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Introduction

Recently, chalcogenolate-bridged diruthenium complexes[1]

such as [Cp*RuCl ACHTUNGTRENNUNG(m2-YR)]2 (Cp*= h5-C5Me5, Y= S, Se, Te)
have been found to promote propargylic substitution reac-
tions of propargylic alcohols with not only various hetero-
atom-centered but also carbon-centered nucleophiles to
afford the corresponding propargylic-substituted products in
high yields with a complete selectivity.[2] This catalytic reac-
tion has an advantage over the well-known Nicholas reac-
tion, which needs several steps and a stoichiometric amount
of [Co2(CO)8] for the preparation of propargylic-substituted
products.[3] Some experimental results on the isolation and
investigation of allenylidene[4,5] complexes indicate that this
catalytic propargylic substitution reaction proceeds through

the ruthenium–allenylidene complexes as key intermedi-
ates.[6] More recently, Nakamura and co-workers have calcu-
lated the reaction pathway of the propargylic substitution
reaction with alcohol as a nucleophile by using the density
functional theory (DFT) method and found the synergistic
effect of two ruthenium atoms in the diruthenium com-
plexes.[7]

As a related work, the carbon�carbon bond-forming reac-
tions between propargylic alcohols and alkenes have been
reported to give the corresponding 1,5-enynes in good yields
with a complete selectivity (Scheme 1).[8] This catalytic reac-
tion is considered to proceed by means of allenylidene–ene
reactions in which the Cb

�Cg double bond of the allenyl-
idene complex may function as an enophile, however, the
detailed reaction pathway has not yet been clarified.

More recently, we have investigated the reactions between
propargylic alcohols and 1,3-conjugated dienes to give the
corresponding dienyne compounds in good to high yields.[9]

Some results of experimental and theoretical studies indi-
cate that this catalytic reaction proceeds through a stepwise
reaction pathway.[9] In this catalytic reaction, the alkynyl
complex bearing a cationic g-carbon, which is a resonance
structure of the allenylidene complex, is found to work as a
key intermediate. This result prompted us to reconsider the
reaction pathway of the allenylidene–ene reactions shown in
Scheme 1. We have now envisaged the DFT calculation at
the B3LYP/631LAN level of this catalytic reaction by using
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a model reaction between [CpRuCl ACHTUNGTRENNUNG(m2-SMe)2RuCp ACHTUNGTRENNUNG(=C=C=

CH2)]+ (1; Cp =h5-C5H5) and propene (Scheme 2).

Results and Discussion

The starting allenylidene complex 1 was previously pro-
posed by Nakamura and co-workers (Scheme 3).[7] This pre-
vious study has shown that the present level of theory
(B3LYP/631LAN level) gives reliable results for the reac-
tion of the allenylidene complex.[7] Optimized structures and
relative-energy diagrams for the model reaction of 1 with
propene are shown in Figures 1 and 2, respectively. At first,
the complexation of the allenylidene complex 1 with the C=

C bond in propene gave the initial composite system 2 a. As
shown in Figures 1 and 2, the distances between the Cg atom
and the C1 atom and between the Cg atom and the C2 atom
at 2 a are 3.073 and 3.221 �, respectively, and the complexa-
tion energy is only 2.9 kcal mol�1. Next, the nucleophilic
attack of p electrons of propene on the Cg atom in the alle-

nylidene complex took place
through TS2 a–3 a to give the
intermediate complex 3 a in
which the weak Cg

