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ABSTRACT

Enantioselective hydroboration of racemic allenylboronate (()-1 with 0.48 equiv of (dIpc)2BH at�25 �C proceeds with efficient kinetic resolution
and provides allylborane (R)-Z-4. When heated to 95 �C, allylborane (R)-Z-4 isomerizes to the thermodynamically more stable allylborane isomer
(S)-E-7. Subsequent allylboration of aldehydes with (R)-Z-4 or (S)-E-7 at�78 �C followed by oxidative workup provides 1,2-syn- or 1,2-anti-diols, 2
or 3, respectively, in 87�94% ee.

Asymmetric synthesis of chiral, nonracemicmolecules is
amajor objective of current research in organic chemistry.1

Because it is generally easier and more cost-effective to
synthesize racemic compounds rather than to perform an
enantioselective synthesis, resolution of racemates remains
a valuable tool to access highly enantiomerically enriched
compounds, especially for the synthesis of ligands or
reagents needed for enantioselective synthetic methods.
Among many available resolution strategies, kinetic reso-
lution of a racemic starting material is a well-established
approach.2 By taking advantage of the different rates of
reaction of each enantiomer of a racemate with a chiral,

nonracemic reagent or catalyst, kinetic resolution enables
partial or complete separation of the racemate and allows
access to a variety of highly enantiomerically enriched
molecules. As part of ongoing studies to expand the scope
of the double allylboration chemistry developed in our
laboratory,3 we describe here the diastereo- and enantio-
selective synthesis of (E)-2-methyl-1,2-syn- and (E)-2-
methyl-1,2-anti-3-pentenediols via the efficient kinetic res-
olution of racemic allenylboronate (()-14 with (dIpc)2BH.
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The enantioselective hydroboration of allenes has re-
ceived remarkably little attention until recently.5,6 Caserio
and Moore documented low levels of enantioselectivity
in attempts to accomplish the kinetic resolution of 2,3-
pentadiene via hydroboration with diisopinocampheyl-
borane [(Ipc)2BH].5 More recently, we demonstrated the
remarkable, highly enantioselective and enantioconver-
gent hydroboration of racemic 1-stannyl-1,2-butadiene
by using (dIpc)2BH.6 The latter study prompted us to
explore more broadly the enantioselective hydroboration
of racemic allenes.
In an initial experiment (Scheme 1a), the enantiomeri-

cally enriched allenylboronate (M)-14 (1 equiv, 95% ee)
was treatedwith (dIpc)2BH (1 equiv) at�25 �C followedby
addition of hydrocinnamaldehyde at �78 �C and subse-
quent oxidative workup. This reaction provided the 1,2-

syn-diol 2a in 88% yield with >20:1 diastereoselectivity
and >95% ee. In contrast, when (M)-1 was treated with
(lIpc)2BH (1 equiv) at �25 �C under otherwise identical
conditions, a 1:1 mixture of 1,2-syn-diol 2a (49% ee) and
1,2-anti-diol 3a (81% ee) was obtained in 12% combined
yield (Scheme 1b).
It is apparent from the data in Scheme 1 that the hydro-

boration of enantioenriched allene (M)-1with (dIpc)2BH is
most probably a matched double asymmetric reaction,
while the hydroboration of (M)-1with (lIpc)2BH is likely a
mismatched case.7 It is also apparent that the rates of the
hydroboration reactions of allenylboronate (M)-1 with
(dIpc)2BH and (lIpc)2BH are quite different. These data
suggested that it might be possible to effect the enantiose-
lective hydroboration of racemic allenylboronate (()-1 in

a kinetic resolution manifold to access enantioenriched
1,2-syn-diols 2. Gratifyingly, treatment of allene (()-1 (2.1
equiv) with (dIpc)2BH (1 equiv) at�25 �C for 5 h followed
by the addition of hydrocinnamaldehyde (0.8 equiv) at
�78 �C provided the 1,2-syn-diol 2a in 75% yield with >
20:1 diastereoselectivity and 90% ee after oxidation (entry
1, Table 1). Compared to the results in Scheme 1a, the
erosion of the enantioselectivity (90% vs >95% ee) is
likely due to involvement of minor amounts of allylbor-
anes deriving from the mismatched hydroboration of
allene (P)-1 with (dIpc)2BH. The conditions developed
for the synthesis of 2a were then applied to a variety of
aldehydes; 1,2-syn-diols 2b�e were obtained in 63�75%
yield with g10:1 diastereoselectivity and 90�94% ee
(entries 3�6, Table 1). The absolute stereochemistry of the
secondary hydroxyl groups of 2a�e was assigned by using
the modified Mosher ester analysis.8 The syn stereochem-
istry of 2awas assigned by the 1HNOE studies of a derived
acetonide derivative (see Supporting Information (SI)).

