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ABSTRACT

Monodentate phosphoramidites have been used for the first time as chiral ligands in the Rh-catalyzed enantioselective conjugate addition of
arylboronic acids to enones, unsaturated esters, lactones, and nitro alkenes. High reaction rates and ee’s up to 89% have been obtained.

The copper-phosphoramidite-catalyzed enantioselective con-
jugate addition of dialkylzinc reagents1 has developed into
a powerful methodology for introducing C-C bonds to
prochiral centers.2 The broad scope,3 including the use of a
variety of R,â-unsaturated ketones in combination with
several (functionalized) organozinc reagents, and the excel-
lent levels of stereocontrol add to its practicality in synthesis.4

A drawback of the current system is that it is limited to
aliphatic (functionalized) dialkylzinc reagents whereas the
introduction of aryl groups via arylzinc halides gives racemic
mixtures.

The rhodium-catalyzed conjugate addition of organobo-
ronic acids developed by Hayashi and Miyaura is currently
the method of choice to introduce aryl or alkenyl groups
and is fully complementary to the copper-phosphoramidite
method.5 The introduction of alkyl groups is not suitable,

whereas the 1,4-addition of aryl or alkenyl groups results in
high yields and excellent ee’s for a large number of enones
and boronic acids.
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therein.
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283-285. (c) Feringa, B. L.; Naasz, R.; Imbos, R.; Leggy, A. L. InModern
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Chapter 7, pp 224-255. (d) Alexakis, A.; Benhaim, C.Eur. J. Org. Chem.
2002, 3221-3236.
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Feringa B. L.Angew. Chem., Int. Ed. 2001, 40, 927-930. (c) Naasz, R.;
Arnold, L. A.; Pineschi, M.; Keller, E.; Feringa, B. L.J. Am. Chem. Soc.
1999, 121, 1104-1105. (d) Imbos, R.; Minnaard, A. J.; Feringa, B. L.J.
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Rh-catalyzed conjugate additions of arylstannanes,6 aryl-
silicon,7 and aryltitanium8 reagents have also been reported.
Furthermore, a nonasymmetric catalytic coupling of phen-
ylboronic acids to aldimines9 as well as conjugate additions
in aqueous media10 have been described.

In all cases, BINAP11 is used as a chiral ligand. Other
diphosphines have been investigated, but these were found
to result in catalysts showing lower activity and selectivity.12

To the best of our knowledge the only other ligand types
successfully employed in the asymmetric13 conjugate addition
of boronic acids to enones are binol-based diphosphonites
developed by Reetz et al.14 and amidomonophosphines
introduced by Tomioka et al.15

All ligands used to date in the enantioselective conjugate
addition of arylboronic acids to enones are bidentate in nature
and phosphoramidites have not been reported as ligands.
Furthermore, access to readily synthesized, cheap, and easily
tunable chiral ligands becomes a key issue for practical
application in asymmetric catalysis. We have already shown
that in the asymmetric hydrogenation reaction, phosphor-
amidite ligands form stable and active complexes with
rhodium.16 It would be interesting to know if the monoden-
tate phosphoramidite ligands could also be applied in the
Rh-catalyzed conjugate addition of boronic acids. This would
make these phosphoramidites a class of ligands suitable for
the conjugate addition of both dialkylzinc reagents and
arylboronic acids.

To test the stability of phosphoramidites under the condi-
tions developed by Hayashi et al.5c for this type of reaction,
L1 (MonoPhos) was dissolved in dioxane/H2O ) 10/1 and
heated to 100°C for 5 h. As expected, the free ligandL1
was completely hydrolyzed under these conditions. How-
ever, when 2 equiv of the ligand and 1 equiv of Rh(acac)-
(C2H4)2 were added to the same solvent mixture, as well
as a large excess of phenylboronic acid, the ligand re-
mained unchanged after heating to 100°C for 16 h! This
shows that the rhodium-phosphoramidite catalyst is stable
under the standard reaction conditions for the boronic acid
addition.

