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The crossed intermolecular rhodium-catalyzed [2 + 2 + 2]

carbocyclization of carbon and heteroatom tethered 1,6-enynes

can be accomplished with symmetrical and unsymmetrical

alkynes, to afford the corresponding bicyclohexadienes in an

efficient and highly selective manner.

Transition metal-catalyzed carbocyclization reactions provide

powerful and expeditious methods for the construction of complex

polycyclic systems, which are generally not accessible via classical

pericyclic reactions.1 The metal-catalyzed [2 + 2 + 2] reaction of a

tethered 1,6-diyne is representative of this class of transformations,

and has been employed extensively as a tactic for the construction

of various natural product skeletons.2 Despite the myriad studies

with 1,6-diynes,3,4 the crossed intermolecular rhodium-catalyzed

[2 + 2 + 2] carbocyclization with 1,6-enynes has not been

forthcoming.5–7 We envisioned that this type of carbocyclization

would facilitate the rapid increase in molecular complexity,

through the ability to introduce stereoelectronically orthogonal

alkynes in a selective fashion. Herein, we now describe the

rhodium-catalyzed intermolecular [2 + 2 + 2] carbocyclization of

carbon and heteroatom tethered 1,6-enynes 1 with symmetrical

and unsymmetrical alkynes, to afford the corresponding bicyclo-

hexadienes 2 and 3 in a highly efficient and regioselective manner,

respectively (Scheme 1).

The mechanistic hypothesis for the desired carbocyclization

outlined in Scheme 2, draws from the seminal studies of others.2–5

It was anticipated the terminal acetylenic C–H bond of the

tethered enyne i should undergo an oxidative insertion to afford ii.

Coordination of the free alkyne iii followed by hydrometallation

should lead to the formation of iv, en route to the key

metallacyclopentadiene v.8 Intramolecular migratory insertion

across the tethered alkene, followed by a reductive elimination of

metallacycle vi, should then afford the [2 + 2 + 2] carbocyclization

adduct vii. We reasoned that selective intermolecular [2 + 2 + 2]

carbocyclization would be feasible, since alkyne iii should

preferentially undergo hydrometallation with ii, provided the

concentration of alkyne iii was such that it would avoid

competition with the intramolecular migratory insertion of the

alkene in v.

Preliminary studies tested this hypothesis by screening various

reaction conditions, as outlined in Table 1. Treatment of the enyne

1a (X 5 NTs, R 5 H) with silver triflate modified Wilkinson’s

catalyst in the presence of excess dimethyl acetylenedicarboxylate
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Scheme 1 Crossed intermolecular metal-catalyzed [2 + 2 + 2] carbocy-

clization of 1,6-enynes with symmetrical and unsymmetrical alkynes.

Scheme 2 Proposed catalytic cycle for the rhodium-catalyzed [2 + 2 + 2]

carbocyclization reaction.

Table 1 Development of the rhodium-catalyzed [2 + 2 + 2]
carbocyclization reaction (Scheme 1; 1a where X 5 NTs, R 5 H
and Y/Y 5 CO2Me)a

Entry Conc. (mol/L) Solvent Temp. (uC) Yield (%)b

1 0.10 EtOH 60 17
2 ’’ MeCN ’’ 42
3 ’’ PhH ’’ 80
4 0.50 ’’ ’’ 57
5 0.05 PhH 60 95
6 ’’ ’’ 40 48
7 ’’ ’’ 80 82
a All reactions were carried out on a 0.25 mmol reaction scale
utilizing 10 mol% of Wilkinson’s catalyst [RhCl(PPh3)3] modified
with 20 mol% of silver triflate with dimethyl acetylenedicarboxylate
(3 equiv.) under an atmosphere of argon. b HPLC yield.
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(Y/Y 5 CO2Me) in ethanol at 60 uC, furnished the bicyclohex-

adiene 2a in 17% yield (Entry 1). Additional studies examined the

effect of solvent (Entries 1–3), concentration (Entries 3–5), and

temperature (Entries 5–7), in an attempt to optimize for the desired

carbocyclization reaction. Gratifyingly, the non-coordinating

solvent benzene (0.05 M) at 60 uC proved optimum, affording

2a in 95% yield (Entry 5).9 Interestingly, the homodimerization

adduct was not observed, whereas the product resulting from the

competitive trapping of the metallacyclopentadiene v with a second

equivalent of dimethyl acetylenedicarboxylate was produced in

varying amounts, depending upon the concentration.

Furthermore, the terminal acetylenic proton of the 1,6-enyne 1a

proved to be crucial for catalytic activity, since the corresponding

substituted derivatives, where R 5 Me, Ph or TMS, did not afford

any of the carbocyclization adduct.3–5,7

Table 2 outlines the examination of the influence of various

tethers and the scope of alkyne substituents that are tolerated. This

study demonstrated that nitrogen, carbon, and oxygen containing

tethered enynes furnish the corresponding bicyclohexadienes 2a–i

in good to excellent yield. Examination of the alkyne scope

revealed that the reaction was optimal for the 1,2-disubstituted

alkynes bearing electron withdrawing groups, i.e. dimethyl

acetylenedicarboxylate, bis-phenyl ketone and bis-dimethylamide,

albeit slightly less efficient in the latter case. Interestingly,

diphenylacetylene (Y/Y 5 Ph) furnished only a trace amount of

the carbocyclization product, thereby confirming the necessity for

a strongly electron withdrawing group on the alkyne.

In order to further demonstrate the potential synthetic utility of

this transformation and the importance of a terminal alkyne, we

elected to examine the regioselective version utilizing an unsymme-

trical alkyne (eqn. 1).10 Treatment of the 1,6-enyne 1d with methyl

propiolate in the presence of Wilkinson’s catalyst modified with

silver triflate, furnished the azabicycles 3a/3b in 84% yield, in a

highly regioselective manner (¢ 19 : 1 by NMR).11 The

regioselective outcome for this transformation was confirmed by

X-ray crystallographic analysis of 3a.§

ð1Þ

The origin of the excellent regioselectivity can be rationalized by

considering the putative metallacycle intermediates, as outlined in

Fig. 1. We assume that provided the metallacycle intermediates are

formed in an analogous manner outlined in Scheme 2, the 1,6-

enyne 1d with methyl 2-propiolate should lead to the formation of

I and II, in which II would be unable to undergo the

intramolecular carbocyclization due to geometrical constraints.12

The efficiency of the carbocyclization and absence of homo-

dimerization products are consistent with the notion that either the

metallacycle formation is reversible, allowing the equilibration of I

and II, or that I is formed exclusively. Additional studies are now

underway to elucidate the origin of the regioselectivity.

In conclusion, we have developed a crossed intermolecular

rhodium(I)-catalyzed [2 + 2 + 2] carbocyclization reaction with

carbon and heteroatom tethered 1,6-enynes using symmetrical 1,2-

disubstituted alkynes. This study demonstrates that a terminal

alkyne is crucial for good reactivity, and the nature of the bis-

carbonyl 1,2-substituted alkyne impacts on the overall efficiency of

this transformation. Moreover, this study also illustrates that

analysis of the putative metallacycle provides insight into

controlling the regioselective intermolecular rhodium-catalyzed

[2 + 2 + 2] carbocyclization with terminal alkynes. Finally, this

work provides novel and exciting possibilities for the synthesis of

bicyclohexadiene derivatives that are applicable to target directed

synthesis.
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