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Abstract—Dihydroboronium derivatives of (S,S)-1,2-bis(t-butylmethylphosphino)ethane (t-Bu-BisP*) were prepared and used as
chiral diphosphine ligand precursors in Rh-catalyzed asymmetric hydrogenation of methyl (Z)-acetamidocinnamate to afford the
hydrogenation product in up to 94% enantioselectivity.
� 2004 Elsevier Ltd. All rights reserved.
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Previously, we have reported the preparation of P-chiral
trialkylphosphine ligands and their use in transition-
metal-catalyzed asymmetric reactions.1 The chirality at
the donor atoms is expected to provide an asymmetric
environment that is very close to the reaction center.
This has led to the realization of high enantio-induction
in some representative catalytic organic transforma-
tions.2 However, as electron-rich phosphines are easily
oxidized in air, they must be stored in a protected form,
such as a phosphine–borane complex. This has com-
pelled researchers to perform a complicated deprotection
process prior to the use of these phosphines.1,3,4 There-
fore, the development of effective protecting groups for
the electron-rich phosphines is one of the important sub-
jects in the field of organophosphorus chemistry.5

We report herein the preparation of new P-chiral
diphosphine ligand precursors for the transition-metal-
catalyzed asymmetric transformation. In order to pre-
pare a phosphine–borane complex that can be easily
cleaved under mild conditions, catecholborane was cho-
sen as the new candidate for the protecting group. Cate-
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cholborane exhibits weaker Lewis acidity than borane
owing to the electronic feature of the catecholate moiety.
Previously, it has been revealed that the reaction of tri-
methylphosphine with catecholborane resulted in the
formation of [bis(trimethylphosphine)]boronium bis-
(catechol)borate rather than trimethylphosphine–cate-
cholborane complex.6 According to this fact, we tried
to prepare new compounds 1 and/or 2 by the reaction
of t-Bu-BisP* with catecholborane (see Fig. 1).

The reaction sequence is shown in Scheme 1.7 Debora-
nation of phosphine–borane 3 was carried out by succes-
sive treatments with trifluoromethanesulfonic acid and
aqueous sodium hydroxide. The obtained free
diphosphine 4 was mixed with 2equiv of catecholborane
in THF at 50 �C. The reaction was completed within 12h
and the product was obtained as a white powder. 11B
NMR measurement revealed that there were two
different signals at �58.0 and �4.9ppm, implying the
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Figure 1. Two possible products obtained in the reaction of cate-

cholborane and t-Bu-BisP*.
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Scheme 1. Reaction of t-Bu-BisP* with catecholborane.

Table 1. Rh-catalyzed asymmetric hydrogenation of methyl acetam-

idocinnamate with P-chiral dihydroboronium salt 2a

COOMe

NHAc
Ph

COOMe

NHAc
Ph

H2 (2 atm)
[Rh(nbd)2]BF4 (1 mol%)

2 (0.5 mol%)
solvent, rt, 18 h

Entry Solvent Conv./%b ee/%c

1 MeOH 98 90

2 EtOH 99 83

3 i-PrOH >99 84

4 EtOAc 54 94

5 CH2Cl2 50 86

6 THF 14 94

7 MeCN 10 —

8 Toluene Trace —

aAll reactions were carried out in methanol with 1mol% of

[Rh(nbd)2]BF4, 0.5mol% of 2 under 2atm of H2 pressure at room

temperature.
b Determined by 1H NMR.
c Determined by chiral GC analysis.
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Scheme 3. A proposed pathway of the in situ deprotection of

dihydroboronium salts.
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formation of dihydroboronium salt 2. This cyclic struc-
ture was also supported by FAB-MS measurement that
afforded a strong signal at m/z = 247, which was
assigned to [BisP* + BH2]

+, and was unequivocally
determined by single crystal X-ray analysis.

Figure 2 shows an ORTEP drawing of 2.8 It was
revealed that one of the phosphorus–boron bonds
(1.97Å) was considerably longer than that of nor-
mal phosphine–borane complexes (1.90–1.93Å). The
expanded P–B bond is expected to be cleaved under mild
conditions. This contrasts the fact that the P–B bond of
the acyclic dihydro(diphosphine)boronium ion is shorter
than that of the corresponding monophosphine–borane
complex.6,9 The five-membered ring structure may have
affected the length of the P–B bond.

Dihydroboronium derivatives of t-Bu-BisP* with differ-
ent counter anions were also prepared, as shown in
Scheme 2. The reaction of BisP* with BH2Br afforded
the boronium salt possessing a bromide ion, which
was then converted into other counter anions by treat-
ment with the corresponding silver salts. It was observed
that boronium salts 5–8 were sufficiently stable even
when exposed to air or moisture.
Figure 2. X-ray structure of 2. All hydrogen atoms are omitted for

clarity.

