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ABSTRACT

Two simple TADDOL-derived monodentate ligands, the (1 R,2S)-2-phenylcyclohexanol-derived phosphite and the N,N-(phenylbenzyl)-
phosphoramidite, give comparably high levels of enantioselectivity (90 −96% ee) in the rhodium-catalyzed hydroborations of substituted styrenes
bearing either electron-donating or electron-withdrawing substituents. Rhodium(I) chloride and tetrafluoroborate catalyst precursors give
comparable results. Pinacolborane is superior to catecholborane in these reactions.

Rhodium-catalyzed hydroboration has attracted much inter-
est, in part, because it proceeds with complementary regio-
and diastereoselectivity in certain substrates.1,2 The novel
regiocontrol is exemplified by the rhodium-catalyzed hy-
droboration of styrene which, in contrast to the noncatalyzed
reaction, introduces boron at the benzylic position yielding,
after oxidation, predominately theR-aryl alcohol, 1-phen-
ylethanol.

The asymmetric reaction has advanced considerably since
Hayashi’s seminal paper describing the BINAP/[Rh(cod)2]-
BF4-catalyzed reaction in 1989.3 The best ligands for the

reaction of styrene and related vinylarene derivatives include
the chiral bidentateP,P-ligands BINAP (91%,>95%R, 96%
ee) and Josiphos,4 as well as, more recently, theP,N-ligands
QUINAP,5 PYPHOS,6 and the ferrocenylpyrazole derivative
1 (Figure 1).7 Nonetheless, substrate scope and catalyst
tunability remain rather limited. For example, QUINAP gives
91.5% ee for styrene but only 78% ee for 4-chlorostyrene.
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Chiral monophosphites and phosphoramidites can offer
attractive alternatives to chiral diphosphines and related
chelating ligands as demonstrated, for example, in asym-
metric hydrogenations.8 As part of our studies into chiral
catalyst design,9 we explored their use in rhodium-catalyzed
asymmetric hydroboration.10,11Our initial studies employed
chiral phosphites and phosphoramidites derived from BINOL
(4), biaryl derivative5,12 and TADDOL (6) in the catalyzed
hydroboration of styrene with pinacol borane (PBH) (Table
1). Neither axially chiral scaffold proves very successful
(entries 1-6). However, a promising result is obtained with
(TADDOL)POPh (6a); it affords the branched product in
high yield (95%, 89%R) and good enantioselectivity (84%
ee,S) (entry 7). The presence of coordinating or noncoor-
dinating counterions in the catalyst precursor has little effect
(entries 7-10), a surprising observation in light of mecha-
nistic studies indicating the counterion can play a significant
role.13 The TADDOL-benzyl phosphite6b (entry 11) and
theN,N-dibenzylphosphoramidite6care much less effective
(entries 12-15).

In light of the promising results obtained with6a, a more
extensive library of TADDOL-derived phosphites and phos-
phoramidites was prepared. Several vinyl arene substrates
were screened using these ligands;14 the data obtained for
4-chlorostyrene are summarized in Table 2. The yield and
regioselectivity vary widely with no apparent trend favoring
phosphites or phosphoramidites. Regioselectivity in the
catalyzed reaction has been attributed to a variety of
influences, including the nature of the hydroborating reagent15

and the electronic and steric nature of the ligands.16 Sterics
apparently play an important role in our study; for example,
the 1- and 2-naphthyl phosphites14 and15 differ greatly,
giving 77% and 8% of theR-product, respectively (entries
8 and 9).

In terms of enantioselectivity, the methyl and benzyl
phosphites (entries 1 and 2) are unsatisfactory. The (1S,2R)-
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Figure 1. Successful chiral ligands for the rhodium-catalyzed
asymmetric hydroboration of styrene; yield, percentR-isomer, and
its percent enantiomeric excess are given in parentheses.

Table 1. Comparing Chiral Phosphites and Phosphoramidites
in the Rhodium-Catalyzed Asymmetric Hydroboration of
Styrenea

entry Rh catalyst L X R1 R2 yield (%) % R ee (%)

1 [Rh(cod)Cl]2 4a O Ph 13 65 5
2 [Rh(cod)Cl]2 4b O Bn 54 72 17
3 [Rh(cod)Cl]2 4c N Bn Bn 21 83 40
4 [Rh(nbd)Cl]2 5a O Ph 21 44 11
5 [Rh(nbd)Cl]2 5b O Bn 61 59 18
6 [Rh(cod)Cl]2 5c N Bn Bn 18 66 15
7 [Rh(cod)Cl]2 6a O Ph 95 89 84
8 [Rh(nbd)Cl]2 6a O Ph 95 87 84
9 Rh(nbd)2BF4 6a O Ph 95 83 81

10 Rh(cod)2SbF6 6a O Ph 94 78 75
11 [Rh(cod)Cl]2 6b O Bn 38 50 0
12 [Rh(cod)Cl]2 6c N Bn Bn 62 74 25
13 [Rh(nbd)Cl]2 6c N Bn Bn 66 64 0
14 Rh(nbd)2BF4 6c N Bn Bn 95 73 7
15 Rh(cod)2SbF6 6c N Bn Bn 95 73 7

a Reactions were run in DME at ambient temperature (17 h) in the
presence of powdered 4A molecular sieves using a Rh/L/styrene/PBH ratio
of 1:2.2:100: 120 and followed by oxidation with basic hydrogen peroxide.
The yield, isomer ratio, and enantioselectivity are determined by chiral GC
(cyclosil â) using an internal standard.
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2-phenylcyclohexanol-derived TADDOL phosphite17 gives
a modest result (10, entry 3, 42% ee), but its (1R,2S)
diastereomer11affords a high level of asymmetric induction
(entry 4, 91% ee). In contrast, phosphite12, prepared from
L-menthol and thus bearing an isopropyl substituent in the
favored (2S)-orientation, is much less successful (entry 5,
31% ee). With the exception of the phenyl derivative6a
(entry 6, 75% ee), aryl phosphite derivatives generally give
poor enantioselectivity.

