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Polysubstituted aromatic compounds have played an im-
portant role in the chemical and pharmaceutical industries as
well as in the fields of optical and electronic materials.
Traditionally, the regioselective construction of polysubstitut-
ed aromatic compounds has been carried out by the stepwise
introduction of substituents through electrophilic substitu-
tions.[1] More modern achievements in the regioselective
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construction of aromatic compounds include the direct ortho-
metallation,[2] transition-metal-catalyzed [2�2�2] alkyne cyc-
lizations,[3, 4] and Bergman-type[5h±i] (thermal and catalyzed)
cyclization of enediynes.[5a±g, 4] Other important methods
include the [4�2] cyclizations.[4] Recently, there has been
considerable interest in synthesizing naphthalene derivatives
and other extended aromatic systems, which are extremely
useful benzenoid compounds for biological studies and
material applications. The most important methods include
annulation via Fischer carbenes (the Dˆtz reaction)[6] and
palladium-catalyzed cyclization of alkynes with arylsilyl
triflates via highly reactive benzynes (generated in situ).[7]

Another method is based on the cyclopropane-shift type
reaction,[8] which produces naphthalene derivatives only as
by-products. Herein, we wish to report a hitherto unknown
cyclization reaction between aromatic alkynes 1 and phenyl
acetaldehydes 2 catalyzed by gallium trichloride[9] to give
naphthalene derivatives 3 with complete regioselectivity of all
substituents [Eq. (1)].

Recently, we reported a unique coupling reaction between
aromatic alkynes and aldehydes resulting in �, �-unsaturated
ketones and cyclization products. [10] In our efforts to obtain
better selectivity in the formation of either of these products,
we investigated the reaction between 1-phenyl-1-propyne
(1b) and phenylacetaldehyde (2a) in methylene chloride in
the presence of gallium trichloride (1 equiv). Surprisingly,
neither expected product was obtained. Instead, a new
product with a molecular weight of 218 (as shown by the
GC/MS analysis of the crude reaction mixture) was obtained.
Upon purification and characterization, the new product
appeared to be 1-phenyl-2-methylnaphthalene (3b) (isolated
in 41% yield). Encouraged by this result, efforts were made to
improve the yield of this novel coupling reaction (Table 1).

To begin the optimization, the effect of the amount of
catalyst on the reaction was studied. When 1-phenyl-1-
propyne (1b) was treated with phenylacetaldehyde (2a) in
dichloromethane with gallium trichloride (1 equiv), the re-
action went to completion (as was evident by the absence of
the alkyne on TLC) after stirring overnight. However, the
yield of the isolated product was only 41% (Table 1, entry 1).
A decrease in the amount of catalyst from 100 mol% to
5.8 mol% resulted in a better conversion (Table 1, entry 2).
The same effect was also observed in the reaction of 2a with
1-phenyl-1-pentyne (1d) (Table 1, entry 3). When less than
20 mol% of catalyst was used (Table 1, entries 2, 4, 6 ± 10),
although it took a relatively longer time for the alkynes to be
consumed, the reactions were cleaner and yields were better

in all cases. At room temperature, the reaction of aliphatic
alkynes with 2a and a catalytic amount of gallium trichloride

gave a complicated mixture, which is still under
investigation.

To see the effect of different solvents and
temperature on the yield, 1-phenyl-1-hexyne (1e)
was chosen as a standard as it is relatively non-
volatile and less reactive than 1b and 1d. When 1e
was treated with 2a in the presence of a catalytic
amount of gallium trichloride (5.5 mol%), 1-phe-
nyl-2-butylnaphthalene (3e) was obtained in 11%
yield together with unreacted 1e after 20 h of
stirring in dichloromethane at room temperature
(Table 1, entry 7). However, when 1e was heated

at reflux with 2a in dichloromethane with gallium trichloride
(5.5 mol%), after 20 h of stirring, the yield of 3e increased to
52% (Table 1, entry 8). Chloroform and toluene were also
examined as solvents. Both gave lower yields of the desired
product (Table 1, entries 9 and 10).

Subsequently, several aromatic alkynes were treated with
substituted and unsubstituted phenyl acetaldehydes (Table 2).
The yields of the isolated products ranged from 40 ± 70% for

Table 1. Effect of the amount of catalyst, temperature, and solvent on the
coupling reaction.

