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Indium(1m)-catalyzed asymmetric alkynylation of aryl, hetero-
aryl, alkyl and alkenyl aldehydes with 2-methyl-3-butyn-2-ol as
an ethyne equivalent donor was realized, and products were
obtained in moderate to good yields (up to 97%) and high
enantioselectivities (up to 99% ee) using 2-10 mol% of catalyst.

Asymmetric alkynylation of carbonyl compounds is an efficient
and attractive reaction for constructing chiral building blocks.'
To achieve the reaction, metal acetylides are often utilized as
nucleophiles, which are prepared using greater than stoichiometric
amounts of a metal base, such as dialkyl zinc, prior to use in an
asymmetric reaction.! From an atom-economical point of view,
however, direct in situ generation of a metal acetylide species from
alkynes using a catalytic amount of the metal source is highly
desirable. To address this issue, Carreira and co-workers reported
pioneering works on the asymmetric alkynylation of aldehydes
utilizing catalytic amounts of Zn(OTf),, N-methylephedrine and
Et;N.>* More recently, a few research groups,4 including ours,’
reported asymmetric alkynylation of aldehydes using catalytic
amounts of a metal source and an amine base.

Among alkynylation reactions, the introduction of an ethyne
unit is important because of the versatility of the products,
terminal alkynes, for transformations such as Sonogashira
coupling reactions and alkylations. Although there are several
reports on the enantioselective addition of either ethyne itself or
ethyne equivalents to aldehydes utilizing stoichiometric amounts of
metal,®® examples with a rruly catalytic metal source are rare.>**°
Carreira and co-workers reported the utility of 2-methyl-3-butyn-
2-ol (1a, Fig. 1) as an ethyne equivalent donor with stoichiometric
amounts of Zn(OTf),.” The use of 2-methyl-3-butyn-2-ol (1a) is
advantageous over the use of trialkylsilylacetylenes as ethyne
equivalents because of the large cost difference.'” 1a itself gave
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Fig. 1 Structures of 2-methyl-3-butyn-2-ol 1a, TMS-protected alkyne 1b,
(S)-BINOL 2a, and 2,2'-biphenol 2b.
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good results with stoichiometric amounts of Zn(OTf), and an
amine base. In the catalytic variant, however, la itself was not
utilized and, instead, the hydroxyl group of 1a was protected with
TMS (1b, Fig. 1)* or THP.? Furthermore, asymmetric alkynyla-
tion of aromatic aldehydes with 1a or 1b using a catalytic metal
source has not been realized.!" Thus, there remains room for
improvement. Herein, we report that an indium(111)—(.S)-BINOL
(2a)-amine base system is suitable for the catalytic asymmetric
addition of unprotected 1a to various aldehydes, giving products in
up to 97% yield and 99% ee. During optimization of the reaction
conditions, we also found that bidentate biaryldiol ligands
accelerated the reaction.

We recently reported catalytic alkynylation of aldehydes and
ketones using an indium(iin-amine base system.’ Based on the
reports that indium reagents show relatively low heterophilicity in
organic synthesis compared with other organometallic reagents,'?
we hypothesized that the interaction of indium(1ir) with a hydroxyl
group may be weaker than that of zinc(i1). Therefore, indium(1ir)
would be more tolerant of nucleophiles possessing a hydroxyl
group, such as 1a. We first examined racemic reactions of aldehyde
3a with alkyne 1a. In contrast to our initial assumption, however,
the reaction proceeded barely, if at all, using various indium(Iir)
sources, such as, InBrz (2%), InCl; (1%), InF3 (0%), Inl;y (1%),
In(OTHf); (0%), In(acac); (0%), and In(OAc); (0%), with iProNEt
in DME."* The tendency was quite different from that in our
previous studies using other alkynes such as phenylacetylene and
terminal alkynes with a linear alkyl chain.® After intensive
optimization studies of the solvent, amine source, and other
reaction conditions, product 4a was obtained in 18% yield using
10 mol% of InBrz and 50 mol% of iPr,NEt in CH,Cl, at 40 °C
(Table 1, entry 1). In contrast to Zn(OTf), catalysis,> the use of
TMS-protected alkyne 1b gave even worse results (entry 2, 0%
yield). Thus, we tried to tune the indium(1in) catalyst by adding
ligands. Although various phenol derivatives, such as phenol,
4-MeO-phenol, 2,6-dimethylphenol, 2-phenylphenol, and catechol,
were not effective (Table 1, entries 3-7), the reaction proceeded
smoothly when 2,2'-biphenol (2b) was added, and product 4a was
obtained in 58% yield (entry 8). By changing the amine from
iProNEt to Cy,NMe,* the reactivity was further improved (entry 9,
72% vyield). With a chiral biaryldiol ligand, (S)-BINOL (2a), the
reaction also proceeded smoothly, and 4a was obtained in 88%
yield by prolonging the reaction time (entry 10, 39 h). The
enantioselectivity of 4a was also satisfactory (97% ee).

