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The combined use of a catalytic amount of InX; (X = OTf and
NTf,) and 1-butanol was found to be effective in formal alkyne—
aldehyde metathesis. With this catalytic system, aromatic alkynes
reacted with aromatic aldehydes to give chalcones in moderate to
good yields. Alkynals were efficiently converted into 5- to 7-
membered cyclic compounds by intramolecular alkyne—aldehyde
coupling.

The Lewis acid-promoted coupling between alkynes and
aldehydes is known to form conjugated enones by cleavage of
the aldehyde C=0 bond and formation of new C=C and C=0
bonds (eq 1).!* The conventional methods for this formal
alkyne—aldehyde metathesis require stoichiometric Lewis
acids.!> Recent interest has been focused on catalytic alkyne—
aldehyde metathesis.® Several Lewis and Brensted acids and
transition-metal compounds have been reported to act as the
catalyst, however there is much room to develop a new, efficient
catalytic system. We herein report that the combined use of a
catalytic amount of InX; (X = OTf and NTf,) and 1-butanol
(BuOH) is effective in inter- and intramolecular coupling
between alkynes and aldehydes.*’
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We initially found that the In(OTf);-catalyzed reaction of
phenylacetylene (1a) with benzaldehyde (2a) without solvent
gave chalcone (3aa) in 35% yield. We then examined the effect
of additives on this coupling. When one equivalent of BuOH
was used, 3aa was obtained in 73% yield (Entry 1 in Table 1).6
An increased amount of 1a improved the yield.

The coupling with other aromatic aldehydes 2b and 2¢ gave
the corresponding enones 3 in moderate yields (Entries 2 and 3),
while the reaction with aliphatic aldehydes, ¢-HexCHO and
Ph(CH,),CHO, resulted in a complex mixture of products under
the same conditions. Arylalkynes 1b—1d, bearing an electron-
donating group on the benzene ring, were as reactive as la
(Entries 4-6). In contrast, arylalkyne le, bearing an electron-
withdrawing group, was much less reactive than 1b-1d
(Entry 7). Similarly 1-dodecyne was quite insensitive to 2a.
Thus electron-rich, nucleophilic alkynes showed high reactivity
toward the alkyne-aldehyde coupling. 1-Phenyl-1-propyne (1f)
was more reactive than 1a. The coupling of 1f with aromatic and
aliphatic aldehydes proceeded efficiently under catalysis by
In(OTf); (Entries 8 and 9).”

To clarify the role of In(OTf);, we examined the effect of
In(OTf); on the *C chemical shifts of 1a and 2a (Table 2).
Adding In(OTf); to a 1:1 solution of 1a and 2a in CDCl; hardly
affected the chemical shifts of the sp-carbons C(1) and C(2). In
contrast, it brought about a downfield shift of the carbonyl
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Table 1. In(Ill)-catalyzed alkyne—aldehyde coupling?®
In(OTf)3 (5 mol%) o

o) BuOH (1 equiv)
R'—=—R? + 1&%
1 RJ\H neat, 100 °C R ) R
2 0.5-2 h 3 R
Entry R! R? R Yield/ %"
1 Ph H (1a) Ph (2a) 73, 884
2 Ph H 4-MeOCg¢H4 (2b) 52, 584
3 Ph H 4-BrCgH, (2¢) 584
4 4-MeOC¢H, H (1b) Ph 78
5 4-MeCgH,4 H (1c) Ph 61
6 2-MeC¢H,4 H(1d) Ph 73
7 4-CF3C6H4 H (1 e) Ph 4
8 Ph Me (1f) Ph 98
9 Ph Me c-Hex (2d) 88

#Conditions: 1 (1.00 mmol), 2 (1.00 mmol), In(OTf); (0.05 mmol).
bIsolated yield. °E:Z = >98:2 (Entries 1-7). E:Z = 96:4 (Entry 8).
E:Z = 92:8 (Entry 9). ‘With 1.50 mmol of 1.

Table 2. '*CNMR Data for 1a and 2a in CDCl; at 25 °C?
Ph-C(1)=C(@2)—H 1a PhC(3)HO 2a

13C Chemical shifts (ppm)

Position —
No additive ~ In(OTf);>¢  In(OTf);>¢ + BuOH®
c() 83.61 83.64 83.62
CQ) 77.16 77.12 77.10
Cc®3) 192.27 192.63 193.01

?A solution of 1a (0.05mmol) and 2a (0.05mmol) in CDCl;
(0.5mL) was used for 67.7MHz '*CNMR analysis. ’In(OTf);
(0.05 mmol). °Partially dissolved. %Completely dissolved. “SBuOH
(0.25 mmol).

