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Stereospecific substitution reactions at stereogenic phospho-
rus atoms provide a variety of optically active organophos-
phorus compounds.[1] Such reactions are particularly useful
for the preparation of key intermediates for the synthesis of
P-chiral phosphine ligands.[2] We previously studied the
stereochemistry of electrophilic substitution reactions of
optically active secondary phosphinoboranes to demonstrate
the utility of such transformations for the synthesis of P-chiral
phosphine ligands.[3] Optically active phosphinoboranes with
a halogen substituent on the phosphorus atom are also
potentially useful as precursors to nonracemic organophos-
phorus compounds because they can undergo stereospecific
nucleophilic substitution reactions. Jug# and co-workers have
studied extensively the synthesis and reactivity of chloro-
phosphanylboranes for the preparation of various P-chiral
phosphine ligands,[4] whereas Stankevic and Pietrusiewicz
have described the reactivity of optically active phosphinous
acid–boranes and related substrates.[5] However, these studies
were limited to substrates with at least one aryl group on the
phosphorus atom, and the stereospecificity of the substitution
reactions was not always high. We envisaged that halophos-
phanylboranes with two different alkyl groups would react
with various nucleophiles to give substitution products that
are difficult to synthesize by existing methods.
To investigate the validity of this approach, we subjected

enantiomerically pure (S)-(tert-butylmethylphosphanyl)bor-
ane (1)[3f, 6] to deprotonation with nBuLi at �78 8C followed
by halogenation with 1,2-dibromoethane or 1,2-diiodoethane
to give the halophosphanylboranes 2a,b as crystalline solids in
high yields. These compounds, however, were configuration-
ally unstable and racemized gradually at room temperature;
hence, they were not isolated but treated directly with
organometallic reagents to give a range of substitution
products (Scheme 1).

All alkynyl lithium reagents tested reacted with 2a to give
the expected substitution product 3 in high yield and almost
exclusively with inversion of configuration (Table 1, entries 1
and 3–5).[7] Although there have been many reports on
substitution reactions at chiral phosphorus atoms,[1,2,4, 5, 8] to
our knowledge, there has been no previous example of

Scheme 1. Generation and substitution reactions of the optically active
halophosphanylboranes 2a and 2b.

Table 1: Substitution reactions of the halophosphanylboranes 2a,b.[a]

Entry 2 Reagent Product Yield [%][b] ee [%][c]

1 2a PhCCLi 3a 83 97 (S) inversion
2 2b PhCCLi 3a 12 32 (S) inversion
3 2a tBuCCLi 3b 82 98 (S) inversion
4 2a iPr3SiCCLi 3c 86 98 (S) inversion
5 2a Me3SiCCLi 3d 81 99 (S) inversion
6 2a PhMgBr 3e 28 83 (S) inversion
7 2b PhMgBr 3e 0[d] –
8 2a o-MeOC6H4MgBr 3 f 68 93 (S) inversion
9 2a nBuLi 4a 63 91 (S) retention

10 2b nBuLi 4a 79 89 (S) retention
11 2a PhCH2MgCl 4b 94 96 (S) retention
12 2b PhCH2MgCl 4b 92 93 (S) retention
13 2a 1. 2 tBuLi,

2. PhCH2Br
4b 80 99 (S) retention

[a] All reactions were carried out in diethyl ether. The reagents were
combined at �78 8C, and the reaction mixture was allowed to warm to
room temperature (see details in the Supporting Information). [b] Yield
of the isolated product. [c] The configuration of the major enantiomer is
given in parentheses. [d] (S)-tert-Butylmethylphosphanylborane was
isolated in high yield.
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stereospecific substitution by alkynyl nucleophiles. The treat-
ment of 2a with phenyl and o-methoxyphenyl Grignard
reagents under similar conditions also provided inversion
products (Table 1, entries 6 and 8). In sharp contrast, the
treatment of 2a,b with n-butyllithium and benzylmagnesium
chloride gave substitution products with retention of config-
uration (Table 1, entries 9–12).[9] This stereochemical out-
come may result from metal–halogen exchange followed by
the reaction of the phosphoranyl anion and halobutane or
benzyl halide thus generated to give 4a or 4b. In fact, the
successive treatment of 2a with tert-butyllithium (2 equiv)
and benzyl bromide resulted in the formation of (S)-4b with
99% ee (Table 1, entry 13).
Among the substitution products, we were especially

interested in alkynylated phosphinoboranes. The alkynyl
groups considered in their entirety are much larger than a
methyl group; however, the carbon–carbon triple bond
moiety is slim owing to the linearity of the arrangement of
atoms around sp-hybridized carbon atoms,[10] and these
groups seem to behave like small alkyl groups, such as the
methyl group. This idea led us to synthesize new ligands in the
form of the (S,S)-1,2-bis(alkynyl(tert-butyl)phosphanyl)-
ethanes 5a–e. Although these ligands are structurally similar

to 1,2-bis(tert-butylmethylphosphanyl)ethane (tBu-BisP*),[11]

