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ABSTRACT
E——E
Ry E
E=CO,;Me
Ry E [Ir{cod)Cll, : [Ir(cod)Cll E Ry
+
R E dppe E Ry
Re (CeFsP”  P(CFs): E
R——R,
Highly selective cross [2  + 2 + 2] cycloaddition of two different monoynes is achieved by using a catalytic amount of [Ir(cod)Cl] » and ligand.

The ligand had a considerable effect on the reaction. When 1,2-bis(diphenylphosphino)ethane was used, two molecules of dimethyl
acetylenedicarboxylate (DMAD) reacted with one molecule of a monoyne to give the 2:1 coupling product. When 1,2-bis(dipentafluorophenyl-
phosphino)ethane was used instead of dppe, one molecule of DMAD reacted with two molecules of a monoyne to give the 1:2 coupling
product.

In the course of our study on iridium complex-catalyzed [2 + 2 + 2] cycloaddition of monoynes is one of the most
organic synthesiswe previously found that [Ir(cod)Gl] straightforward routes to polysubstituted benzenes, but the
dppe is an efficient catalyst for [2 2 + 2]cycloaddition of drawback of this route is selectivity. The highly selective
a,w-diynes with monoyne3We report here the extension cross [2+ 2 + 2] cycloaddition of two or three different

of this chemistry to the highly selective cross{22 + 2] monoynes is a challenging problém.

cycloaddition of two different monoynes (Scheme 1). The
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Scheme 1. 2:1 Coupling of DMAD with Monoynes
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The rich chemistry of metallacycles gives various useful
transformations in selective organic synthésmth late and
early transition metals can be used for this chemistry.
Catalytic reactions via nickelacyclégpalladacycle$,cobal-
tacycles| rhodacycle$and ruthenacycl@have been exten-

sively studied and used for the synthesis of cyclic compounds

from an acyclic substrate. Since Collman et al. first reported
the synthesis of an iridacyclopentadiene from the reaction
of IrCI(N,)(PPh), with DMAD (1) in 19681° the reactivity
and structure of iridacyclopentadiene have been studied.

However, there have been few reports on catalytic organic L

synthesis via iridacyclopentadiefe.

The reaction ofl. with 1-hexyne (2a) in the presence of a
catalytic amount of [Ir(cod)C}]dppe gave3a and 4.314
Product3aresulted from the 2:1 coupling of two molecules
of 1 with one molecule of2a. Product4 resulted from
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Table 1. 2:1 Coupling of DMAD with 1-Hexyne Zay

1 2a time yieldof 3a  yield of 4
entry (mmol)  (mmol) (h) (%) (%)b
1 2 1 0.5 89 11
2 2 1.2 1 98 2
3 2 2 1 98 2
4 2 5 24 97 3

a A mixture of 1, 2a, [Ir(cod)CIp (0.02 mmol), dppe (0.04 mmol), and
toluene (5 mL) was stirred under refluxing tolueAdsolated yield based
onl.

cyclotrimerization ofl. The molar ratio ofl to 2a affected
the yield of3a. The results are summarized in Table 1. The
reaction using 0.6 equiv &fa gave3ain 98% yield (entry
2). Cyclotrimerization ofl was not suppressed completely.
Product4 was obtained in 2% vyield.

On the basis of these results, we examined the scope of
the 2:1 coupling. The results are summarized in Table 2.

Table 2. 2:1 Coupling of DMAD with 22

yield 3 yield 4

entry 2 conditions product  (%)° (%)°
2b  toluene reflux 1 h 3b 96 2
2 2¢  xylene reflux 20 h 3c 38 50
3 2d  toluene reflux 5 h 3d 86 3
4 2e  toluene reflux 5 h 3e 83 2
5¢ 2f  THF reflux 12 h 3f 91 0
6° 2g THF reflux 0.5h 3g 89 0
¢ 2h  THF reflux 20 h 3h 52 16
8¢ 2i dioxane reflux 20 h 3i 41 0
9c 2j THF reflux 1 h 3j 90 0
10 2k THF50°C2h 3k 98 0
11 21 THF 50°C1h 31 93 0
124 2m THF50°C1h 3m 89 10
13%¢  2n THF50°C2h 3n 73 11
14%4f 20 THF50°C3.5h 30 78 15

a A mixture of 1 (2 mmol),2 (1.2 mmol), [Ir(cod)CI} (0.02 mmol), dppe
(0.04 mmol), and solvent (5 mL) was stirrédsolated yield based oh.
¢[Ir(cod)Cl]z (0.03 mmol), dppe (0.06 mmol¥.2 (2 mmol). ¢ Slow addition
of 1 for 0.5 h.f Slow addition of1 for 2 h.

DMAD smoothly reacted with 0.6 equiv of various monoynes
(2) under mild conditions. The reaction with 1-decy@e)
proceeded at room temperature to give a product in high
yield (entry 1). The reaction with phenylacetylengc)

(13) General Procedure A typical procedure is described (Table 1, entry
2). To a toluene solution (5 mL) of [Ir(cod)GI[13.4 mg, 0.02 mmol) and
dppe (15.9 mg, 0.04 mmol) was added 1-hexyne (0.099 g, 1.2 mmol) via
a syringe. Dimethyl acetylenedicarboxylate (0.284 g, 2 mmol) was then
added to the solution by a syringe. The reaction mixture was stirred under
reflux for 1 h. The progress of the reaction was monitored by GLC. After
dimethyl acetylenedicarboxylate was consumed, toluene was evaporated
in vacuo. Column chromatography of the residue g2eas a colorless oil
(n-hexane/AcOEt= 80/20, 0.359 g, yield 98%) andl as a colorless oil
(n-hexane/AcOEt= 60/40, 0.003 g, yield 2%).

