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Asymmetric semipinacol rearrangement of
2,3-allenols with N-bromo-1,8-naphthalimide†

Binjie Guo, Chunling Fu* and Shengming Ma*

A method using quinidine and optically active binol-derived phos-

phoric acid as a cocatalyst to catalyze the asymmetric semipinacol

rearrangement of 2,3-allenols forming optically active 3-bromo-3-

enals that contain an all-carbon quaternary stereocenter has been

developed. After some further treatments, the products with practical

enantiomeric purity could be prepared.

One of the most challenging topics in modern organic synthesis is
asymmetric construction of chiral quaternary all-carbon stereocen-
ters, and it has always been in high demand for the development
of synthetic methodologies.1 In our previous work,2 we showed
that 3-halo-3-enals or 2-halo-2-alkenyl ketones that contain an
a-quaternary all carbon stereocenter may be formed by the electro-
philic addition/1,2-shift of 2,3-allenols with X+ (X = Br, I). We
hypothesized that the semipinacol rearrangement of allenols could
also be asymmetrically catalyzed to afford chiral 3-halo-3-enals that
contain a quaternary all-carbon stereocenter3,4 (Scheme 1).

In our initial study, 1-(4-methoxylphenyl)-2-butyl-2,3-allenol 1a
was used as a model substrate with N-bromo-1,8-naphthalimide 25

as X+ sources. We chose the commonly used cinchona alkaloid
derivatives, such as (DHQD)2PYR, (DHQD)2PHAL, (DHQD)2PYDZ
and (DHQD)2AQN6 as catalysts. But to our disappointment, only
very low enantiomeric selectivity (o10% ee) was observed (Table 1,
entries 1–4). Then, we just used the simplest quinidine as

the catalyst. And to our delight, the enantioselectivity was increased
to 21% ee with a yield of 79% (Table 1, entry 5). According to the
literature, the use of chiral phosphoric acid as a cocatalyst may
dramatically enhance the stereochemical control of cinchona alkaloid
derivatives.7 So (R)-(�)-1,10-binaphthyl-2,20-diyl hydrogen phosphate
(R-4a) was added as a cocatalyst. In fact, the enantiomeric excess was
improved to 37% ee with a yield of 81% (Table 1, entry 6). What’s
more, R-4a only gave racemic 3a in the absence of quinidine (Table 1,
entry 7). Quinine in the presence of S-acid (S-4a) gave a yield of 92%
and �30% ee (Table 1, entry 8).

Then, other chiral-binol-derived phosphoric acids were examined.
As we can see, when iodo-substituted acid (4b) was used, the ee value
could be improved to 50% (Table 2, entry 1). A much better ee of 72%
was achieved when phenyl-substituted acid (4c) was used (Table 2,
entry 2). Further optimization on the phenyl group, such as the bulky
t-butyl group (4d), the electron-donating group (4-MeO (4e), 4-Me (4f)),
the electron-withdrawing group (4-CF3, 4g) and 4-phenyl (4h)

Scheme 1 Asymmetric semipinacol rearrangement of 2,3-allenols.

Table 1 Optimization of the asymmetric reaction between allenol 1a and 2a

Entry Catalyst Acid t (h)
Isolated yield
of R-3a (%)

ee of R-3ab

(%)

1 (DHQD)2PYR — 7 71 �8
2 (DHQD)2PHAL — 17 80 7
3 (DHQD)2PYDZ — 13.5 82 5
4 (DHQD)2AQN — 14.7 60 6
5 Quinidine (20%) — 12 79 21
6 Quinidine (20%) (R)-4a 2.3 81 37
7 — (R)-4a 26 53 0
8 Quinine (20%) (S)-4a 11 92 �30