carbon C(3). Combined use of In(OTf); and BuOH enhanced the
downfield shift of C(3). These results suggest that In(OTf);
should serve as a Lewis acid to activate aldehydes but not as a
7t-Lewis acid to activate alkynes.®

Experiments using BuOD and deuterated phenylacetylene
(1a-d, >98%d) were also carried out to gain more mechanistic
insights. The In(OTf);-catalyzed reaction of 1a with 2a in the
presence of BuOD gave 2-deuterated chalcone (3aa-d) with 36%
D-content (eq 2). The coupling between la-d and 2a without
BuOH proceeded in low yield with a slight loss of D-content.’
Use of BuOH effectively promoted the coupling, however, the
product D-content decreased largely (eq 3). Treatment of 3aa-d
(86%d) with BuOH (1 equiv) and In(OTf); (5 mol %) at 100 °C
for 1h resulted in no erosion of the D-content. This indicates
that the D-H exchange takes place on the reaction pathway to
the metathesis product.
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Scheme 1. Plausible reaction mechanisms.

In(OT)3 (5 mol%)

BuOD (1 equiv) Q
Ph——= + 2a —_— = )
neat, 100 °C, 1 h Ph Ph
1a D
3aa-d, 72%, 36%d
In(OTf)3 (5 mol%)
Ph——bD + 2a —— > 3aa-d 3)
neat, 100 °C, 1 h
1a-d
Without BuOH: 34%, 86%d

With BUuOH (1 equiv): 64%, 53%d

The present reaction proceeds probably by two different
mechanisms, paths a and b: the former involves the action of
BuOH and the latter is promoted only by In(OTf); (Scheme 1).
In both cases, the first step is the In(OTf);-promoted addition
of an alkyne 1 to an aldehyde 2, which reversibly forms
zwitterionic intermediate A. In path a, A irreversibly reacts with
BuOH. The resultant adduct B is cyclized to oxetane C by
intramolecular proton transfer and C-O bond formation. The
ring opening of C gives the product 3. In path b, 3 is formed by
cyclization—cycloreversion of A via oxetene D. The rate-
accelerating effect of BuOH suggests that path a should be the
major path. The irreversible reaction of A with BuOH would
lead to the successful coupling. The deuteration with BuOD
(eq 2) and the remarkable decrease of D-content with BuOH
(eq 3) can be well rationalized by path a. The difference
between the BuOD-mediated reaction of 1a and the BuOH-
mediated reaction of 1a-d in the D-content of 3aa-d is probably
due to the presence of path b as the minor path.

The In(OTf);-catalyzed metathesis reaction was applied to
the cyclization of alkynals (Scheme 2).33¢ The reaction of 4a in
CH,Cl, at room temperature gave the desired product 5a. The
yield decreased without BuOH. Alkynal 4b, having an ether
group, was efficiently cyclized to cyclic ether 5b. Alkynals 6a—
6¢ were smoothly cyclized to cyclohexenyl ketones 7a—7¢ under
mild conditions, while alkynal 6d was hardly cyclized. Use of
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In(OT)3 (5 mol%) Ph
,/—=——Ph BuOH (1 equiv)

X - = o]
\—cHo x| .

4a (X = CHy), CHuCly, 1t, 24 h: 45%, 35%*
4b (X = 0), CI(CH,),Cl, 60 °C, 1.5 h: 79%

InX3 (5 mol%) R
——R BuOH (1 equiv)
< CHO - > (6]
CHLCl, (1 M)
7
6a (R =Ph), X =OTf, rt, 3 h: 76%, 60%*
6b (R = CgH,-4-OMe), X = OTf, it, 1 h: 87%
6¢ (R = (E)-CH=CHPh), X = OTf, 0 °C, 14 h: 69%
6d (R = n-CgH43), X = NTf,, reflux, 15 h: 92%
In(OTf)3 (5 mol%) Ph
=——FPh BuOH (1 equiv)
{ :CHO _— (0]
CI(CH,),Cl (0.1 M)
8 0.25 h, 80 °C 9
*Without BUOH. 72%

Scheme 2. Cyclization of alkynals.

In(NTH,); instead of In(OTf); effectively promoted the cycliza-
tion of 6d to 7d. The present reaction was also usable for the
construction of 7-membered carbocycle 9. Thus the InX;-BuOH
catalysis is valuable for the cyclization of flexible alkynals
bearing a methylene tether.

In conclusion, we have developed a new catalytic system for
the metathesis-type coupling of alkynes with aldehydes. The
combined use of indium Lewis acids and BuOH is effective in
the inter- and intramolecular coupling.* We have proposed that
BuOH cooperatively serves for the C-C bond formation by
trapping the unstable intermediate A.'°0
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