Consistent with our previous studies of allene hydro-
boration,6,11 the results in Table 1 suggest that hydrobora-
tion of allenylboronate (M)-1 with (dIpc)2BH at �25 �C
proceeds via TS-1 to produce the γ-boryl-(Z)-allylborane
(R)-Z-4 (Scheme 2). Allylboration of aldehydes with (R)-
Z-4 at �78 �C then provides boronate intermediate 5 via
the chairlike transition state TS-2.9 Compared to dialkyl-
allylborane (R)-Z-4, the remaining allenylboronate (P)-1

Scheme 1. Initial Hydroboration�Allylboration Studies

Table 1. Synthesis of 2-Methyl-1,2-syn-diols 2 via Kinetically
Controlled Hydroboration of (()-1a

entry RCHO product yield ds % eeb

1 Ph(CH2)2CHO 2a 75% >20:1 90

2 Ph(CH2)2CHOc ent-2a 82% >20:1 90

3 BnO(CH2)2CHO 2b 72% >20:1 90

4 PhCHO 2c 63% >20:1 93

5 CyCHO 2d 73% >20:1 94

6 PhCHdCHCHO 2e 74% 10:1 92

aReactions were performed by treating (()-1 (0.87 mmol, 2.1 equiv)
with (dIpc)2BH (1.0 equiv) in toluene at �25 �C for 5 h, followed by
addition of RCHO (0.8 equiv) at�78 �C. The mixture was then allowed
to stir at �78 �C for 4 h. The reactions were subjected to a standard
workup (NaOH, H2O2) at 0 �C prior to product isolation. bDetermined
by Mosher ester analysis.8 c (lIpc)2BH was used.
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and boronate intermediate 5 are much less reactive toward
aldehyde addition. Therefore, products deriving from
reactions of these intermediates with aldehydes were not
observed. Subsequent oxidation of 5 under standard con-
ditions gives the isolated 1,2-syn-diols 2.

It has been demonstrated11a that the kinetically gener-
ated γ-boryl-(Z)-allylboranes isomerize to the thermody-
namically more stable γ-boryl-(E)-allylboranes via re-
versible 1,3-boratropic shifts.10,11 Accordingly, we antici-
pated that allylborane (S)-E-7 could be obtained from
(R)-Z-4 under thermodynamically controlled isomeriza-
tion conditions, which would permit access to 1,2-anti-
diols 3. Indeed, when the hydroboration of allenylboro-
nate (()-1with (dIpc)2BHwas performed at�25 �C for 5 h
followed by heating the solution of (R)-Z-4 at 95 �C for
1.5 h and treatment of the resulting allylboranewith hydro-
cinnamaldehyde at�78 �C, a 1:7mixture of 1,2-syn-diol 2a
and 1,2-anti-diol 3a (87% ee) was obtained in 89% com-
bined yield after oxidative workup. Similar results were
obtained when the isomerization was carried out at
higher temperatures. The hydroboration�isomerization�
allylboration reaction sequence was applied to a variety of
aldehydes (Table 2); 1,2-anti-diols 3b�f were obtained in
52�87%yieldwith synthetically useful diastereoselectivity
(dsg 6:1) and 87�92%ee.The absolute stereochemistry of
the secondary hydroxyl group of 3a�f was assigned by
using the modifiedMosher ester analysis.8 The anti stereo-
chemistry of 3a was assigned by 1H NOE studies of the
derived acetonide derivative (see SI).
As illustrated in Scheme 3, we postulate that kinetic

hydroboration of allenylboronate (M)-1 with (dIpc)2BH
at �25 �C initially generates allylborane (R)-Z-4, which

isomerizes at 95 �C to the thermodynamically more stable
allylborane (S)-E-7 via the intermediacy of the 1,1-diboryl
species 6. Allylboration of aldehydes with (S)-E-7 at
�78 �C proceeds via the chairlike transition state TS-3 to
give the boronate 8. Subsequent oxidation of 8 gives 1,2-
anti-diols 3. Based on these considerations, it is readily
apparent that the absolute configuration of the secondary
alcohol of 3 is controlled by theR-boryl stereocenter of (S)-
E-7, since the re-face addition to the aldehyde in TS-3 is
opposite to that expected based on the known enantio-
selectivity of the (dIpc)2B- unit.12 By comparison, the
relative disposition of the aldehyde and the crotyl unit of

Scheme 2. Proposed Kinetic Hydroboration of (M)-1 and
Allylboration of (R)-Z-4 with Aldehydes