a All reactions were performed with 0.1 mmol of 1a in 2 mL of toluene
unless otherwise noted. b Determined by HPLC analysis using a chiral
stationary phase.
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gave no better results (Table 2, entries 3–7). When the 2-naphthyl
(4i) or the 9-anthryl (4j) group was introduced instead of the phenyl
group, we observed 53% ee and 30% ee, respectively (Table 2,
entries 8 and 9). When the styryl (4k) group was introduced, the ee
value dropped to 48% with a yield of 75% (Table 2, entry 10).
Alcohols have been used as additives in some reports,3g due to the
possible formation of the hydrogen bond enhancing the stereo-
selectivity of the catalyst. To our delight, we found that the addition
of 10 mol% of MeOH could slightly improve the ee value to 74%
and gave a yield of 82% even with 15 mol% of quinidine and
5 mol% of R-phenyl-acid (4c) (Table 1, entry 11). Other conditions
such as solvent effect, temperature, the ratio of catalysts, additives
and X+ sources have also been screened (see ESI†), but no better
results were achieved.

With the optimized reaction conditions in hand, we studied the
scope of this reaction with the typical results summarized in Table 3.
Allenols with alkyl groups on the 2-position mostly gave an ee value
over 70%. For example, when the ethyl group (1b) was introduced,
3b was produced with a yield of 77% and 77% ee (Table 3, entry 2).
Propyl (1c), pentyl (1d), hexyl (1e) and decyl (1f) substituted allenols
gave 83–87% yields and 72–77% ee (Table 3, entries 3–6). For
secondary alkyl groups, probably due to the steric effect, iso-propyl
(1g) and cyclohexyl (1h) substituted allenols gave the products with
lower ee values of 66% and 64%, respectively (Table 3, entries 7 and 8).
To our delight, when the allyl group (1i) was introduced, 3i was
afforded with a yield of 78% and 76% ee: no reaction occurred to the
allylic CQC bond (Table 3, entry 9). When the benzyl group (1j) was
introduced, 3j was afforded with a yield of 75% and 78% ee (Table 3,
entry 10), while 2-(3-phenylpropyl) substituted enal (3k) was afforded

with a yield of 80% and 71% ee (Table 3, entry 11). Interestingly, it was
observed that with the parent phenyl (1l) group, the result was rather
poor with only 8% ee of 3l (Table 3, entry 12).

It is interesting to observe that the electronic nature of the
aryl group may also influence the enantioselectivity of the reaction:
1-(4-ethoxyl)phenyl substituted allenol (1m) gave almost the same
results: 80% yield and 73% ee (Table 4, entry 1); allenol 1n with the
3,4-methylenedioxyphenyl group on the 1-position gave a yield of
65% and a little lower 62% ee (Table 4, entry 2); it is worth noting
that a heteroaryl such as 2-thienyl substituted allenol 1o may also
afford the product in 73% yield and 68% ee under the standard
reaction conditions (Table 4, entry 3). However, when the aryl group
was replaced with the 4-MeC6H4 (1q) group, both the yield and ee of
the products dropped (Table 4, entry 5).

Table 2 Optimization of the asymmetric semipinacol rearrangement of
allenol 1aa

Entry R t (h) Yield of R-3ab (%) ee of R-3ac (%)

1 I (4b) 11.5 81 50
2 Ph (4c) 12.3 80 72
3 4-t-BuC6H4 (4d) 3.8 85 59
4 4-MeOC6H4 (4e) 3.7 88 33
5 4-MeC6H4 (4f) 4.8 76 59
6 4-CF3C6H4 (4g) 16 75 60
7 4-PhC6H4 (4h) 13 89 43
8 2-Naphthyl (4i) 3.7 88 53
9 9-Anthryl (4j) 4.3 81 30
10 Styryl (4k) 11 75 48
11d Ph (4c) 3 82 74
12d,e Ph (4c) 2.7 73 27
13d,f Ph (4c) 1 68 8
14d,g Ph (4c) 25 B75 53

a All reactions were performed with 0.1 mmol of 1a in 2 mL of toluene
unless otherwise noted. b Yield of an isolated product. c Determined by
HPLC analysis using a chiral stationary phase. d 15 mol% of quinidine,
5 mol% of 4c and 10 mol% of MeOH were used. e NBS was used instead
of 2. f 1,3-Dibromohydantoin was used instead of 2. g The reaction was
conducted at �30 1C.