Entry 1 (X�H) 2 Catalyst Solvent T [�C] t [h] 3 Yield[a]

R1� R3� [mol%] [%]

1 b Me a H 100.0 CH2Cl2 RT 14 b 41
2 b Me a H 5.8 CH2Cl2 RT 39 b 55
3 d Pr a H 90.7 CH2Cl2 RT 36 d 26
4 d Pr a H 5.5 CH2Cl2 RT 42 d 50
5 b Me b Me 115.8 CH2Cl2 RT 36 i 12
6 a H a H 11.4 CH2Cl2 RT 38 a 45
7 e Bu a H 5.5 CH2Cl2 RT 20 e 11
8[b] e Bu a H 5.5 CH2Cl2 reflux 20 e 52
9[b,c] e Bu a H 5.5 toluene 50 13 e 41

10[b] e Bu a H 5.5 CH2Cl2 reflux 13 e 39

[a] Yields of isolated compounds. [b] The reactions were monitored by TLC and
stopped after the alkyne had been consumed. [c] The reaction mixture was
sonicated at 50 �C.

Table 2. Coupling of alkynes and carbonyl compounds to generate naphthalene
derivatives.

Entry 1 2 Catalyst t [h] 3 Yield[a]

X� R1� R2� R3� [mol%] [%]

1 a H H a H H 7.7 15 a 50
2 b H Me a H H 7.8 16 b 61
3 c H Et a H H 5.5 15 c 64
4 d H Pr a H H 6.0 21 d 62
5 e H Bu a H H 5.5 20 e 52
6 f CH3 H a H H 5.5 20 f 46
7 g Br H a H H 5.5 20 g 49
8 a H H b H Me 4.9 16 h 51
9 b H Me b H Me 13.0 24 i 70

10 h H Ph a H H 7.7 24 j 25[b]

11 a H H c H Ph 14.0 23 k 55[c]

12 d H Pr b H Me 8.6 14 l 63
13 c H Et c H Ph 12.4 19 m 68
14 a H H d Me Ph 15.3 54 n 10

[a] Yields of isolated compounds. [b] The crude reaction mixture contained a large
amount of unreacted diphenylacetylene, even after heating at reflux for 24 h.
[c] Yield at RT.
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most substrates. NMR spectroscopic and GC/MS analysis of
the other fractions obtained after column chromatography
indicated a complicated mixture whose identity could not be
determined. We believe that the rest of the starting materials
could have been lost as a result of a competing polymerization
reaction.

This gallium trichloride catalyzed coupling reaction pro-
duced a single regioisomer in all cases. This high regioselec-
tivity was further confirmed by the reaction of 1-ethynyl-
naphthalene (1 i) and 2a which gave 1,1�-binaphthalene (3o)
(a symmetric compound) as the only product [Eq. (2)].

Apparently, varying the amount of catalyst from 4 ±
15 mol% did not have any major impact on the yields
of the desired products. Substituents on the aromatic ring
of the phenyl alkynes also had no significant effect on the
yields of the isolated naphthalene derivatives (Table 2).
However, the yield was 10% lower for 1-ethynylnaph-
thalene (1 i) [eq. (2)] than for phenylacetylene (Table 2,
entry 1 ). When the R1 group of the alkyne was changed
from H to methyl, ethyl, or n-propyl, the yield increased
by about 10% (Table 2, entries 2 ± 4), whereas when it
was changed to phenyl, the yield as well as the rate of the
reaction decreased (Table 2, entry 10). When the R3

group of the aldehyde was changed from H to methyl or
phenyl, the yield increased slightly (Table 2, entries 8, 9,
11 ± 13). Phenylacetophenone (2d) was also effective
under the reaction conditions; however, the yield was
low (Table 2, entry 14) probably as a result of the
increased steric effect of the ketone relative to the
aldehyde. More interestingly, the reaction of 1-phenyl-1-
propyne (1b) with 2d generated the symmetrical tetra-
substituted naphthalene derivative 3p, albeit in very low
yield (�5%), which is still being optimized [Eq. (3)].

