 = 7.1) and vinyl acetate
(82% ee, b/l = 340). The very high regioselectivity achieved
in vinyl acetate hydroformylation (b/l1 = 340) is quite
surprising because it is significantly higher than that
observed with any other ligand. As in the case of mono-
dentate phosphite and diazaphospholane ligands, the
monodentate phospholane (R,R)-i-Pr-phospholane (27)
was unremarkable in its performance toward all three
olefins. Ferrocene-based ligand (26) bearing 2,5-di-i-Pr-

R
Ry R1\ / 1 R,
P

/

R1\P S: 1 :Z R
\"“CH
R1/ Fe H o

<>

Josiphos

Walphos

33- R, = Ph, R, = 3,5-di-CF4.Ph

34 - Ry = 3,5-di-CHz-4-OMe-Ph,
R, = 3,5-di-CF5-Ph

35-R,=Cy, R, = 3,5-di-CF3-Ph

29-R,=Ph, R, =Cy

30-R, = Ph, R, = t-Bu
31-Ry=Ph, R, = 3,5-di-CH3-Ph
32-R;=4-CF3Ph R, =tBu

PPh, PPh,

SoN g TNTa -
P B

OO l ! (R,R)-BDPP (37)

(R)-Binaphane (36)

(S)-Binapine (38)
FIGURE 5. Structures of the bis-phosphine ligands studied in AHF.

phospholane moieties is significantly worse than i-Pr-BPE
(24) in terms of both regio- and enantioselectivity, sug-
gesting that a ferrocene backbone imparts a too large of
a bite angle for optimal ligand performance.

Our initial screening experiments with (S,S,R,R)-tang-
phos (28) were frustrated by a lack of reproducibility.'°
After a series of control experiments, we discovered that
the enantioselectivity of styrene and allyl cyanide hydro-
formylation products varies substantially as a function of
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Table 5. Asymmetric Hydroformylation of Styrene, Allyl Cyanide, and Vinyl Acetate with Bis-phosphine Ligands
Shown in Figure 5¢

styrene allyl cyanide vinyl acetate
entry L conv b/l % ee conv b/l % ee conv b/l % ee
1 josiphos (29) 14 11.9 39 (R) 59 6.9 59 (R) 25 68.4 64 (S)
2 josiphos (30) 5 5.4 43 (R) 24 8.9 60 (R) 18 23.5 73 (S)
3 josiphos (31) 45 20.1 38 (S) 92 14.1 22 (S) 27 205.2 17 (S)
4 josiphos (32) 9 4.8 40 (R) 28 7.2 64 (R) 22 15.2 79 (S)
5 walphos (33) 98 2.4 44 (S) 99 0.9 6(S) 93 6.1 57 (R)
6 walphos (34) 95 2.5 27 (S) 97 1.0 2 (R) 86 5.7 48 (R)
7 walphos (35) 26 2.7 2(S) 47 3.5 53 (R) 42 73.1 73 (R)
8 (R)-binaphane (36) 17 8.2 34 (R) 62 5.2 50 (R) 21 34 24 (S)
9 (R,R)-BDPP (37) 22 12.4 48 (S) 82 16.1 70 (S) 22 16.4 31(S)
10 (S)-binapine (38) 12 9.5 94 (S) 49 6.7 94 (S) 21 32.4 87 (R)

¢ Reactions performed at 80°C in toluene, 150 psi of 1:1 CO:H,, L:Rh = 2, total substrate:Rh = 3000, 1 mL of substrates, 3 hr. reaction

time.

(S,S,R,R)-tangphos/Rh ratio. The highest enantioselectivi-
ties were obtained with ratios close to 1 and they rapidly
decreased at ratios higher than 1.2 (excess of ligand).
This unusual behavior was eventually traced to the
in situ formation of the ionic complex [((S,S,RR)-
tangphos),Rh]*[acac]~ when excess of ligand was used (eq
2). The acetylacetonate anion present in this complex was
found to be responsible for this sharp decrease of enan-
tioselectivity in hydroformylation products.

