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RhCl3/Amine-catalyzed Cyclotrimerization of Alkynes

Kenta Yoshida, Ichiro Morimoto, Koichi Mitsudo, and Hideo Tanaka*
Division of Chemistry and Biochemistry, Graduate School of Natural Science and Technology,
Okayama University, 3-1-1 Tsushima-naka, Okayama 700-8530

(Received May 7, 2007; CL-070485; E-mail: tanaka95 @cc.okayama-u.ac.jp)

RhCls/amine was found to be an efficient catalyst for the
cyclotrimerization of alkynes. The [2 + 2 + 2] cyclotrimeriza-
tion of internal alkynes proceeded smoothly to afford hexa-sub-
stituted benzenes regioselectively in moderate to high yields.

The transition-metal-catalyzed [2 + 2 + 2] cyclotrimeriza-
tion of alkynes is a straightforward method to construct benzene
derivatives in a one-pot process.! Although various transition
metals (Ni,2 Rh,? Pd,* Ru,’ Co.,° Ti,” and Mo®) catalyze alkyne
cyclotrimerization, it has been not always easy to conduct inter-
molecular reactions regioselectively in high yields. In particular,
the internal alkynes, which can be applied for the trimerization,
have been often restricted to those bearing small or activated
substituents such as acetylene dicarboxylate. For instance, the
efficiency of the trimerization of internal alkynes bearing
aryl and ester moieties, such as ethyl phenylpropiolate (PhC=
CCO,EY), is quite low.° Therefore, a more general and efficient
trimerization method has been in great demand.

Recently, we found that the combination of RhCl; and ter-
tiary-alkylamines works as a unique catalyst. Herein, we report
the RhCl;/amine-catalyzed cyclotrimerization of alkynes,
which can be widely applicable to internal alkynes. The cyclotri-
merization of alkynes proceeded smoothly to afford hexa-substi-
tuted benzenes regioselectively in moderate to high yields.

In the presence of RhCl3:3H,O (8mol%) and Et;N
(30 mol %), the cyclotrimerization of alkyne 1a at reflux in tol-
uene occurred to give 2a in 67% yield in a virtually completely
regioselective manner (Table 1, Entry 1). Without any amine,
the cyclotrimerization of alkyne 1a gave 2a only in 20% yield
(Entry 2). Various other sec- and fert-amines were applied to
the RhCl3-catalyzed trimerization reaction (Entries 3—11), and
we found that i-Pr,NEt, a highly electron-donating amine, was
the most effective among them (Entry 5). With i-Pr,NEt, the
amount of Rh catalyst could be reduced to 3 mol % (Entry 7).
The ratio of Rh/amine influenced the reactivity (Entries 6-8).
With 1:3 of Rh/amine catalyst, the cycloadduct was obtained
in the highest yield (93%, Entry 7). On the other hand, elec-
tron-deficient amine (e.g. Ph3N) was found to be ineffective
for the trimerization reaction (Entry 9). Pyridine was ineffective,
and the starting material 1la was recovered quantitatively,
probably due to the generation of Rh(py);Cls (Entry 10).'° Using
a bidentate amine ligand such as TMEDA, product 2a was
not obtained (Entry 11). The addition of an electron-donating
monodentate amine might be essential for generation of the
“active catalyst” in situ.

Next, the combination of RhCl;+-3H,0O with i-Pr,NEt was
successfully applied to the cyclotrimerization using a variety
of alkynes (Table 2). Using internal alkynes, in many cases,
the cyclotrimerization proceeded to give the corresponding cy-
clotrimerization products in high yields with good regioselectiv-

Table 1. Cyclotrimerization using several additives

Ph Ph
ph RNhCl5-3H,0 R Ph R R
| | Additive +
Toluene, reflux, 24 h R R Ph Ph
" R = CO,Et Ph R
la 2a 3a
Entry Additive® Yield/ %" 2a:3a
1 Et;N (8/30) 67 98:2
2 none 20 99:1
3 Et,NH (8/30) 32 97:3
4 i-Pr,NH (8/30) 69 95:5
5 i-Pr,NEt (8/30) 91 (89)° 96:4 (99:1)°
6 i-Pr,NEt (3/6) 74 96:4
7 i-Pr,NEt (3/9) 93 97:3
8 i-Pr,NEt (3/12) 84 96:4
9 Ph;N (8/30) 26 97:3
10 Pyridine (8/30) — —
11 TMEDA (8/30) — —

4The values in parentheses are Rh/mol % and additive/
mol %. PIsolated yield. “RhCl; was employed.

ities (Entries 1-5). The cyclotrimerization of alkynes 1a or 1b
was highly regioselective (Entries 1-3).