A variety of phosphoramidite ligands17 (Figure 1) were
prepared and tested in the rhodium-catalyzed conjugate addi-
tion of phenylboronic acid to cyclohexenone1 (Scheme 1).

The conditions reported earlier were used,5c i.e., 3 mol %
of Rh(acac)(C2H4)2

18 as catalyst precursor, 7.5 mol % of
phosphoramidite ligand, dioxane/H2O ) 10/1 as solvent, 5
equiv of phenylboronic acid, and reaction times of 5 h at
100°C.19 A workup involving dilution with saturated aqueous
NaHCO3, followed by extraction with EtOAc and filtration
over silica gel yielded the product (S)-1a that was used for
characterization and ee determination.

The most effective ligands turned out to be MonoPhos
L1 and the structurally related phosphoramiditesL4, L5, L7,
L8, andL9. For these ligands, full conversion was achieved,
and ee’s of 83%-89% were obtained. The other ligands
showed lower reactivity or selectivity. Characteristic of the
more successful ligands in this study is the presence of at
least one small substituent (a methyl group) on the nitrogen.
This requirement has previously been noted in the rhodium-
catalyzed asymmetric hydrogenation.20,21

(6) (a) Oi, S.; Moro, M.; Ono, S.; Inoue, Y.Chem. Lett.1998, 83. (b)
Oi, S.; Moro, M.; Ito, H.; Honma, Y.; Miyano, S.; Inoue, Y.Tetrahedron
2002, 58, 91-97. (c) Hayashi, T.; Ishigedani, M.J. Am. Chem. Soc. 2000,
122, 976-977.

(7) Oi, S.; Honma, Y.; Inoue, Y.Org. Lett. 2002, 4, 667-669.
(8) Hayashi, T.; Tokunaga, N.; Yoshida, K.; Han, J. W. J. Am. Chem.

Soc.2002, 124, 12102-12103.
(9) Ueda, M.; Miyaura, N.J. Organomet. Chem.2000, 595, 31-35.
(10) Lautens, M.; Roy, A.; Fukuoka, K.; Fagnou, K.; Martı´n-Matute, B.

J. Am. Chem. Soc.2001, 123, 5358-5359.
(11) Takaya, H.; Akatugawa, S.; Noyori, R.Org. Synth.1989, 67, 20-

32.
(12) Takaya, Y.; Ogasawara, M.; Hayashi, T.Chirality 2000, 12, 469-

471.
(13) The rhodium-P(OEt)3-catalyzed addition of arylboronic acids to

oxabenzonorbornadienes has been reported very recently: Murakami, M.;
Igawa, H.Chem. Commun. 2002, 390-391.

(14) Reetz, M. T.; Moulin, D.; Gosberg, A.Org. Lett.2001, 3, 4083-
4085.

(15) (a) Kuriyama, M.; Tomioka, K.Tetrahedron Lett.2001, 42, 921-
923. (b) Kuriyama, M.; Nagai, K.; Yamada, K.-I.; Miwa, Y.; Taga, T.;
Tomioka, K.J. Am. Chem. Soc.2002, 124, 8932-8939.

(16) van den Berg, M.; Minnaard, A. J.; Schudde, E. P.; Van Esch, J.;
de Vries, A. H. M.; de Vries, J. G.; Feringa, B. L.J. Am. Chem. Soc. 2000,
122, 11539-11540.

(17) Synthesized according to known procedures, see refs 1 and 20. For
L6, L8, andL9, see the Supporting Information.

(18) After a first screening, Rh(acac)(C2H4)2 was selectioned as the
rhodium source of choice. See the Supporting Information.

(19) (a) The use of 2.5 equiv of ligand relative to rhodium was chosen
for convenience as it was observed that the reaction proceeds better with a
slight excess of phosphoramidite (compared to the 1:2 Rh/L ratio). (b)
Replacing water by methanol provides the same conversion and ee although
reaction time increases.