When 1-phenyl-1-butyne (1c) was heated at reflux with
2a and H2O (2 equiv) in dichloromethane in the presence
of catalyst CaCl3 (5 mol%), the desired product was
obtained in 65% yield. When the same reaction was

performed under relatively dry conditions under a nitrogen
atmosphere, the yield dropped to 55%. As gallium trichloride
is hydrolyzed very fast in air and the presence of water did not
decrease the yield, we believe that the active catalyst could be
gallium hydroxide dichloride. This is supported by our earlier
work on gallium trichloride mediated coupling of alkynes and
aldehydes to generate enones.[10]

Based on the results, a tentative mechanism is proposed in
Scheme 1. Gallium trichloride hydrolyzes in air to generate
the active catalyst gallium hydroxide dichloride, which
catalyzes the regioselective electrophilic addition of the

aldehyde ±Lewis acid complex to C2 of the 1-phe-
nylalkyne.[11] Intramolecular electrophilic attack of
the formed alkenyl cation to the aromatic system
followed by elimination of a proton generates the
cyclization product, which aromatizes to form the
corresponding naphthalene derivative and regen-
erates the active catalyst.

In summary, we have developed a new synthetic
strategy to generate polysubstituted naphthalene
derivatives with complete regioselectivity through

the simple coupling of alkynes and phenyl
acetaldehydes (and ketones) catalyzed by gal-
lium trichloride under mild conditions.[12] The
scope, mechanism, and synthetic applications of
this new reaction are under investigation.

Experimental Section

General procedure: Gallium trichloride (7.5 mg,
0.042 mmol, 6 mol%) was added to a solution of 1-phen-
yl-1-pentyne (1d, 101.5 mg, 0.70 mmol) and phenylacetal-
dehyde (2a, 110.9 mg, 0.92 mmol) in dichloromethane
(3.5 mL). The solution turned dark red instantaneously.
The reaction mixture was heated at reflux for 21 h. The

Scheme 1. Proposed mechanism for the formation of naphthalene derivatives.
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A New Protocol for the Enantioselective
Synthesis of Methyl-Substituted Alkanols and
Their Derivatives through a Hydroalumination/
Zirconium-Catalyzed Alkylalumination
Tandem Process**
Shouquan Huo, Ji-cheng Shi, and Ei-ichi Negishi*

We report herein a new protocol for the Zr-catalyzed
enantioselective carboalumination of alkenes[1] , which con-
sists of a hydroalumination/alkylalumination tandem process
(Scheme 1). The most noteworthy significance of the protocol
in synthetic applications is that it permits the asymmetric
synthesis of methyl-substituted alkanols and other derivatives
typically in 90 ± 93% ee, which represents an increase in ee
values by roughly 15% from the previously attainable 70 ±
80%.[1±3]

Scheme 1. Hydroalumination/Zr-catalyzed enantioselective carboalumi-
nation/hydrolysis process for the synthesis of methyl-substituted alkanols.
IBAO� isobutylaluminoxane.

The development of the protocol has critically depended on
the following recent findings. First, the primary alkyl groups
of the RCH2CH2 type (R�H or alkyl group) derived
from RCH�CH2 by in situ hydroalumination[4] with
iBu2AlH (DIBAH) can participate selectively in the Zr-
catalyzed enantioselective carboalumination; these alkyl
groups compete directly with two equivalents of the iBu
group and the isoalkyl group generated in the desired
alkylalumination. As the results summarized in Scheme 2
indicate, the reaction of n-decyldiisobutylalane (2 equiv[5])
with H2C�CH(CH2)2OTBDPS in the presence of (�)-bis-
(neomenthylindenyl)zirconium dichloride[6] (1; 5 mol%, pu-
rified single isomer) in CH2Cl2 followed by protonolysis led to
the formation of the desired product 2 in 80 ± 84% yields with
90 ± 91% ee.[7] Only traces, if any, of the isobutylaluminated
product 3 were formed. Similarly, there was no indication of
the formation of dimeric and oligomeric products. The main
byproduct was nBuOTBDPS, which must have been formed

reaction mixture was concentrated in vacuo. Subsequently, the crude
mixture was purified by column chromatography with hexane as eluent to
give 1-phenyl-2-propylnaphthalene (3d, 106 mg, 0.43 mmol, 62%).
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