: 6X = BF4
PF6
OTf

: 7
: 8

P Pt-Bu
Me t-Bu

Me

H2
B • Br–

+

P Pt-Bu
Me t-Bu

Me

P Pt-Bu
Me t-Bu

Me

H2
B • X–

+

5

AgX, CH2Cl2

BH2Br·SMe2

THF, rt, 5 h

rt, 3 h

Scheme 2. Preparation of dihydroboronium salts 5–8.
In order to investigate the applicability of the P-chiral
boronium salt 2 as a convenient chiral phosphine ligand
precursor, we used it in the Rh-catalyzed asymmetric
hydrogenation of olefins.10,11 First, the hydrogenation
of methyl (Z)-acetamidocinnamate was carried out in
various solvents, and the results are shown in Table 1.
Previously, we reported that hydrogenation of the same
substrate by the use of [Rh(t-Bu-BisP*)(nbd)]BF4 was
completed within 1h to give the product with 99.9%
ee.1a Although the direct use of 2 afforded lower reacti-
vity and enantioselectivity than the use of Rh–BisP*
complex, more than 80% of enantioselectivity was observed
in most cases. In alcohols, in particular, an almost quanti-
tative yield of the hydrogenation product was obtained
in 83% or higher enantioselectivity (entries 1–3). Ethyl
acetate and dichloromethane also gave the hydrogena-
tion product with high enantiomeric excess in moderate
yields (entries 4 and 5). Tetrahydrofuran exhibited high
enantioselectivity although the yield remained low
(entry 6). On the other hand, acetonitrile and toluene
were not effective for this system (entries 7 and 8). A
protic solvent may promote the deboranation, according
to the reaction depicted in Scheme 3 where the liberated
t-Bu-BisP* rapidly coordinates to Rh and participates in
the catalytic cycle.

Further investigation was carried out in the presence of
additives, and the results are listed in Table 2. Enhanced



Table 2. Effect of additives on Rh-catalyzed asymmetric hydrogena-

tion of methyl acetamidocinnamate with 2a

Entry Additive Reaction time/h Conv./%b ee/%c

1 None 3 28 77

2 None 18 98 90

3d AcOH 3 51 91

4d Catecholborane 3 29 84

5 Et3N 18 78 47

a All reactions were carried out in methanol with 1mol% of

[Rh(nbd)2]BF4, 1mol% of 2 under 2atm of H2 pressure at room

temperature.
b Determined by 1H NMR.
cDetermined by chiral GC analysis.
d [Rh(nbd)2]BF4 (0.4mol%) and 0.5mol% of 2 were used.
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reactivity was observed in the presence of acetic acid
whereas only a small change was induced by the addi-
tion of catecholborane (entries 3 and 4). This may indi-
cate that the release of free ligand from the
dihydroboronium ion is promoted by the presence of a
Brønsted acid. On the other hand, the addition of trieth-
ylamine led to decrease in the chemical yield and the
enantioselectivity (entry 5).

Finally, dihydroboronium salts 5–8 were employed in
the hydrogenation reaction, and the results are summa-
rized in Table 3. In each case, low conversion was
observed in the absence of any additives. However, the
reactivity was improved by the addition of catechol.
Particularly in the case of the triflate salt, a 5-fold
increase in the conversion was observed (entry 8).
Similar increases in the chemical yield and the stereo-
selectivity were observed when sodium phenoxide was
used as the additive (entry 9). The addition of catechol
or phenoxide anion may have caused the release of free
t-Bu-BisP* and the subsequent construction of a chiral
Rh catalyst.

In conclusion, P-chiral dihydroboronium salt 2 was pre-
pared from t-Bu-BisP* and catecholborane. The salt
could be handled and stored in air, and directly applied
Table 3. Rh-catalyzed asymmetric hydrogenation of methyl acetam-

idocinnamate with dihydroboronium salts 5–8a

Entry Diphosphine–borane Catecholb Conv./%c ee/%d

1 5 � 12 60

2 5 + 27 92

3 6 � 20 77

4 6 + 47 86

5 7 � 25 86

6 7 + 56 79

7 8 � 17 91

8 8 + 83 88

9 8 +e 95 89

a All reactions were carried out in methanol with 0.5mol% of

[Rh(nbd)2]BF4 and 0.6mol% of 5–8 under 2atm of H2 pressure at

room temperature for 18h.
b 0.6mol%.
c Determined by 1H NMR.
dDetermined by chiral GC analysis.
e Sodium phenoxide (0.6mol%) was added instead of catechol.
to the Rh-catalyzed asymmetric hydrogenation of
methyl (Z)-acetamidocinnamate as a chiral diphosphine
ligand precursor. It was revealed that the boronium salt
was in situ converted into the Rh-t-Bu-BisP* complex to
catalyze the hydrogenation reaction in high
enantioselectivity.
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