The substrate scope of the present reaction is summarized in
Table 2.1 The reaction proceeded smoothly using an aryl aldehyde
with an electron-withdrawing group (entry 2, 87% yield, 99% ee).
With an electron-donating substituent, the reactivity decreased
slightly, yet the product was obtained in high enantioselectivity
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Table 1 Optimization of reaction conditions
InBrsz (10 mol %) OH
0o adqitive (x mol %)
)L . \OX amine (50 mol %) py, N
Ph” "H Me  CH.Cl, 40 °C OH
Me Me
3a 1aor1b 4a Me
(2 equiv)
Entry Additive (mol%) Amine 1  Time/h Yield (%)
1 None — iPrp,NEt la 25 18
2 None — iPrp,NEt 1b 45 0
3 Phenol 20 iPr,NEt 1la 26 Trace
4 4-MeO-phenol 20 Pro,NEt 1la 26 Trace
5 2,6-Me,-phenol 20 /Pro,NEt 1a 26 Trace
6 2-Ph-phenol 20 Pr,NEt 1la 26 Trace
7 Catechol 10 iPro,NEt 1a 24 0
8 2,2'-Biphenol 2b 10 /Pr,NEt 1la 24 58
9 2,2'-Biphenol 2b 10 Cy,NMe 1la 24 72
10¢ (S)-BINOL 2a 10 Cy,NMe 1a 39 88

“ 4a was obtained in 97% ee.

Table 2 Catalytic asymmetric addition of 2-methyl-3-butyn-2-ol 1a“

InBrs (x mol %) OH
0 SN (S)-BINOL (x mol %) :
L \OH CyoNMe (5x mol %) g\
R” H * Me > S OH
Me CH.Cl,, 40 °C M
e
3 1a (2 equiv) 4 Me
Catalyst

Entry Aldehyde: R (x mol%) Time/h Yield (%) ee (%)
1 3a Ph 10 39 88 97

2 3b p-Cl-C¢Hy 10 48 87 99

3 3¢ p-MeO-C¢Hy 10 48 62 99

4 3d 2-Furyl 10 40 89 93

5 3e 3-Thiophenyl 10 41 87 99

6 3f )\/ 10 19 81 99

>

7 3g \Fz: 10 22 91 98

8 3h O}L{ 10 19 97 99

9 3i >f—{ 10 22 94 98

10 3j (E)-Cinnamyl 10 39 40 99

11”  3a Ph 5 24 88 99

12¢ 3a Ph 2 48 82 98

“ Reactions were performed using aldehyde 3 (0.40 mmol), 1a
(0.80 mmol), InBr; (0.04 mmol), (S)-BINOL (0.04 mmol), and
Cy,NMe (0.20 mmol) in CH,Cl, (2.0 M) at 40 °C unless otherwise
noted. ” Reaction was performed using aldehyde 3a (40 mmol), 1a
(80 mmol), InBr; (2.0 mmol), (S)-BINOL (2.0 mmol), Cy,NMe
(10 mmol) in CH,Cl, (4.0 M) at 40 °C. © Reaction was performed
using 3a (1.0 mmol), 1a (2.0 mmol), InBr; (0.02 mmol), (S)-BINOL
(0.02 mmol), and Cy,NMe (0.10 mmol) in dichloroethane (10 M) at
80 °C.

(entry 3, 62% yield, 99% ee). Heteroaromatic aldehydes also
afforded products in good yield and ee (entries 4 and 5). Various
aliphatic aldehydes were also applicable to the present system;
a-non-substituted (entry 6), a-substituted (entries 7 and 8), and
a,o-disubstituted (entry 9) aldehydes gave the products in good
yields and high enantioselectivities (entries 6-9: 81-97% yield and

K>CO3 (40 mol %)

QSi(’PrJ3 18-crown-6 QSi('Pr)3
: 16 mol %) ~
Ph _(6mol%) _  pp
N__oH MS 5A N
5a Me  xylenes, reflux 6a
Me 76% yield

Scheme 1 Removal of the protecting group to give terminal alkyne 6a.

