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Inter- and intramolecular addition of the boron-cyanide bond of cyanoboranes across a carbon–carbon
double bond of allenes proceeded in the presence of palladium catalysts, affording allylboranes that bear
a cyano group at the b-position regioselectively.
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Increasing attention has been focused on the efficient synthesis
of functionalized organoboronic acids, which serve as useful
synthetic intermediates in the synthesis of complex organic mole-
cules.1 Recent development of a variety of transformation reactions
of organoboronic acids, such as Suzuki–Miyaura coupling,2 rho-
dium-catalyzed conjugate addition,3 and Petasis reaction,4 has en-
hanced their utilities in organic synthesis. Further development of
more efficient and convenient method for their synthesis is eagerly
desired to take full advantages of organoboronic acids as synthetic
intermediates. Of particular interest is transition-metal-catalyzed
synthesis of organoboronic acids, which may provide synthetic
routes to new organoboron compounds that are hardly accessible
by other means. Catalytic additions of boron-containing r-bonds
to carbon–carbon multiple bonds are highly attractive, since the
reactions are not only atom-economical but also allow regio- and
stereoselective introduction of additional functionalities into the or-
ganic frameworks in one step.5–8

Our recent research interest has focused on the transition me-
tal-catalyzed carboboration reactions in which carbon–carbon
bonds are formed along with the boron–carbon bonds.9–12 We
found that the boron–cyanide bonds of cyanoboranes13 are acti-
vated by palladium or nickel complexes, leading to cyanoboration
of alkynes, which offers a unique synthetic access to b-boryl-a,b-
unsaturated nitriles with high regio- and stereoselectivities.10

These results prompted us to find a new addition reaction of
cyanoboranes to other unsaturated organic molecules. In this re-
port, we wish to describe the new synthesis of b-cyanoallylborane
derivatives by cyanoboration of allenes.

Our study was initiated with intermolecular reactions of cyano-
boranes with terminal allenes in the presence of palladium or nick-
el catalysts. After several attempts, we found that cyanoborane 1
reacted with allene 2 at 130 �C in the presence of 5 mol % of a pal-
ladium catalyst with trimethylphosphine (5 mol %), giving allylbo-
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rane products albeit in low yield (Scheme 1). Although being
insufficient in terms of yield, the addition reaction selectively
afforded (E)-b-cyanoallylborane 3 along with minor formation of
other isomers. In spite of our further trials, however, no significant
improvement of the reaction yield could be made by the modifica-
tion of the original reaction conditions. We then turned our atten-
tion to an intramolecular variant, which was found successful in
the cyanoboration of alkynes.10a

The aminocyanoboryl ether 4a was prepared by reaction of 1,1-di-
phenyl-3,4-pentadien-1-ol with cyanobis(diisopropylamino)borane.
The cyanoboryl ether 4a in toluene was heated in the presence of pal-
ladium or nickel catalysts bearing phosphine ligands. We found that
addition of the B–CN bond across the tethered allene moiety pro-
ceeded at 80 �C in the presence of a Pd/PMe3 catalyst (Table 1, entry
1).14 The addition took place in a regioselective fashion at the inter-
nal C@C bond to provide 5-membered allylborane 5a in 98% yield as
a sole product.15 It should be noted that some other ligands such as
tricyclohexylphosphine, triphenylphosphine, and 2,20-bipyridyl also
served as effective ligands in the intramolecular cyanoboration (en-
tries 2–4). We realized that a comparable yield was attained even in
the absence of ligand (entry 5). This result may indicate that the
phosphine ligands do not have strong influence on the efficiency of
the reaction. However, we found bidentate ligands such as DPPP
O
3 (26%)

Scheme 1.
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Scheme 2. A possible mechanism of Pd-catalyzed intramolecular cyanoboration of
allenes (B: B(NiPr2)). The other mechanistic possibility in which the internal C@C
bond in A inserts into the Pd–CN bond is not shown.
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Entry Metal complex Ligand Time (h) Yieldb (%)

1 Cp(p-allyl)Pd PMe3 13 98
2 Cp(p-allyl)Pd PCy3 16 85
3 Cp(p-allyl)Pd PPh3 16 99
4 Cp(p-allyl)Pd bpy 18 98
5 Cp(p-allyl)Pd — 13 95
6 Cp(p-allyl)Pd DPPP 13 13
7 Cp(p-allyl)Pd P(OMe)3 24 0
8 Ni(cod)2 PMe3 24 0

a A mixture of 1a (29 mg, 0.12 mmol), metal complex (6.0 lmol), and ligand
(6.0 lmol) was heated in toluene (0.2 mL) at 80 �C.

b NMR yield using dibenzyl ether as a standard.
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and phosphite ligands such as P(OMe)3 retarded the reaction signif-
icantly (entries 6 and 7). The combination of Ni(cod)2 and PMe3 com-
pletely failed to give the cyclization product (entry 8).