we believed that the large difference in the steric bulk of the
tert-butyl and alkynyl groups on the stereogenic phosphorus
atom might induce outstanding enantioselectivities in tran-
sition-metal-catalyzed asymmetric reactions. Furthermore,
the electron-withdrawing nature of the alkynyl group
decreases the electron density on the phosphorus atom and
should lead to a difference in the catalytic activities of ligands
5 with respect to those observed for BisP*.
The alkynylated phosphinoboranes in hand were con-

verted into the target ligands. The deprotonation of com-
pounds 3a–c with sBuLi or tBuLi and subsequent oxidative
coupling produced compounds 6a–c, which were deprotected
to furnish the desired diphosphine ligands 5a–c. Compound
6d was formed from 6c by desilylation, and subsequent
methylation gave 6e. Finally, the deprotection of 6d and 6e
led to 5d and 5e, respectively (Scheme 2).
The enantioinduction ability of ligands 5a–e was tested in

a typical Rh-catalyzed hydrogenation reaction with methyl
(Z)-a-acetamidocinnamate (Scheme 3).[12] Ligands 5a–c with
phenyl, tert-butyl, or triisopropylsilyl groups at the alkyne
termini were found to induce relatively high enantioselectiv-
ities (88–92% ee) in the range expected for this general type
of ligand: Apparently the asymmetric reaction center is not
affected significantly by the spatial effects of the alkyne
substituents. However, almost perfect enantioselectivity was
observed when 5d and 5e were used. In the case of 5d and 5e,

the alkynyl groups (ethynyl and 1-propynyl) appear to behave
as very small substituents.
The new ligands were also tested in the Rh-catalyzed

asymmetric 1,4-addition of aryl boronic acids to a,b-unsatu-
rated carbonyl compounds (Table 2). The use of 5a and 5e in

Scheme 2. Synthesis of the alkynyl phosphine ligands 5a–e.
DABCO=1,4-diazabicyclo[2.2.2]octane.

Scheme 3. Rhodium-catalyzed hydrogenation of methyl (Z)-a-acetami-
docinnamate in the presence of ligands 5a–e. nbd=norbornadiene.

Table 2: Asymmetric 1,4-addition of aryl boronic acids to a,b-unsatu-
rated carbonyl compounds under the catalysis of RhI/5.

Entry 5 Enone Ar t [h] Yield [%][a] ee [%][b]

1[c] 5a 7 Ph 2 93 99.4 (R)
2[c,d] 5b 7 Ph 2 94 46 (R)
3[c,e] 5c 7 Ph 12 64[f ] 68 (R)
4[c,g] 5d 7 Ph 12 trace –
5 5e 7 Ph 3 91 99.1 (R)
6[c] 5a 8 Ph 2 90 91 (R)
7[c] 5a 9 Ph 2 91 97.2 (R)
8[c] 5a 7 4-CF3C6H4 2 96 96.0 (R)
9[c] 5a 7 4-MeOC6H4 2 99 98.4 (R)

10 5e 8 Ph 3 92 93 (R)
11 5e 9 Ph 3 88 98.7 (R)
12 5e 7 4-CF3C6H4 3 97 97.6 (R)
13 5e 7 4-MeOC6H4 3 97 99.5 (R)

[a] Yield of the isolated product. [b] The configuration of the major
enantiomer is given in parentheses. [c] A quantity of 1 mol% of the
catalyst was used. [d] The reaction was carried out at 50 8C. [e] The
reaction was carried out at 70 8C. [f ] 2-Cyclohexen-1-one was recovered in
31% yield. [g] The reaction was carried out at 90 8C.
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a variety of substrate–reagent combinations revealed their
exceedingly high enantioinduction ability. The addition
products were formed with 99.1% ee or higher in the best
cases (Table 2, entries 1, 5, and 13). The use of ligands 5b and
5c resulted in significantly lower selectivities (46 and 68% ee,
respectively; Table 2, entries 2 and 3), and the addition
reaction proceeded sluggishly when 5d was used (Table 2,
entry 4), probably because the terminal alkyne inhibits the
Rh-catalyzed reaction under these basic conditions. The
results obtained with 5e are comparable or superior to
those obtained with binap,[13] QuinoxP*,[3f] or tBu-BisP*.[14]

The high utility of ligands 5d and 5e was also demon-
strated in a Pd-catalyzed asymmetric ring-opening reaction,
[15] which proceeded rapidly at room temperature in the
presence of catalysts prepared from [PdCl2(cod)] and the
ligands to give the desired products in high yields and with
outstanding enantioselectivities of up to 99.9% ee (Table 3,
entries 4–6 and 9). These enantioselectivities are higher than
those observed upon the use of previously reported P-chiral
phosphine ligands (tBu-QuinoxP*: up to 97.6% ee ;[3f] Ad-
QuinoxP*: 98.5% ee ;[16] tBu-BisP*: 94% ee[17]) and are the
highest reported to date for this class of reactions.[15]

In conclusion, we found that (bromo(tert-butyl)methyl-
phosphanyl)borane undergoes stereospecific nucleophilic
substitution reactions with alkynyl lithium reagents to give
alkynylated products in high yields with excellent enantiose-
lectivities. The products were converted into the P-chiral
phosphine ligands 5a–e, which induced high to almost perfect
enantioselectivity in representative transition-metal-cata-
lyzed asymmetric reactions. These ligands, particularly 5d
and 5e, have potential for use in other asymmetric catalytic
reactions.
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