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Abstract—Electronic and steric effects in the rhodium diphosphinite catalyzed asymmetric hydrogenation were investigated. A
series of electronically and sterically modified (S)-BINOL and (S)-Hg-BINOL ligands was synthesized and effects on the catalytic
performance were studied. Phosphinite basicity was varied by using p-CH;0, p-CH,, p-H, p-CF;, 3,5-(CH;),, 3,5-(CF;),
substituents on the diphenylphosphine moieties. In the hydrogenation of dimethyl itaconate and methyl (Z)-a-acetamido

cinnamate an increase in enantioselectivity and activity was observed with increasing phosphine basicity.

© 2003 Elsevier Ltd. All rights reserved.

Rhodium-catalyzed asymmetric hydrogenation is one
of the most important applications of homogeneous
catalysis in industry.! While a rational understanding of
how ligand structure can steer the selectivity in the
hydrogenation is now unfolding,? only limited attention
has been paid to the electronic properties of phosphine?
and phosphinite ligands* and their influence on cata-
Iytic performance.

Very recent research has shown that the chiral catalysts
derived from 5,5,6,6',7,7',8,8'-octahydro-1,1'-binaph-
thyl ligands exhibit higher activities and enantioselectiv-
ities for asymmetric reactions® than those prepared
from their parent ligands due to the steric and elec-
tronic modulation in binaphthyl backbone.® A simple
modification, namely the reduction of the unsubstituted
rings of the BINOL, provides a superior catalyst for the
enantioselective hydrogenation.

In addition to the binaphthyl moieties, the phosphorus
groups can be modified through the phenyl groups. The
introduction of substituents can modify the electron
density of the aromatic rings, and this, in turn, alters
the electron density at phosphorus. Catalysts prepared
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from these modified systems can have different reaction
rates and selectivities when compared to the parent
ligand system. To study the exact nature of the elec-
tronic effect in rhodium diphosphinite catalyzed asym-
metric hydrogenation,” we synthesized a series of
(S)-BINOL and (S)-Hs-BINOL based diphosphinite
ligands with varying basicities.

The novel ligands (3a, 3b, 3d, 4a, 4b, 4d, 4f) were
prepared by reacting (S)-BINOL (1,1’-bi-2-naphthol) or
(S)-Hg-BINOL  (H,-BINOL =5,5',6,6,7,7',8,8 -octahy-
dro-1,1"-bi-2-naphthol) with the corresponding chloro-
diarylphosphine in the presence of dry triethylamine in
diethyl ether under an argon atmosphere at room tem-
perature.®® (§)-Hg-BINOL can be readily derived from
BINOL using the protocol of Cram.!° For a compara-
tive study, the diphosphinites® (3¢, 3e, 4e) already
described have also been synthesized.

The precatalysts were prepared as usual by the reaction
of diphosphinites with [Rh(cod),]BF, in CH,Cl,. For
all diphosphinite ligands, the formation of the [(diphos-
phinite)Rh(COD)]|BF, complexes was evidenced by the
appearance of a doublet in their 3'P NMR spectra.
NMR spectroscopic analysis showed that complexes
with two coordinated phosphorus in the cis positions
were formed.!" We have found that decreasing the
phosphine basicity gave increasing rhodium/phospho-
rus 'J(Rh,P) coupling constants and increasing coordi-
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nation shifts (6P for complex — 0P for free ligand).
Unlike the other parameters, the chemical shift values
for the [(diphosphinite)Rh(COD)]BF, complexes are
very similar.

We carried out asymmetric hydrogenation of electron-
deficient olefins, dimethyl itaconate 1 (Scheme 1), and
methyl (Z)-a-acetamido cinnamate 5, using the Rh-
complexes of the series of electronically modified (S)-
BINOL and (S)-Hg-BINOL diphosphinite ligands.
These complexes are useful in terms of quantifying the
electronic as well as steric influences of the ligands. The
conditions used for the hydrogenation are given in
Table 1.12

A comparison of the experimental results from entries
1, 2 and 4, 5 (Table 1) revealed the detrimental effect on
enantioselectivity and catalytic activity caused by elec-
tron-withdrawing substituents. These results are not
consistent with the expectation that the electronic effect
is less significant when compared to the steric hindrance
effect in influencing the enantioselectivity of the reac-
tion. An analysis of the results from entries 2, and 4, 6

indicated that the electron-withdrawing para sub-
stituent on the phenyl rings decreases enantioselectivity,
while electron-donating substituents were found to
increase the enantioselectivities of the desired product
and the activities of the catalysts. The highest ee,
93.9%, was achieved at atmospheric pressure (entry 7).
Increased hydrogen pressure accelerated the reaction
but played a minor role in enantioselectivity.