Other cyanoboryl ethers 4b–g were subjected to the cyanobora-
tion reaction in the presence of the Pd/PMe3 catalyst (Table 2).16

Cyanoboryl ethers 4b–d bearing monosubstituted allenyl groups
afforded the cyclized products 5b–d (entries 1–3). It should be
noted that the use of cyanoboryl ethers derived from tertiary alco-
hols was found to be crucial for the intramolecular cyanoboration
to proceed. Attempted reactions of cyanoboryl ethers derived from
secondary and primary alcohols resulted in no product formation.
Intramolecular cyanoboration of 4e, which carried two terminal
methyl groups at the allenyl moiety, also gave product 5e in high
yield (entry 4). In contrast, attempted cyanoboration with an alle-
nyl substrate 4f bearing a geminally disubstituted allenyl group re-
sulted in no reaction (entry 5). Cyanoboryl ether 4g derived from a
homologous allenyl alcohol gave 6-exo cyclized product 5g in good
yield (entry 6). All the cyanoboration products were found to be
thermally stable and distillable, although further purification by
silica gel chromatography was not possible due to their hydrolytic
instability.

In all cases, the intramolecular cyanoboration provided allylbor-
anes, which were formed through addition to the internal C@C
bonds of allenyl groups with C–CN bond formation at the central
carbon atoms of allenes. A possible mechanism is presumed as
follows (Scheme 2): The B–Pd bond of the borylpalladium cyanide
Table 2
Palladium-catalyzed intramolecular cyanoboration of 4a
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Entry 4 n R1,R2 R3 R4 Temp (�C) Product [yield%]b

1 4b 1 Me, Me H H 80 5b [80 (64)]
2 4c 1 Et, Et H H 80 5c [74]
3 4d 1 –(CH2)4– H H 130 5d [49]
4 4e 1 Me, Me H Me 80 5e [98 (83)]
5 4f 1 Me, Me Me H 130 — [0]
6 4g 2 Me, Me H H 130 5g [86]

a A mixture of 4, Cp(p-allyl)Pd (5 mol %), and PMe3 (5 mol %) was heated in
toluene.

b NMR yield using dibenzyl ether as a standard. Isolated yield in the parentheses.
intermediate A, which is formed through oxidative addition of the
B–CN bond to palladium(0) species, undergoes intramolecular
insertion of the internal C@C bond of the allenyl group. The termi-
nal C@C bond may hardly coordinate to palladium due to the
considerable ring strain. Insertion into either the B–Pd bond or the
Pd–CN bond followed by reductive elimination gives cyanobora-
tion product 5. In our mechanistic study on the alkyne cyanobora-
tion,10c the B–Pd bond was found much more prone to undergo
migratory insertion than the Pd–CN bond, although no decisive
evidence as to the mode of insertion was obtained for the present
cyanoboration of allenes.

The cyanoboration products have an allylborane substructure
with a cyano group at their b-positions, being expected to serve
as new b-cyanoallylation reagents. Since the products were not
easily isolable, one-pot, sequential cyanoboration/allylation was
attempted. The cyanoboration products 5a, 5c, and 5g in the crude
cyanoboration mixtures were reacted with benzaldehyde (Scheme
3). For instance, 5a gave homoallyl alcohol 6a in 83% overall yield
for the two steps. The allylboration step required 110 �C (6 h) to
complete. The enediol product 6a was obtained as a single isomer
with (E)-C@C bond, whose geometry was determined by nOe
experiments. Allylboranes 5c and 5g also provided enediols 6c
and 6g in 64% and 63% yields, respectively, with high stereoselec-
tivity for the (E)-isomers.

In summary, palladium-catalyzed cyanoboration of allenes has
been demonstrated. Although intermolecular variant was not effi-
cient, intramolecular cyanoboration of 3,4-alkadien-1-ol and 4,5-
alkadien-1-ol derivatives proceeded at their internal C@C bond,
providing b-cyanoallylboranes through 5- or 6-exo-cyclizations.
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Scheme 3. One-pot intramolecular cyanoboration/b-cyanoallylation for the syn-
thesis of diols 6.
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lylation products stereoselectively.
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