Figure 1. (S)-Bisphenol-based monodentate ligands used in the
conjugate addition of PhB(OH)2 to cyclohexenone.

Scheme 1

a Determined by1H NMR. bDetermined by chiral HPLC or GC.
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Surprisingly, modification of the bisphenol part of the
ligand did not effect to a major extent the high level of ee,
since the structurally different ligandsL1, L7, L8, andL9
gave almost the same results (84-89% ee).

During most reactions, homogeneous and brightly yellow
colored solutions were observed. Upon repeating some of
the reactions we found Rh-black formed in one of the flasks
that containedL1 as ligand after only 15 min of reaction
time. Analysis of the mixture showed that full conversion
and 84% ee had been achieved. This means that the catalyst
based onL1 shows a considerably faster reaction (15 min
vs 5 h with BINAP),22 but a less selective one than with the
Rh-BINAP-based catalyst applied by Hayashi.

This particular reaction was studied in more detail.
Increasing the ligand-to-rhodium ratio did not affect the
conversion or the ee. Surprisingly, the use of an excess of
PhB(OH)2 turned out to be unnecessary.23 A 1.2 equiv portion
of PhB(OH)2 provided 100% conversion and 84% ee at 100
°C in 15 min.24 An experiment on a larger scale (2 g of
cyclohexenone, 21 mmol) using 0.6 mol % of an in situ
generated catalyst from Rh(acac)(C2H4)2 and 2.5 equiv of
L1 and 1.2 equiv of phenylboronic acid, resulted in complete
conversion within 1 h at 100°C. The product was isolated
in 92% yield with an ee of 84%.

In an attempt to improve the ee, we screened a number of
water miscible solvents in the conjugate addition of phenyl-
boronic acid to cyclohexenone. Several solvents turned out
to be suitable for this reaction and the conversion was usually
very selective affording the desired product1a. Dioxane
remained the solvent of choice, although MeOH andi-PrOH
also gave full conversion. With the latter solvents reaction
times of>4 h are needed to complete the reaction but ee’s
are comparable (80-85%).

To examine the scope of the conjugate addition, several
substituted arylboronic acids, and catalysts based on the
ligandsL1 andL7, were used (Scheme 2). In all experiments,

L7 afforded higher enantioselectivity thanL1. Compared to
phenylboronic acid, all substituted boronic acids gave a
slower conversion to the product as full conversion was not
achieved in 5 h at 100°C.

It turned out that the nature and the position of the
substituent on the phenyl ring has an effect on both the
reactivity and the enantioselectivity. In all cases, ortho-sub-
stituted boronic acids gave a slow conversion and lower ee’s,
probably due to steric hindrance. This decrease in reactivity
was also observed witho-fluoro-substituted phenylboronic
acid, but in that case, a good enantioselectivity (ee) 73%)
was achieved. This is probably due to the small size of the
fluorine. The moderate conversions obtained with the
fluorine-substituted boronic acids can also be explained by
the fast hydrolysis reaction observed by Hayashi in similar
cases.5g

Apparently, substituents at the meta position do not have
an effect on the enantioselectivity of the reaction. Ee’s up
to 89% are achieved, which is comparable to values found
in the unsubstituted case.

Interestingly, the addition of 4-methoxyphenylboronic acid
occurs (entries 8 and 9), although complete conversion is
not achieved. It should be noted that for this substrate,
Hayashi reports under the present conditions (dioxane/water,
Rh-BINAP at 100°C) formation of only anisole5i whereas
Reetz reports full conversion for this compound and an ee
of 95%.14 2-Thiopheneboronic acid, 2-furanboronic acid, and
2,6-dimethylphenylboronic acid did not give any conversion.

To further investigate the scope of this reaction, a number
of R,â-unsaturated ketones, esters, lactones, and nitroalkenes
were investigated in the Rh-L1- and Rh-L7-catalyzed con-
jugate addition of phenylboronic acid (Figure 2, Table 1).