Decreasing the amount of RhCl;+3H,O (3 mol %) and
i-Pr,NEt (9 mol %), the yields and regioselectivities of 2 were
almost the same. By GC analysis, it was revealed that the
reaction was completed within 9h to afford the cycloadduct
quantitatively (Entry 2). When using alkyne 1¢, the cycloadduct
was obtained quantitatively, while a slight decline of the
regioselectivity was observed (Entry 4). When using symmetri-
cal internal alkynes 1d and 1e, cycloadducts were obtained in 96
and 73% yields, respectively (Entries 5 and 6). Terminal alkynes
also could be utilized in the Rh/amine-catalyzed trimerization
(Entries 7-10). The trimerization of phenylacetylene, p-tolyl-
acetylene, and 1-octyne gave the cycloadducts 2f-2h in 98, 97,
and 87% yields, respectively (Entries 7-9). Only in the case of
ethyl propiolate (1i), the yield of the corresponding products
was rather low (75%, Entry 10). In all cases, the unsymmetrical
isomers 2a—2i were obtained as the major products. The regiose-
lectivity in the RhCl3/amine-catalyzed cyclotrimerization was
highly influenced by the substituents of alkynes. Especially,
the reaction of alkynes bearing aryl groups proceeded with
virtually complete regioselectivities. Blum and co-workers
reported trimerization using [R4N]*[RhCl4]~, an anionic Rh™
catalyst, but the reactivity and regioselectivity of the cycload-
ducts were unsatisfactory’ and quite different from RhClz/
i-ProNEt catalyst. From this result, we proposed that RhCl3
would be reduced by i-Pr,NEt to generate Rh! complexes coor-
dinated by i-Pr,NEt. Rh! complexes bearing o-donative trialkyl-
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Table 2. Cyclotrimerization of several alkynes

R! R!
R'  RhCI;-3H,0 (8 mol %) _, . ) )
l i-Pr,NE (30 mol %) R . R R
I Toluene, reflux, 24 h R2 R2 RL Rl
R R?
1 2 3
Entry R! R? Time/h Yield/%*  2:3
1 Ph COEt 1la 24 91 (93)° 964
2 Ph COEt 1a 9 87 (99)° 96:4
3 Ph Me 1b 24 87 91 >99:<1
4 Me COEt 1c¢ 24 95 (90)° 76:24
5 Pr Pr 1d 24 96 —
6 Ph Ph le 24 73 —
7 Ph H 1f 12 98 (94)° 94:6
8 pMeCH, H 1g 12 97 >99:<1
9 Hex H 1h 12 87 67:33
10 EtO,C H 1i 12 75 74:26

solated yield. ®3mol % of RhCl3-3H,0 and 9mol % of i-

Pr,NEt were employed. ‘GC yield.
EtOZC>C©\
EtO,C R

RhCl;-3H,0 (8 mol %)
i-ProNEt (30 mol %)

Et0,C :: |‘|
+
EtO,C = R i-PrOH, reflux, 2 h

4 1f:R = Ph 5f:81%
1h:R = Hex 5h:82%
(4 equiv.)

Scheme 1. Cycloaddition of diyne and alkynes.

amines assumed to interact with alkynes by strong back-dona-
tion to promote the reductive cyclization to give rhodacyclopen-
tadiene. The high-regioselectivity of Rh/amine system might be
caused by the regioselective construction of the rhodacycle.

Finally, the combination of RhCl3+3H,0 with i-Pr,NEt was
applied to the [4 4 2] cycloaddition of a diyne and alkynes
(Scheme 1). The cycloaddition of diyne 4 and phenylacetylene
(1f) or 1-octyne (1h) gave the cycloadducts Sf and Sh in 81
and 82% yields, respectively.

In summary, we have developed the RhCl; /amine-catalyzed
[2 4+ 2 + 2] cyclotrimerization of alkynes, which can be widely
applicable for various alkynes, providing tri- or hexa-substituted
benzenes regioselectively in moderate to high yields. The
[4 + 2] cycloaddition of diynes and alkynes has also been
developed based on the use of the Rh/amine complex, providing
benzene derivatives in high yields. Further investigation of
the structure and catalytic activity of Rh/amine complex is
currently in progress in our laboratory.

We thank the SC-NMR Laboratory of Okayama University
for 'H and >*CNMR analyses.
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