�C1 bond is
formed (the bond distance is
1.708 � and the Mayer bond
order is 0.742). As shown in
Figure 2, the energies of TS2 a–
3 a and 3 a relative to the initial
state (1+propene), DE, are
+2.7 and +2.0 kcal mol�1, re-
spectively, which are considera-
bly small. Subsequently, the
hydrogen atom on the C3 atom
was easily transferred into the
Cb atom through TS3 a–4 a to
give the stable vinylidene com-

plex 4 a. The DE of TS3 a–4 a and 4 a are +3.0 and
�26.3 kcal mol�1, respectively. The Gibbs free energies of
TS2 a–3 a, 3 a, TS3 a–4 a, and 4 a relative to the initial state
(1+propene) at 298.15 K, DG, are + 16.8, + 16.7, + 16.5,
and �11.4 kcal mol�1, respectively. In a real system, only a-
methylstyrene derivatives are available for this catalytic
carbon�carbon bond-forming reaction.[8a] When a phenyl
group is introduced at the C2 position of propene, the reso-
nance stabilization,[8a] which makes the relative energy
lower, is predicted in not only 3 a but also TS2 a–3 a and
TS3 a–4 a. These results indicate that the reaction of propene
addition to the allenylidene complex 1 should proceed
through a stepwise process in which the weak Cg

�C1 bond
formation is followed by the transfer of the hydrogen atom
into the Cb atom. A similar stepwise mechanism has already
been proposed for the carbonyl–ene reaction catalyzed by
bis(oxazoline) copper(II) complexes.[10]

The nucleophilic attack of p electrons of propene on the
electrophilic Cg atom of the allenylidene ligand through
TS2 a–3 a is easily recognized by regarding it as the reaction

Abstract in Japanese:

Scheme 1. Carbon-carbon bond-forming reactions between propargylic alcohols and alkenes.

Scheme 2. Model reaction between 1 and propene.

Scheme 3. Reaction pathways of the reaction between 1 and propene.
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between the ruthenium–alkynyl resonance structure in the
allenylidene complex and the p bond in propene as shown
in Scheme 3. The calculated charge at the terminal CH2

group in 1 was found to be +0.038 in the Mulliken popula-
tion analysis (MPA) and + 0.274 in the natural population
analysis (NPA). For orbital interactions in the reaction of

Figure 1. Optimized structures of stationary points for the reaction of [CpRuCl ACHTUNGTRENNUNG(m2-SMe)2RuCp ACHTUNGTRENNUNG(=C=C=CH2)]+ with propene. Bond lengths are in �.

Figure 2. Relative energy diagram (kcal mol�1) for the model reaction of [CpRuCl ACHTUNGTRENNUNG(m2-SMe)2RuCp ACHTUNGTRENNUNG(=C=C=CH2)]+ with propene. Values in parentheses
are relative Gibbs free energies at 298.15 K in the gas phase. Values in square brackets are relative energies in solution.
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the mono-ruthenium allenylidene complex, Bruce indicated
that the nucleophilic attack is expected at Ca and Cg atoms
based on the extended H�ckel molecular orbitals.[11] We an-
alyzed electron delocalization in the nucleophilic attack at
TS2 a–3 a in terms of orbital interaction by utilizing the in-
teraction frontier orbital (IFO) scheme.[12] The bond-order
matrix P was defined in terms of the canonical Kohn–Sham
orbitals of the two fragments, that is, propene and the ruthe-
nium–allenylidene complex. Then, the occupied orbitals f of
propene and the unoccupied orbitals y of the ruthenium–al-
lenylidene complex were transformed simultaneously within
each fragment in such a way that only a few sets of paired
orbitals of the two fragments give significant values for the
off-diagonal intermolecular part of P. The analysis showed
that electron delocalization from propene to the ruthenium–
allenylidene complex at TS2 a–3 a is described practically by
a pair of orbitals (f1’; y1’), as is illustrated in Figure 3 a. The
orbital f1’ is the p-bonding orbital localized on the C1�C2

bond while the orbital y1’ has a large amplitude on the Cg

atom of the allenylidene complex. This pair of orbitals is re-
sponsible for the bond formation between the Cg atom and
the C1 atom. This result shows that the p-occupied orbital in
propene plays an important role in the nucleophilic attack
of propene into the Cg atom of the ruthenium–allenylidene
complex. p Electrons in propene corresponded to the lone-
pair electrons of the heteroatom in the case of the reaction
of the ruthenium–allenylidene complex with heteroatom-
centered nucleophiles. Thus, both reactions of the rutheni-
um–allenylidene complexes with propene and heteroatom-
centered nucleophiles belong to the same type of reactions.
Moreover, the orbital phases of the Ru�Ca and Cb

