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Rh(l)-catalyzed (5t 2) reactions between vinylcyclopropanes nn[co:ﬂ:l \—e
(VCPs) and 2= components such as alkynes, alkenes, and allenes,, ... .. L{ﬁ
provide a very efficient and straightforward method to construct / E Qmm
seven-membered ring€. Three Rh(I) complexes, the Wilkinson \—é
catalyst RhCI(PP{);, [Rh(CO)CI],, and [(arene)Rh(COD)]SkF ) (G 1) Q ‘
complexes, have been shown to catalyze these transformations.
The dimeric rhodium complex catalyzes not only the intramolecular, =
but also the intermolecular (3 2) reactions between VCPs and
alkynes. This dimer has also been used to catalyze @, (5+ p
2 + 1), and hetero-(5+ 2) reactions. Mechanisms for these J
reactions have been proposed but not investigated theoretically or Generation ,}\Qta.wc species Catalytic c,d,\,., pathway |
experimentally. We have applied density functional theory (BFT) iz efther route & or route b (pathway Il Is disfavored)
to explore the potential energy surfaces for these catalyzed Figure 1. The mechanism of [Rh(C@JI]; catalyzed intermolecular (5
cycloadditions, and report here the energy surface for the intermo-2) 'éactions between VCPs and alkynes.
lecular (5t+2) reactions between VCPs and alkynes. o 1ss

Two mechanisms (see Figures 1 and 4) have been considered in g ash
previous publication$.Pathway | is found to be favored by DFT
calculations for the intermolecular {2) reactions, and this
mechanism is summarized in Figure 1. Initially, the rhodium dimer
dissociatesand coordinates to the VCP, leading to the formation
of a VCP-Rh(CO}CI complex. This complex can enter the
catalytic cycle via either routa or b (the blue part of Figure 1).
This communication describes the catalytic cycle (represented in

RPCO K
] sl]

—

kcal/mol

Rh(CO}CI

black in Figure 1). Figure 2 shows the computed energies for the “ K/"“ico K/R"Q\;To
catalytic cycle via pathway I, and the corresponding structures of n » CI_@) \
the stationary points involved are given in Figure 3. i G0

Complexl formed by VCP and Rh(CO)Cl is a 16-electron (16e) Figure 2. The energy surface of the catalytic cycle of452) reactiorf:

complex and adopts a square-planar geometry, where the cyclo-
propyl group acts as the fourth ligand binding to the Rh center. 4yne 106, is the most difficult step of the catalytic cycle and
;Ir-lhfacrce)rngUSt?abn%ng S;Stznscz ?t?vc:@ltgggvzrd::)ﬁfh?i?ob?gd | requires an activation free energy of 21.9 kcal/mdAHaoskt =
bond | l- in TS2 ) I, i ph ‘ ; gf 3 Y | psgy 10.9 kcal/mol). The alkyne insertion step is very exothermic.

ona in - via 15 resu t§ In t c ormation o an=-complex 3 The final step of the catalytic cycle is a reductive elimination
which adopts a trigonal bipyramidal conformation with a CO ligand P S .

. . process, where Rh(lll) i is reduced to Rh(l) ii8 via the transition

at the axial position3d can then relax to the more stable square- . )

. . structureTS7. Comparison of the bond distances of Rbs and
pyramidal conformers o8a and3b, where CO and Cl are in the Rh—C- in 6 and TS7 sh hat. in th - h
equatorial plane3a and 3b are expected to be in equilibrium in e IN a_m ) shows that, |n.t e transition structure, the

former bond is partially broken and is elongated (2.09 vs 2.26 A),

the reaction system sincga and 3b can convert back t@d. ) ) /
Transformingl to 3a—b requires activation free energies of 13.6 Whereas the latter bond is almost intact (2.02 vs 2.08 A). This

and 15.2 kcal/mol, respectively. Coordinating solvents stabllize ~Phenomenon suggests th@57 resembles a carbon-migration
and other intermediates but not the transition states (see Figure S4ransition structure; therefore this step is better described as a

of the Supporting Information). migratory reductive elimination (MRE) step. Similar MRE processes
An alkyne and3a—d can form several 18e complex€$he most have been observed in other C{spmetal-C(sp? or sp) com-
efficient route for alkyne insertion to generate 1®starts from plexes’ If the s hybridized G in 6 is replaced by an Shybridized

complex4c, which is generated through coordination of the alkyne C, the reductive elimination process becomes more difficult. The

to 3b when the ClI ligand in3b moves to its axial position. An rhodium dimer has not been shown to catalyze the¢ @& reactions

intrinsic reaction coordinate (IRC) calculation shows that the most between VCPs and alken&sThe present MRE step is very facile

energetically favored alkyne insertion transition structli8s is with an activation free energy of only 14.4 kcal/mol.

connected talc and6. The alkyne insertion, transformir@a and Overall, the catalytic cycle via pathway | (Figure 2) has a
t University of California, reasonable activation free energy and is highly exergonic (58.6 kcal/
# Stanford University. mol) .8
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Figure 3. DFT computed structures of the stationary points in Figure 2 (Distances in A).

RV,

4 .\x..__\ f\
— 5 N OC\ /ﬁ
Cly, o oc, & 070 2095 /Rh

Rh -— "
o™ | ar N

I+alkyne =—=

Supporting Information Available: Computational details and

references, including structures and energies of all stationary points.
This material is available free of charge via the Internet at http:/
pubs.acs.org.
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Figure 4. Alternative mechanism (relative energies in kcal/mol and
distances in A}.

Figure 4 shows an alternative pathway (pathway II) which has
been postulated for the catalytic cycle of the52) processes.
This pathway starts with oxidative coupling convertiigo 11,
which can then be transformed 8ovia cyclopropyl cleavage and
MRE steps. The oxidative coupling step of this pathway requires
an activation free energy that is 7.8 kcal/mol higher than that in
pathway I. The higher activation barrier for the oxidative coupling
is attributed to the square-planar conformatior®oivhich has the
alkyne and alkene fragments perpendicular to the square plane to
maximize the back-donation interactions from d orbitals of the d
Rh(l) to 7* orbitals of the alkene and alkyne moieties. However,
to form 11, the alkyne and alkene fragments must twist from the
parallel conformation to a planar conformation, and this geometrical

requirement costs additional energy for the present case compared

to the facile oxidative coupling processes of Ti, Zr, and Ta systems,
where the metals and the coordinating alkenes are in the same
plane?

While Rh(CO}" is predicted to be an excellent catalyst, the
energy of heterolysis of Rh(C@Jl prevents its formation from
the neutral Rh dimer. Instead, dissociation of CO gives an active
catalyst, Rh(CO)CI. The active catalyst Rh(CO)CI catalyzes the
intermolecular (5+ 2) reactions between VCPs and alkynes through
catalytic cycle I, involving the sequential reactions of cyclopropyl
cleavage of vinylcyclopropane, alkyne insertion (rate-determining
step), and a migratory reductive elimination.
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