Table 2. Synthesis of 2-Methyl-1,2-anti-diols 3 via Thermody-
namically Controlled Hydroboration of (()-1a

entry RCHO product yieldb ds % eec

1 Ph(CH2)2CHO 3a 89% 1:7 87

2 BnOCH2CHO 3b 52% 1:7 90

3 BnO(CH2)2CHO 3c 84% 1:10 92

4 PhCHO 3d 80% 1:10 88

5 CyCHO 3e 87% 1:6 90

6 PhCHdCHCHO 3f 86% 1:15 87

aReactions were performed by treating (()-1 (0.44 mmol, 2.1 equiv)
with (dIpc)2BH (1.0 equiv) in toluene at�25 �C for 5 h and heating at 95 �C
for 1.5 h, followed by the addition of RCHO (0.8 equiv) at �78 �C.
The mixture was then allowed to stir at �78 �C for 4 h. The reactions
were subjected to a standard workup (NaOH, H2O2) at 0 �C prior to
product isolation. bCombined yield of 2 and 3. cDetermined byMosher
ester analysis.8

Scheme 3. Proposed Thermodynamically Controlled Isomeri-
zation and Allylboration of (S)-E-7 with Aldehydes
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(S)-E-7 in the competing transition stateTS-4 is consistent
with asymmetric induction derived from the (dIpc)2B-
unit;12 however, significant A1,3 interactions13 develop
between the two methyl groups of the crotyl unit (shown
in red in TS-4). We conclude that the unfavorable A1,3

interaction in TS-4 is sufficiently large to override the
enantioselectivity of the (dIpc)2B- auxiliary.
Themismatched hydroboration reaction of allenylboro-

nate (M)-1 with (lIpc)2BH (Scheme 1b) must generate
two diastereomeric allylboranes (R)-Z-9 and (S)-E-10, in
order to explain the formation of a mixture of alcohols 2
and 3 in 12% yield (Scheme 4). The low efficiency is
presumably due to the fact that the hydroboration path-

ways involved in these reactions are either mismatched
with the known enantioselectivity of (lIpc)2BH (as inferred
from the hydroboration of (Z)-olefins)14 or mismatched
with respect to the preference of allene hydroboration to
occur anti to bulky substituents at the distal position.10f,11

These stereochemical mismatches provide the basis to
rationalize that the rate of mismatched hydroboration of
(M)-1 with (lIpc)2BH at�25 �C is slow. This then enables
kinetic resolution to occur in the enantioselective hydro-
boration of the racemic allenylboronate (()-1 using
(dIpc)2BH at this temperature.
To obtain further evidence that a kinetic resolution

process is indeed involved in this reaction sequence, addi-
tional studies to determine the enantiomeric excess of the
remaining allenylboronate (P)-1 were carried out as sum-
marized in Scheme 5. Under kinetic hydroboration con-
ditions using 1.8 equiv of racemic 1 under conditions
described in Table 1, the enantiomeric excess of the
remaining allenylboronate (P)-1 was determined to be
79% ee (Scheme 5a). When the hydroboration was per-
formed with 2.0 equiv of racemic 1 under the thermody-
namically controlled isomerization conditions as described
in Table 2 using 2.0 equiv of racemic 1, the enantiomeric
excess of the remaining allenylboronate (P)-1 was 55% ee

(Scheme 5b). The enantiomeric purity of the remaining
allene (P)-1 in these experiments was determined by the
reaction of this species with hydrocinnamldehyde, as
described in the SI. The results presented in Scheme 5,
together with the data presented in Tables 1 and 2, support
our conclusion that an efficient kinetic resolution indeed
occurs when racemic allenylboronate 1 is treated with
0.45�0.55 equiv of (dIpc)2BH.
In summary, we demonstrate that efficient kinetic reso-

lution of racemic allenylboronate (()-1 with 0.48 equiv of
(dIpc)2BH at �25 �C provides the allylborane (R)-Z-4.
Subsequent allylboration of aldehydes with (R)-Z-4
at �78 �C followed by oxidation gives 1,2-syn-diols 2
in 63�82% yield with g10:1 diastereoselectivity and
90�94% ee. Allylborane (R)-Z-4 isomerizes to the ther-
modynamically more stable allylborane (S)-E-7 when
heated to 95 �C. Allylboration of aldehydes with (S)-E-7
provides 1,2-anti-diols 3 in 52�89% yield with syntheti-
cally useful diastereoselectivity (dsg6:1) and 87�92% ee.
Synthetic applications of this methodology will be re-
ported in due course.
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Scheme 4. Mismatched Hydroboration of (M)-1 with (lIpc)2BH

Scheme 5. Evidence in Support of a Kinetic Resolution of (()-1
with (dIpc)2BH

a

aThe enantiomeric purity and absolute configuration (P)-1 was
determined following its reaction with hydrocinnamaldehyde, as de-
scribed in the SI.
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