�Cg

bonds in the y1’ orbital are out of phase and so the electron
delocalization represented by the pair (f1’; y1’) was expect-
ed to make these bonds loosen. As shown in Figure 1, these
bond distances certainly become longer as the reaction pro-
ceeds (1.894 � (1)!1.906 � (2 a)!1.960 � (TS2 a–3 a)!
1.972 � (3 a) in the Ru�Ca bond and 1.328 � (1)!1.334 �
(2 a)!1.390 � (TS2 a–3 a)!1.425 � (3 a) in the Cb

�Cg

bond). On the other hand, the orbital phase of the Ca
�Cb

bond is in phase, so the bond distance becomes shorter
(1.270 � (1)!1.265 � (2 a)!1.246 � (TS2 a–3 a)!1.242 �
(3 a)). This corresponds to the increase of the weight of the
ruthenium–alkynyl resonance structure in the ruthenium–al-
lenylidene complex.

The vinylidene complex 4 a was converted into another vi-
nylidene complex 5 a in which the direction of the vinylidene
moiety is vertical to that in 4 a (Figure 1 and 2). The DE of
5 a is �25.4 kcal mol�1, which is higher than 4 a by 0.9 kcal
mol�1. The a,b-hydrogen migration in 5 a proceeded through
TS5 a–6 a to give the p complex 6 a. As proposed in the pre-
vious paper,[7] no C�H s complex is located for the diruthe-
nium catalytic system, indicating that the transition state for
the a,b-hydrogen migration connects a vinylidene complex
to a p complex. The DE of TS5 a–6 a is �7.2 kcal mol�1,
which is much lower than those of TS2 a–3 a and TS3 a–4 a
(+2.7 and +3.0 kcal mol�1). In the final step of the reaction,
the energy change for the dissociation of 6 a into the coordi-
natively unsaturated complex (7) and 1-hexen-5-yne is
14.7 kcal mol�1. From the viewpoint of the free energy, the
DG of 5 a, TS5 a–6 a, 6 a, and the final state (7+ 1-hexen-5-
yne) are �10.7, + 5.3, �3.8, and �4.6 kcal mol�1, respective-
ly, and the free-energy difference between 6 a and (7+ 1-
hexen-5-yne) is only 0.8 kcal mol�1. These results indicate
that the dissociation of 6 a easily occurred to afford 7 and 1-
hexen-5-yne. Nakamura and co-workers examined the reac-
tion pathways of the reactions of di- and mono-ruthenium
complexes with propargylic alcohol by using DFT calcula-
tions and pointed out that the catalyst turnover step, which
corresponds to the dissociative exchange of the product with
the substrate, readily takes place in the case of the diruthe-
nium system because of the compensation of the coordina-
tive unsaturation by the stronger Ru–Ru interaction.[7] Our
present result is consistent with their results. For the whole
reaction pathway, the isomerization of 5 a into 6 a is consid-
ered to be a rate-determining step. In fact, we observed a
substantial isotope effect (kH/kD =4) when the reaction was
carried out with [D3]a-methylstyrene-methyl in place of a-
methylstyrene.[8a] The kH/kD was calculated to be 2.3 at 60 8C
in the present study. We also estimated the effect of di-
chloroethane as a solvent by the single-point PCM calcula-
tions. The relative energies in solution are shown in
Figure 2. The results show that the solvent effect is small.

Results from the DFT calculations for the allenylidene–
ene reactions prompted us to investigate the reaction path-
way of propargylic substitution reactions of propargylic alco-
hols with ketones, such as acetone as carbon-centered nucle-
ophiles. As described in previous papers,[13] we considered
that the propargylic alkylation with acetone proceeds
through the nucleophilic attack of the enol form of acetone
on the Cg atom of the allenylidene complex, although the
detailed reaction pathway remains unknown (Scheme 4). As
a model reaction between 1 and enol, we replaced a methyl
group of propene with a hydroxy group in which an isoelec-
tronic vinyl alcohol of propene was regarded as the smallest
model molecule of the enol. Herein, we describe the DFT

Figure 3. Pairs of interacting orbitals. a) (f1’; y1’) of TS2 a–3 a and b) (f2’;
y2’) of TS3 a–4 a, calculated at the B3LYP/631LAN level of theory. The
positive and negative regions of orbitals are discriminated by the shade
of black. Note that the two fragments possess the same structures as
those at the transition state, but their positions are chosen separated so
as not to mix the two orbitals up.
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calculation of the propargylic alkylation by using this model
reaction.