Other interesting features can be noted from Table 1.
While the (S)-BINOL based system provided hydro-
genated products with moderate to good ee values, the
partially hydrogenated BINOL based catalysts gave
higher activities and ee values for all ligands studied in
the hydrogenation of dimethyl itaconate 1, giving fur-
ther support to the beneficial effect of the
5,5,6,6',7,7,8,8-octahydro-1,1’-binaphthyl backbone.’

The catalytic hydrogenation can be applied successfully
to methyl (Z)-a-acetamido cinnamate 5 (Scheme 2).
The experimental results revealed that rhodium cata-
lysts bearing these diarylphosphinite ligands gave very
different enantioselectivities and activities (Table 2).
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Scheme 1.
Table 1. Asymmetric hydrogenation of 1*
Entry Ligand Ar React. time (min) Conv (%) ee (%) Config.
1 4a (3a) 3,5-(CF5),C¢H; 90 (90) 87.7 (82.3) 51.6 (50.9) (R)
2 4b (3b) 4-CF;C4H, 20 (30) 100 (100) 72.9 (65.6) (R)
3 3c) CeH; (17) (100) (81.3) (R)
4 4d (3d) 4-MeCzH, 7 (10) 100 (100) 89.5 (81.0) (R)
5 4e 3,5-(CH;),C¢H; 9 100 91.5 (R)
6 4f 4-MeOC¢H, 5 100 92.2 (R)
7 4f 4-MeOC¢H, 25 100 93.9° (R)

# General conditions:!? substrate:catalyst (s:c)=500, pH,=20 atm, room temperature.

bpH,=1 bar.
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Scheme 2.
Table 2. Asymmetric hydrogenation of 5% influence of the structure of the ligand
Entry Ligand Ar React. time (min) Conv (%) ee (%) Config.
1 4a 3,5-(CF3),CoH, 105 293 30.9 ©)
2 4b 4-CF,C H, 50 81.8 48.7 (S)
3 ad 4-MeCH, 25 100 92.5 (S)
4 e (3e) 3,5-(CH,),C H, 13 (25) 100 (100) 95.4 (93.9) (S)
5 af 4-MeOC H, 6 100 96.8 ()
6 4f 4-MeOC¢H, 25 97.5 98.6° S)

@ General conditions:'? substrate:catalyst (s:c)= 500, pH,=7 bar, room temperature, 2 mmol of 5 was used.

®pH,=1 bar.

When the aryl groups on the phosphorus of the phos-
phinite ligand having an electron-withdrawing group
were replaced by aryl groups with electron-donating
groups the enantioselectivity and the activity of the
catalyst enhanced greatly. For example, 48.7% ee was
obtained with 4b. On replacing CF; in 4b by an Me
group in 4d the enantioselectivity increased to 92.5%.
The enantioselectivity was further increased to 96.8%
with the methoxy-substituent in the para position 4f.
The highest ee, 98.6%, was achieved at atmospheric
pressure. Comparison of the sense of asymmetric induc-
tion by 3b, 3c, and 3d or 4b, 4d, and 4f suggested that
the electronic effect is one of the key elements that
controls enantioselectivity. The electronic nature of the
para substituents in phosphinites has a significant effect
not only on the enantioselectivity but also on the
activity of the catalysts. Phosphinites with electron-
donating substituents (4d—f, entries 3—6 in Table 2) gave
higher catalytic activities than those with electron-with-
drawing substituents (4a-b, entries 1-2).

(S)-Hs-BINOL based diphosphinites, 4 possessing more
electron-rich and bulkier backbone uniformly gave
higher ee values than the analogous (S)-BINOL based
diphosphinites; however, the effect is small. The effect
is particularly impressive when the electronic nature of
the substituents is changed, enantioselectivities range
from 30.9% with 4a to 95.4% with 4e. The special
‘3,5-dialkyl meta effect’ is well demonstrated in the
literature.’>!* The (S)-BINOL and (S)-Hg-BINOL
diphosphinite ligands 3d, 4d—f bearing both para elec-
tron-donating groups and meta-methyl groups proved
to be more efficient than those bearing electron-with-
drawing groups in the para or meta positions 3a-b,
4a-b.

In summary, we have developed a highly efficient
method for improving the enantiomer discriminating
power of the catalytic system. Electronic effects
employed as a control element for enantioselectivity
and the electronically modified ligands produced a

remarkable improvement in the activity and selectivity
of the hydrogenation of electron-deficient olefins (1, 5).
Since the BINOL and Hg-BINOL based ligands have
been widely used in catalytic reactions, the substantial
improvements of enantioselectivities and catalytic activ-
ities by simply changing the basicity of the ligands
clearly indicate the high potential of this new strategy,
which, we believe, can be applied to other catalytic
reactions. A more detailed study of this new approach
with different kinds of catalysts is underway.
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