The smaller and less flexible cyclopentenone2 gives full
conversion but the product is isolated with a disappointing
15% ee usingL1 as the ligand. The use ofL7 resulted in an
increase in ee to 50%. This trend continues for the other
substrates: higher ee’s are obtained whenL7 is used as a
ligand. Cycloheptenone3 and 5,6-dihydro-2H-pyran-2-one
5 in combination withL7 resulted in the 1,4-adducts with
78% ee and 62% ee, respectively. For 2(5H)-furanone4,

(20) Pen˜a, D.; Minnaard, A. J.; de Vries, J. G.; Feringa, B. L.J. Am.
Chem. Soc.2002, 124, 14552-14553. See also ref 16.

(21) Hu, A. G.; Fu, Y.; Xie, J. H.; Zhou, H.; Wang, L.; Zhou, Q. L.
Angew. Chem., Int. Ed. 2002, 41, 2348-2350.

(22) At 25 °C, 63% conversion (84% ee) was reached in 16 h.

(23) For the BINAP-catalyzed conjugate addition, 5 equiv of PhB(OH)2
are employed to achieve complete conversion, since considerable amounts
of benzene are formed; see ref 5c.

(24) Hayashi recently reported a similar result using a preformed BINAP
hydroxorhodium complex; see ref 5i.

Scheme 2. Conjugate Addition of Substituted Phenylboronic
Acids, Using Catalysts Based onL1 or L7

a Determined by1H NMR. bDetermined by chiral HPLC or GC;
all reactions are performed with 2 equiv of boronic acid.

Figure 2. Substrates for the conjugate addition of phenylboronic
acid.
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however, the opposite is observed: a change fromL1 to L7
results in a drop in ee from 38% to 14%. The origin of this
effect is not clear. Linear nitro alkene6 and acyclic alkenones
7 and 8 afforded the products with 44% ee, 16% ee, and
23% ee, respectively, whenL1 was used as a ligand.

This study demonstrates that monodentate ligands can be
applied successfully in the rhodium-catalyzed conjugate
addition of arylboronic acids to enones, unsaturated esters,
lactones, and nitroalkenes. The applied phosphoramidite
ligands are surprisingly stable under the reaction conditions

and lead to moderate to high ee in the 1,4-adduct. The ligand
of choice is H8-MonoPhosL7 as it is superior in selectivity
compared to related ligands. The best results obtained to date
are with cyclohexenone1, as the 1,4-adduct is formed with
an ee of 89%. A remarkable finding is the rate of the
conjugate addition. Using H8-MonoPhosL7 at 100°C, full
conversion is reached within 15 min. A comparison of
substrate range studied so far between the present catalyst
and the systems developed by Hayashi, Reetz and Tomioka
shows that the bidentate ligand-based catalytic systems are
superior in scope at present. Our preliminary results using
simple, cheap monodentate phosphoramidites for this reaction
will stimulate the development of a widely applicable mono-
dentate ligand for rhodium-catalyzed conjugate addition.
Investigations to enhance the enantioselectivity and to obtain
insight into factors governing the fast reaction observed
during the Rh-catalyzed asymmetric conjugate addition of
arylboronic acid to enones using phosphoramidites are
currently in progress.
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Table 1. Conjugate Addition of Phenylboronic Acid to Several
Alkenones, Using Catalysts Prepared fromL1 or L7

entry substrate ligand adduct conv,a % ee,b %

1 1 L1 1a 100 84
2 1 L7 1a 100 89
3 2 L1 2a 100 15
4 2 L7 2a 100 50
5 3 L1 3a 64 71
6 3 L7 3a 80 78
7 4 L1 4a 50 38
8 4 L7 4a 45 14
9 5 L1 5a 100 29

10 5 L7 5a 100 62
11 6 L1 6a 100 44
12 7 L1 7a 100 16
13 8 L1 8a 87 23

a Determined by1H NMR. b Determined by chiral HPLC or GC.
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