H
P H
H

%@ [m B’ \ /®’t-Bu
e N\ et ROHP ~ tBu Rh\ t-Bu

Rh \ : / »

| t-Bu t-Bu pPH P

acac W

H (2)

It is not clear whether enantioselectivity reduction
(formation of [RhP,][acac] species) with excess of ligand
is a common occurrence during AHF. We believe that this
behavior is limited to relatively small and electron-rich
phosphine ligands since (R,R)-Ph-BPE (6) and phosphite
ligands do not show this unusual behavior.'® These results
should, however, serve as a caution when screening new
ligands in AHF because low reaction enantioselectivity
might not necessarily reflect the ligands’ true capabilities.
One approach to eliminate this uncertainty would be to
premake rhodium complex LRh(acac), a procedure fre-
quently used in asymmetric hydrogenation studies. We
wonder whether AHF results obtained with Me- and Et-
BPE ligands (22, 23) (small and electron-rich phosphines)
were adversely affected by the excess of ligands we used
in our screens. Optimum enantioselectivities of 90%, 93%,
and 83% were obtained with premade complex [(S,S,R,R)-
tangphos)]Rh(acac) for hydroformylation of styrene, allyl
cyanide, and vinyl acetate, respectively. As expected based
on electronic characteristics of (S,S,R,R)-tangphos (28), the
AHF reaction rates are low even at 80 °C. (S,S,RR)-
tangphos was recently used with high success in AHF of
bicyclic olefins.?*

6. Other Bis-phosphine Ligands

Since several of the ligands traditionally used in asym-
metric hydrogenation also happened to be very selective
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in AHF, we carried out AHF screening of a variety of
commercially available asymmetric hydrogenation
ligands.'® Structures of selected ligands together with
relevant AHF results are shown in Figure 5 and Table 5,
respectively. (R,R)-BDPP (37) exhibited the highest regi-
oselectivity for AHF of allyl cyanide at 80 °C (b/1 = 16,
70% ee) but only mediocre regioselectivities in the case
of styrene (b/l = 12.4) and vinyl acetate (b/l = 16.4)
hydroformylation. Josiphos (29-32) and walphos (33-35)
ligands lead to enantioselectivities up to 73% ee for vinyl
acetate, but in general these ligands are much less
selective than bis-phosphacycle ligands. In this set of
ligands, the most interesting was (S)-binapine (38)%°
because it gave 94% ee (b/l = 9.5), 94% ee (b/l = 6.7),
and 87% ee (b/1 =32.4) for hydroformylation products of
styrene, allyl cyanide, and vinyl acetate, respectively.'’
Enantioselectivities obtained with (S,S,R,R)-tangphos (28)
and (S)-binapine (38) for AHF of allyl cyanide are the
highest ever reported for this substrate. Interestingly, (R)-
binaphane (36), structurally related to (S)-binapine (38),
exhibited relatively poor selectivities across all three
olefins.

Ligand structures such as (S,S,R,R)-tangphos (28) and
(S)-binaphine (38) are very promising, but their electronic
nature (electron-rich) prohibits them from achieving high
reaction rates. One approach to address this deficiency
would be to synthesize novel bis-phosphacycles with
electron-withdrawing substituents placed in close proxim-
ity to phosphorous atoms.

1. Conclusions

Bis-phosphites are one of the best classes of ligands for
controlling regioselectivities in AHF across a number of
substrates; however, high enantioselectivity has only been
observed for a limited number of ligands. Enantioselec-
tivities obtained with bis-phosphites are usually quite
temperature dependent with lower values being observed
at higher temperatures. This may indicate that bis-
phosphite ligands are configurationally less stable at
elevated temperatures, presumably due to the large size
of the linking group between phosphorus atoms. On the
other hand, bis-phosphacycle ligands such as bis-diaza-
phospholanes, bis-phospholanes, and (S)-binaphine con-
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tain a two carbon bridge, which, when coupled with
rigidity of a phosphacycle ring, leads to outstanding
enantioselectivity control in AHF. Our data suggest that
the bis-phosphacycle ligand family is unique and most
promising for future advances in asymmetric hydroformy-
lation. The remarkable ability of bis-diazaphospholane
(20a) and (R,R)-Ph-BPE (25) to yield high enantioselec-
tivities at higher temperature with high reaction rates
renders these ligands candidates for commercial applica-
tion in AHF. The ease with which the diazaphospholane
ligand structure can be diversified and extended, along
with the intrinsically high activities, should facilitate the
discovery of new ligands for broader classes of substrates.
Our current research focuses on the determination of
factors that control selectivity of bis-diazaphospholane
and bis-phospholane ligands in AHF in the hope to further
improve the performance of these ligands.

We are most grateful to our co-workers, especially to Gregory
Whiteker, Tom Clark, Alex Axtel, Christopher Cobley, Cynthia
Rand, P. J. Thomas, Susan Freed, Rob Froese and Guy Casy, for
their numerous contributions to this research. Additionally, we
thank Dowpharma for funding of this research.
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