98-99% ee). a,B-Unsaturated aldehyde 3j gave only a modest yield
under standard reaction conditions, albeit in high ee (entry 10, 40%
yield, 99% ee). Trials to reduce the catalyst loading are summarized
in entries 11 and 12. The reaction proceeded without difficulty with
5 mol% catalyst (entry 11). In entry 11, 10 mL of solvent was used
in a 40 mmol scale reaction (4.0 M), affording 6.7 g of 4a (88%
yield) in 99% ee. The high volumetric productivity is noteworthy.
With 2 mol% catalyst, and by performing the reaction at 80 °C in
dichloroethane under highly concentrated conditions (10 M), 4a
was obtained in 82% yield, while maintaining high ee (entry 12,
98% ee). Removal of the acetone moiety was demonstrated under
the reported conditions,”!® with slight modification (Scheme 1).
Treatment of TIPS-protected product 5a with 40 mol% of K,CO3
and 16 mol% of 18-crown-6 in the presence of MS 5 A in refluxing
xylenes afforded product 6a in 76% yield. The use of MS 5 A had
beneficial effects, improving the isolated yield of 6a when using
substoichiometric amounts of K,COs.

In the present reaction using alkyne 1la, drastic ligand
acceleration was observed (Table 1). This observation was quite
different from those of our previous studies using the same indium
catalysis and other alkynes.'® We speculate that the unexpected
low reactivity encountered using alkynes 1a and 1b in the racemic
system (Table 1, entries 1 and 2) is due to the steric bulkiness of
alkynes 1a and 1b, rather than to adverse effects of the hydroxyl
group of la. For efficient in situ deprotonation of alkynes with
amine bases, activation of the alkyne with m-acidic indium(I1r) is
important (Scheme 2).!” The bulky substituent (R = —C(OH)Me)
in 1a would prevent efficient coordination of 1a to the In(IIT) metal
center. The results shown in Table 1 suggested that the com-
plexation of indium(iir) with a bidentate biaryldiol ligand was
important (entries 3-7 vs. entry 8). An InBr;-BINOL complex was
observed when analyzing the mixture of InBr;, (S)-BINOL, and
aldehyde 3a with ESI-MS.'®+ Although it is difficult to discuss
precisely the structures and differences in steric factors of
indium(I11) complexes with or without ligands at the current stage
of studies,' we speculate that the bidentate complexation with
biaryldiol ligands, such as 2,2’-biphenol (2b) and BINOL 2a,
would change the steric factor around the indium metal center,
thereby enabling efficient coordination of sterically-hindered 1a to
n-acidic indium. Further mechanistic studies to elucidate the
structure of the InBr;-BINOL complex are ongoing.

In summary, we realized a catalytic asymmetric addition of
ethyne equivalent la in a free-OH form. The chiral propargyl
alcohols were obtained from various aryl, heteroaryl, alkyl, and

InX3
In(I11)X3 !

=R —— ==R

amine

—_—

Xoln——R
+
amine*HX

Scheme 2 Postulated mechanism for in situ generation of indium
acetylide from alkynes.

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 948-950 | 949



alkenyl aldehydes in moderate to good yields (40-97%) and high
enantioselectivities (93-99% ee) using catalytic amounts of InBrj,
BINOL, and Cy,NMe. Catalyst loading was successfully reduced
to 2-10 mol%. Biaryldiol ligands 2a and 2b accelerated the present
reaction.

This work was supported by a Grant-in-Aid for Specially
Promoted Research from MEXT. SH and RT are grateful to JSPS
Fellowships for Young Scientists.
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In the original report (ref. 7a, Carreira and co-workers), 6a was obtained
in good yield using 1 equiv. of K,CO; under a stream of nitrogen in
toluene at reflux, without using MS 5 A. In our hands, a higher reaction
temperature (xylenes, reflux, under Ar) and MS 5 A were required to
obtain the product in good yield.

With other alkynes, such as phenylacetylene and terminal alkynes with a
linear alkyl chain, both the racemic system and the chiral In(1i1-BINOL
system worked nicely. See ref. 5a and 5b. In contrast, with 1a, a large
difference in reactivity was observed.

For mechanistic studies on in sifu generation of metal acetylides, see
ref. 2b and Sa.

Although an In : BINOL 1 : 1 complex was observed under ESI-MS
analysis conditions, the possibility that a dimeric complex (In : BINOL
2 : 2 complex) or other oligomeric complexes are active species cannot
be ruled out at the present stage of the studies because a strong positive
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containing two BINOL units for one indium(Ill) was also observed.
Further mechanistic studies to elucidate the structure of the active
species are ongoing.
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bidentate ligands cannot be ruled out. For the crystal structure of
indium(111) bromide, see: (a) T. Staffel and G. Meyer, Z. Anorg. Allg.
Chem., 1988, 563, 27. See also: (b) D. H. Templeton and G. F. Carter,
J. Phys. Chem., 1954, 58, 940.
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