The starting allenylidene complex 1 was previously pro-
posed by Nakamura and co-workers (Scheme 5).[7] Opti-
mized structures and a rela-
tive-energy diagram for the
model reaction of 1 with vinyl
alcohol are shown in Figures 4
and 5, respectively. The initial
composite system 2 b, which
corresponds to 2 a in the reac-
tion of 1 with propene, is
formed between 1 and the
vinyl alcohol. The complexa-
tion energy of 2 b is 5.6 kcal
mol�1 and the distances be-
tween the Cg atom and the C2

atom and between the Cg atom
and the C1 atom in 2 b are
2.973 � and 3.127 �, respec-
tively, which are slightly short-
er than those in 2 a. In the sub-
sequent transition state TS2 b–
3 b, the Cg

�C2 distance is
2.265 �, which is longer than
that in TS2 a–3 a (1.956 �).
The energy of TS2 b–3 b rela-
tive to the initial state (1+

vinyl alcohol), DE, is �4.7 kcal mol�1 and the energy differ-
ence between 2 b and TS2 b–3 b is only 0.9 kcal mol�1. In this
case, the p-occupied orbital in the vinyl alcohol also attacks
the electrophilic Cg atom in the ruthenium–allenylidene
complex, although the vinyl alcohol includes the lone-pair
electrons in the oxygen atom, which is another nucleophilic
site.

The stationary structure of the intermediate complex that
corresponds to 3 a could not be located in the model reac-
tion of 1 with vinyl alcohol. Results of the intrinsic reaction
coordinate (IRC) calculation[14] starting from TS2 b–3 b are
shown in Figure 6. Figure 6 shows that the reaction pathway
is not a purely synchronous concerted process. That is, the

Cg
�C2 bond is formed and then the O�H bond dissociates

rapidly to give the vinylidene complex (3 b). The DE of 3 b
is �41.7 kcal mol�1, which indicates that the vinylidene com-
plex 3 b is considerably stable. In sharp contrast with the for-
mation of the vinylidene complex 4 a via 3 a as an intermedi-
ate from the reaction of 1 with propene, the direct forma-
tion of 3 b was observed from the reaction of 1 with vinyl al-
cohol. In the reaction of 1 with vinyl alcohol, the formation
of 3 b is concerted, but the mechanism involves two asyn-
chronous steps. This type of reaction, which is concerted but
not synchronous, is called the two-stage reaction by
Dewar.[15]

Scheme 4. Propargylic substitution reactions of propargylic alcohols with
acetone.

Scheme 5. Reaction pathways of the reaction between 1 and vinyl alco-
hol.

Figure 4. Optimized structures of stationary points for the reaction of [CpRuCl ACHTUNGTRENNUNG(m2-SMe)2RuCp ACHTUNGTRENNUNG(=C=C=CH2)]+

with vinyl alcohol. Bond lengths are in �.
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The a,b-hydrogen transfer in 3 b proceeds through TS3 b–
4 b to afford a s complex (4 b ; Figure 4 and 5). In the s com-
plex 4 b, the Ca atom of the terminal alkyne is coordinated
with the Ru atom, and the Cb atom weakly interacts with
the oxygen atom. The DE of TS3 b–4 b and 4 b are �24.0
and �31.2 kcal mol�1, respectively. Then, the s complex 4 b
is transformed into the p complex (5 b), which is more stable
than 4 b by 6.3 kcal mol�1 in energy. The DE of the final
state (7+ 4-pentynal) is �20.3 kcal mol�1, which is higher
than those of 4 b and 5 b (�31.2 and �37.5 kcal mol�1). From
the viewpoint of the free energy, the differences between 4 b
and (7+4-pentynal) and between 5 b and (7+4-pentynal)
are 5.0 and 0.7 kcal mol�1, respectively, which are small.
These results indicate that the dissociation of both com-
plexes 4 b and 5 b easily occurs to afford 7 and 4-pentynal in
the same way as the reaction of 1 with propene. Thus, the
reaction of 1 with vinyl alcohol also proceeds smoothly
through ruthenium–alkynyl complexes as key intermediates.