(14) Preparation of [Ir(cod)C]] see: Crabtree, R. H.; Quirk, J. M.;
Felkin. H.; Fillebeen-Khan, TSynth. React. Inorg. Met.-Org. Chet®82,

12, 407.
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required more demanding conditions and a longer reaction
time and gave3c in 38% vyield (entry 2). DMAD reacted
smoothly with2d, in which the phenyl group is away from
a triple bond, to giv3d in 86% yield (entry 3). The reaction
with monoynes bearing a functional group such as a chloro,
cyano, or ether group gaBde—gin excellent yields (entries
4—6). The steric hindrance of a trimethylsilyl group de-
creased the product yield (entry 7). The reaction with
propargylic amine2i gave 3i in 41% vyield (entry 8).
Introducing an electron-withdrawing group on the nitrogen
atom increased the yield. The reaction withpropargylic
carbamat®j gave3j in 90% yield (entry 9). Internal alkynes
could also be used for the reaction (entries-1@). The
reaction with2n gave an alkynyl group-substituted benzene
in 73% vyield (entry 13).

DMAD reacted with propargylic alcohol$&—c) to give
lactone as a product (Scheme 2). Lactone would be formed

Scheme 2. 2:1 Coupling of DMAD with Propargylic Alcohols

E——E 0 0
T f;cm%fMe [Ir(cod)ClI»(0.03 mmol) Ro
+ R, dppe (0.06 mmol) E Ry
R——=
1.2 mmol
5a: R1=R,=H THF reflux 1 h  Yield 87%

5b: Ry=H, R;=Me THF reflux 1h Yield 93%
5c: R1=Me, Ro=H THF reflux2h Yield 98%

by transesterificatio? In these reactions, the cyclotrimer-
ization of 1 did not occur at all.

Methyl 2-octynoate {), an unsymmetrical monoyne,
reacted with2k at 50 °C (Scheme 3). Two 2:1 coupling

Scheme 3. 2:1 Coupling of Methyl 2-Octynoate witBk

R——E
7: R=n-Pent, E=CO,Me R R R R
2 mmol +
+ E R, R Ry
R—R,
2k: R1=R2=CH20M9 ) 9
1.2 mmol
[Ir(cod)ClI]2(0.02 mmol) 93:7

dppe (0.04 mmol)
THF 50°C 1 h Yield 82%

products were obtained in 82% vyield. The selectivity of the
major product3 was 93%.

The 1:2 coupling was possible by using 1,2-bis(dipenta-
fluorophenylphosphino)ethan#Q) instead of dppe (Scheme
4). The reaction ofl with 3 equiv of2k gavel1k, the 1:2
coupling of one molecule df with two molecules ok, in
96% yield. Similarly, the reaction df with 2m gavellm
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Scheme 4. 1:2 Coupling of DMAD with2
1

[Ir(cod)CI]»(0.02 mmol) R4
1 mmol 10 (0.04 mmol) Ry E
+ + 3
R E
2 2
R4
3 mmol E=CO,Me
| 11 3
2k: THF50°C1h| Yield96% 1%
2m:THF 50°C 1 h | Yield 72%  25%
1 [Ir(cod)Cl1,(0.02 mmol)
1 mmol 10 (0.04 mmol) n-Bu E
: s
THF reflux 1 h n-Bu E
2a
3 mmol 12a
+
n-Bu E
Yield 95%
12a:12b=64:36 E
n-Bu
E=COzMe
12b

in 72% yield. DMAD smoothly reacted with a terminal
monoyne2a to give two 1:2 coupling products. A 64:36
mixture of 12aand12b was obtained in 95% vyield.

It is reasonable to consider that the reaction proceeds via
iridacyclopentadiene as an intermediate. When the ligand is
dppe, the coordination df to an iridium center would be
much faster than with other monoynes. It leads to the
formation of tetracarbomethoxy-substituted iridacyclopen-
tadiene {3). The reaction of this intermediate with the second
monoyne gives the final product. The use of the ligdQd
gave a different result. Sinck and 10 are both electron-
withdrawing, the coordination of two molecules dto Ir-
(cod)(10)CI gives an electron-deficient species. Oxidative
cyclization of this species would be a relatively difficult
process. When the ligand 19, oxidative cyclization of Ir-
(cod)(10)CI with two molecules dt to give 14 is preferred.

Figure 1.
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In conclusion, we have found a highly selective cross [2  Acknowledgment. This research was supported finan-
+ 2 + 2] cycloaddition of two different monoynes catalyzed cially by a grant from the Ministry of Education, Culture,
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is quite useful and practical for the synthesis of polysubsti- Wada (Kyoto University) for recording HRMS spectra.
tuted benzene derivatives. The experimental procedure for
the reaction is quite simple. Monoynes are added to the Supporting Information Available: Experimental pro-
solution of a catalyst, and then DMAD (1) is added. Slow cedures and compound characterization data. This material
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