Table 3 The scope of the asymmetric semipinacol rearrangement of allenola

Entry R t (h) Yield of R-3b (%) ee of R-3c (%)

1 n-Bu (1a) 3.2 75 (3a) 75
2 Et (1b) 2.5 77 (3b) 77
3 n-C3H7 (1c) 3 83 (3c) 77
4 n-C5H11 (1d) 4.2 87 (3d) 73
5 n-C6H13 (1e) 2.5 85 (3e) 72
6 n-C10H21 (1f) 4 83 (3f) 73
7 i-Pr (1g) 3 70 (3g) 66
8 c-C6H11 (1h) 3 98 (3h) 64
9 Allyl (1i) 3 78 (3i) 76
10 Bn (1j) 11.5 75 (3j) 78
11 Ph(CH2)3 (1k) 3 80 (3k) 71
12d Ph (1l) 3 59 (3l) 8

a All reactions were performed with 0.5 mmol of 1 in 10 mL of toluene
unless otherwise noted. b Yield of an isolated product. c Determined by
HPLC analysis using a chiral stationary phase. d The reaction was
conducted on a 0.2 mmol scale of 1l.

Table 4 The scope of the asymmetric semipinacol rearrangement of allenola

Entry Ar R t (h)
Yield of
R-3b (%)

ee of
R-3c (%)

1 4-EtOC6H4 (1m) n-Bu 3.3 80 (3m) 73
2 3,4-OCH2OC6H3 (1n) n-Bu 3.3 65 (3n) 62
3 2-Thienyl (1o) n-Bu 3 73 (3o)d 68
4 3,4,5-(MeO)3C6H2 (1p) Et 16.7 61 (3p) 61
5 4-MeC6H4 (1q) n-Bu 5.5 54 (3q) 54

a All reactions were performed with 0.5 mmol of 1 in 10 mL of toluene
unless otherwise noted. b Yield of an isolated product. c Determined by
HPLC analysis using a chiral stationary phase. d The absolute configu-
ration of 3o is S according to the sequence rule.
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It is worth noting that after recrystallization8 from the solution
of CH2Cl2 and n-hexane three times, the ee value of 3k reached 99%
(17% yield). The absolute configuration of 3k was determined by
the X-ray diffraction study9 (Fig. 1). A large scale reaction of 1k
(882.5 mg, 3.0 mmol) was also conducted and the ee value of 3k
reached 94% after twice recrystallization with 40% yield (for details,
see the ESI†).

To demonstrate the practicality of this reaction, another gram-
scale reaction of 1c was further conducted. The reaction of 1c
(1.0908 g, 5.0 mmol) with 2 afforded the corresponding product 3c
(1.1428 g) with a yield of 77% and 74% ee. Further treatment of 3c
with 2,4-dinitrophenylhydrazine in the mixed solution of EtOH and
H2O catalyzed by H2SO4 (98%) gave hydrazone 5c in a yield of 92%
and 75% ee. After crystallization from the solution of CH2Cl2 and
n-hexane, the crystals (7% ee, 19% yield) were removed and
evaporation of the mother liquid gave the optically active enantio-
mer with 99% ee (72% yield), which was then dried, and sub-
sequently stirred in the solution of dioxane with concentrated
hydrochloric acid (12 M) at 50 1C for 17.7 h to afford enal R-3c
in a yield of 81% and 98% ee (Scheme 2).

In conclusion, we have developed a method using quinidine
and chiral-binol-derived phosphoric acid as a cocatalyst to catalyze
the asymmetric semipinacol rearrangement of 2,3-allenols forming
chiral 3-bromo-3-enals that contain a quaternary all-carbon
stereocenter. With further treatments, the 3-bromo-3-enals with
practical enantiomeric excess may be prepared. However, the

real identity of the catalyst has not been established. Due to the
easy availability of the allenols, the catalysts, and the potential
of the highly functionalized aldehydes, this method will be of
high interest to the community. Further study on this reaction
is being actively pursued in this laboratory.
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Fig. 1 X-ray diffraction study of R-3k.

Scheme 2 Preparation of R-3c with 98% ee.
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