Having identified the successful phosphite11, it was
somewhat surprising to find a comparably successful phos-
phoramidite, ligand6g (entry 16). The latter bears benzyl
and phenyl substituents on nitrogen and affords 94% ee in
the catalyzed reaction, the highest level yet reported for
4-chlorostyrene.3 In contrast, neither the NBn2 (entry 15, 3%
ee) nor the NPh2 (entry 18, 45% ee) derivatives are effective.

Styrene derivatives bearing electron-withdrawing substit-
uents are generally reported to give lower enantioselectivity
than those bearing electron-donating substituents.5,6 Nonethe-
less,11 and6g afford 90-96% ee in preparative reactions
for a series of 4-substituted styrenes (Table 3); both electron-

donating and electron-withdrawing substituents are tolerated.
The enantioselectivities obtained with ligands6gand11are
higher than those reported for any other single catalyst system
with this series of substrates and are comparable to, or better
than, the most successful catalyst systems reported for each
case individually. For example, the most successful catalyst
previously reported for the CF3-substituted styrene gives only
74% ee.5 The results obtained with ligands6g and 11 are
essentially unchanged using Rh(nbd)2BF4 as the catalyst
precursor (Figure 2). However, the level of enantioselectivity

(17) Alexakis, A.; Burton, J.; Vastra, J.; Benhaim, C.; Fournioux, X.;
Van den Heuvel, A.; Leveque, J.-M.; Maze, F.; Rosset, S.Eur. J. Org.
Chem.2000, 4011-4027.

Table 2. [Rh(nbd)Cl]2-Catalyzed Hydroboration of
4-Chlorostyrene Using TADDOL-Phosphite and
Phosphoramidite Ligands, La

a See Table 1, footnote a, for the reaction conditions employed;+ values
for the % ee correspond to theS enantiomer predominating.

Table 3. Preparative Reactions for a Series of 4-Substituted
Styrenes Using Monodentate Ligands11 and6ga

11 6g

R yield (%) % R ee (%) yield (%) % R ee (%)

OMe 96 71 93 96 67 94
CH3 94 62 92 91 60 93
H 96 78 95 96 82 96
CF3 96 63 90 92 62 90
Cl 94 77 91 95 77 94
F 95 79 95 95 72 95

a Reactions run using 4.8 mmol of the indicated styrene. See Table 1,
footnote a, for the reaction conditions employed.

Figure 2. Comparison of the phosphite11 and phosphoramidite
6g modified rhodium-catalyzed hydroboration of 4-chlorostyrene
using [Rh(nbd)Cl]2 and PBH.
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drops to ca. 40% ee using catecholborane, although theS
enantiomer still predominates.15

Since the two ligands give the same sense and essentially
the same degree of enantioselectivity in the reaction, several
lines of experimentation were carried out to further explore
their somewhat puzzling similarity. The two catalysts exhibit
very similar rates in the catalyzed hydroboration of 4-chlo-
rostyrene; the phosphite is somewhat faster (Figure 3). In
each case, the observed levels of regioselectivity and
enantioselectivity remain constant throughout the course of
the reaction.

It is perhaps tempting to suggest that the bicyclic (TAD-
DOL)P core, common to both ligands, is the element most
responsible for stereoinduction. However, it is clear from
the data in Table 2 that the nature of the X(R1)R2 moiety
has a major influence. We therefore asked whether the two
substituents,O-(1R,2S)-2-phenylcyclohexyl andN-benzyl-
N-phenyl, naturally adopt conformations that coincidentally
define a similar topography. Preliminary modeling studies
using AM1 suggest this may be the case.

Figure 3 shows the low energy conformer for phosphite
11 and two closely related low energy conformers of
phosphoramidite6g; the latter two differ in structure by
rotation about the P-N bond and in energy by less than 0.1
kcal/mol. There are of course very significant differences in
the phosphite and phosphoramidite structures, but the overlay
of 11 (in red) with6g conformerB (in blue) shows that the
two phenyl substituents occupy similar regions of space as
do the cyclohexyl and benzyl groups.

Given the similarities of phosphite11and phosphoramidite
6g, it seemed conceivable that the heterocombination of these
two monodentate ligands, that is, employing 1 equiv of each,
should generate an effective mixed catalyst. However, the
heterocombination proves far inferior to either homocom-

bination. In contrast to the results shown in Table 3, the
heterocombination (11+ 6g) gives only 46% ee for the
reaction of 4-chlorostyrene (91% yield, 52%R-isomer).
While we have no data on the relative abundance of homo-
and heterocombination rhodium complexes present under the
conditions of catalysis, the result suggests that the hetero-
combination is a competent and competitive catalyst for the
reaction, but not as selective.

In summary, two simple TADDOL-derived monodentate
ligands, phosphite11 and phosphoramidite6g, afford
comparably high levels of enantioselectivity in the room-
temperature rhodium-catalyzed asymmetric hydroborations
of styrenes. Compared to some chiral catalysts systems
employing chiral bidentate ligands, a wider range of donor-
and acceptor-substituted styrenes are tolerated, rhodium(I)
chloride and tetrafluoroborate catalyst precursors give similar
results, and while pinacol- and catecholborane give the same
sense of asymmetric induction, the results obtained with
pinacolborane are superior. Further studies into the utility
of these catalyst systems and into the origin of the enantio-
selectivity are in progress.
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Figure 3. Low energy conformers of11 and6g (A andB) obtained via molecular modeling and the overlay of11 (red) and6g B (blue).
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