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The [2 + 2] cycloaddition process is the most versatile and
efficient method for synthesizing four-membered rings containing
both heterocyclic and isocyclic skeletons.1 Nevertheless, and despite
the rich and versatile reactivity of the vinylidene group in metal
complexes [M]dCdCR1R2, [2 + 2] cycloadditions of the vinyl-
idene CRdCâ bond are limited to a few examples involving coupling
with the triple bond of alkynes and metal alkynyls or the CdN
bond of azabutadienes and imines.2 Metal vinylidene complexes
are well-known active substrates in a series of stoichiometric and
catalytic C-C and C-heteroatom coupling reactions3 which
proceed with high selectivity and atom economy. In particular,
ruthenium(II) vinylidenes have proven to be efficient catalysts in
RCM of olefins, with the key step in the catalytic process being
the [2 + 2] coupling of the olefin with the RudC bond of the
vinylidene moiety.4 However, [2 + 2] cycloaddition of the
vinylidene CRdCâ bond with an olefin has not previously been
described. We report here an unprecedented diastereoselective [2
+ 2] intramolecular cycloaddition of two CdC bond systems which
proceeds readily under mild conditions to give a cyclobutylidene
ring. We also present rate studies of the coupling reaction.

The process takes place by heating the vinylidene complexes
[Ru(η5-C9H7){dCdC(R)H}{κ1-(P)-PPh2(C3H5)}(PPh3)][BF4] (R )
Ph (1), p-MeC6H4 (2)),5 yielding the bicyclic alkylidenes [Ru(η5-

C9H7){κ2-(P,C)-(dCC(R)HCH2CHCH2PPh2)}(PPh3)][BF4] (R ) Ph
(3), p-MeC6H4 (4))6 each as the only product of its respective
reaction. Thus, complexes3 and4 have been prepared (70%) by
refluxing a dichloromethane solution of1 or 2 for 5 min (eq 1).

These complexes can also be obtained by the one-pot reaction
of [Ru(η5-C9H7){κ3-(P,C,C)-PPh2(C3H5)}(PPh3)][PF6] (5)7 with an
excess of the corresponding terminal alkyne (eq 2). Similarly,
complex5 reacts with Me3SiCtCH in the presence of NH4PF6 to

afford [Ru(η5-C9H7){κ2-(P,C)-(dCCH2CH2CHCH2PPh2)}(PPh3)]-
[PF6] (6)8 (85%) (eq 2). Complexes3 , 4, and6 have been isolated

as air-stable yellow solids and fully characterized by elemental
analysis and spectroscopic means.

The formation of the transient vinylidene species is assessed by
the 31P{1H} NMR spectrum (CH2Cl2) of the reaction mixture (R
) Ph), which shows, after a few minutes in refluxing CH2Cl2, two
doublet resonances (δ 43.4/32.4) of the corresponding vinylidene
complex 1. After ca. 30 min at room temperature, only the
resonances of the cycloaddition product3 are observed.

The31P{1H} NMR spectra of3, 4, and6 reveal that the reaction
proceeds stereoselectively because only one diastereoisomer is
formed. The1H and13C{1H} NMR spectra are also consistent with
the formation of the bicycle.6,8 In particular, the13C{1H} NMR
spectra show the low field carbene resonances as a broad singlet
at δ 366.0 (3) andδ 371.0 (4) or doublets atδ 360.6 (JCP ) 19.6
Hz) (6) along with the expected resonances for the rest of the
carbocycle.

The crystal structure of complex3 has been determined by X-ray
diffraction (Figure 1).9 The most remarkable feature is the presence
of a metallaphosphabicycle resulting from the [2+ 2] cycloaddition.
The bicycle contains a cyclobutylidene ring attached to the
ruthenium atom (the bond length Ru-C(8) of 1.864(5) Å is typical
of a ruthenium-carbon double bond) and a five-membered ruthena-
phospha ring. Figure 1 also shows the absolute configuration ofS
at C(7) andS at C(10).

The molecule shown in the figure is present in the crystal in
equal numbers with its enantiomer, as the crystal belongs to the
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Figure 1. One unit of complex3, showing the atom naming scheme. Some
hydrogen atoms and phenyl carbon atoms have been excluded for clarity.
Non-hydrogen atoms are represented by their 50% probability ellipsoids.
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centric space groupP21/n. The other two possible diastereoisomers
and their enantiomers are absent.

To gain kinetic information on the reaction pathway, the reaction
of complex5 with an excess of PhCtCH in CDCl3 was monitored
in situ by31P{1H} NMR spectroscopy. A reaction profile obtained
from the experiment at 45.6°C is shown in Figure 2.

The concentration of complex5 decreases as the reaction
proceeds and is fitted conveniently with a first-order rate equation
to obtain the observed rate constant for its disappearance,kobs )
1.20 × 10-3 s-1 (45.6 °C). With the assumption that the back
reactions from the vinylidene intermediate1 to complex5 and from
the bicyclic product3 to the vinylidene are negligible, the overall
process can be simplified to a sequence of two consecutive first-
order reactions, from5 to 1 (k1), via a fastπ-alkyne/vinylidene
tautomerization, and from1 to 3 (k2).10 Fitting the concentration
values of complex1 with eq 3 yields the values ofk1 (1.28× 10-3

s-1) (comparable to the value given by the first-order rate equation)
and ofk2 (2.12× 10-4 s-1), the rate constant of the [2+ 2] coupling
reaction.

Experiments at different temperatures in the range 38-59 °C
allow us to obtain the activation parameters for the coupling step,
which are∆Hq ) 19 ((2) kcal mol-1 and ∆Sq ) -16 ((4) cal
mol-1 K-1.11 The value of the activation entropy is consistent with
an ordered structure of the transition state, essentially due to the
loss of conformational freedom of the three single bonds of complex
1.12

In summary, in this work, an unprecedented stereospecific [2+
2] cycloaddition of two CdC bonds under mild thermal conditions
is reported. It is worth emphasizing that only allenes or activated
alkenes (bearing electron-donating or -withdrawing substituents)13

are able to undergo [2+ 2] cycloadditions under mild conditions.
Otherwise, reaction at high temperature (>100 °C) is required.
Theoretical calculations aimed at shedding light on the stereospecific
cycloaddition mechanism are in progress.
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Figure 2. Graphical representation of the reaction of complex5 (12 mg,
0.0147 mmol, 0.027 M) with PhCtCH (0.040 mL, 0.36 mmol, 0.674 M)
at 45.6°C in CDCl3, showing the evolution of complexes5, 1, and3. The
solid line applied to complex1 represents the fitting with eq 3.

[1] ) [5]0
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k2 - k1
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