Finally, a difference between the two reaction pathways is
discussed. Results from calculations for the reaction of 1
with propene showed that this carbon�carbon bond-forming
reaction proceeds through a stepwise reaction process,
whereas those for the reaction with vinyl alcohol indicated
that it proceeds through a concerted reaction process. These
two reaction pathways have the same asynchronous mecha-
nism in which the nucleophilic attack of the carbon atom of
propene or vinyl alcohol on the Cg atom (first step) is fol-
lowed by the transfer of the hydrogen atom (second step).
However, there is no intermediate complex along the reac-

tion pathway of the reaction
with vinyl alcohol while the in-
termediate complex (3 a) exists
in the reaction with propene.
The existence of the intermedi-
ate complex 3 a provides im-
portant clues to understand the
reaction between propargylic
alcohol and the 1,3-conjugated
diene,[9] and of the intramolec-
ular cyclization[16] by using the
diruthenium complex as a cata-
lyst. Energetically, the differ-
ence is caused by the large sta-
bility of the vinylidene com-
plex 3 b. The DE of 3 b in the
reaction system of the vinyl al-
cohol (�41.7 kcal mol�1) is
much lower than that of 4 a in
the reaction system of propene

Figure 5. Relative-energy diagram (kcal mol�1) for the model reaction of
[CpRuClACHTUNGTRENNUNG(m2-SMe)2RuCp ACHTUNGTRENNUNG(=C=C=CH2)]+ with vinyl alcohol. Values in pa-
rentheses are relative Gibbs free energies at 298.15 K in the gas phase.
Values in square brackets are relative energies in solution.

Figure 6. Potential energy curve (a) and geometrical changes (b) along
the IRC starting from TS2 b–3b.
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(�26.3 kcal mol�1). From the viewpoint of the electronic
property, the NPA charges of the hydrogen atom that trans-
fers into the Cb atom in TS2 a–3 a, 3 a, and TS3 a–4 a are
+0.284, +0.307, and + 0.314, respectively, in the case of the
reaction system of propene. On the other hand, the NPA
charges of the hydrogen atom in TS2 b–3 b and in the struc-
ture at the s=4.024 amu1/2·bohr along the IRC of TS2 b–3 b
(see Figure 6 a) are +0.512 and +0.533, respectively, which
are more positive. The higher positive charge indicates the
larger electron-acceptance ability of the hydrogen atom. In
terms of orbital interactions between 1 and propene or vinyl
alcohol, the electron delocalization from 1 to propene or
vinyl alcohol comes to play an important role in the second
step, which corresponds to the hydrogen transfer, whereas
the opposite direction of the electron delocalization mostly
dominates the first step corresponding to the nucleophilic
attack on the Cg atom. According to the IFO analysis[12] , the
electron delocalization from 1 to propene in TS3 a–4 a is de-
scribed practically by a pair of interacting orbitals (f2’; y2’)
illustrated in Figure 3 b. The orbital y2’, which consists of oc-
cupied orbitals in the ruthenium–allenylidene part, is the p-
bonding orbitals in the allenylidene ligand. The orbital f2’,
which consists of unoccupied orbitals in propene, has large
amplitudes in the C1�C2 bond and in the hydrogen atom.
The electron delocalization represented by the pair (f2’; y2’)
is responsible for the bond forming between the Cb atom
and the hydrogen atom and for the further strengthening of
the Cg

�C1 bond. In the case of the reaction system of vinyl
alcohol, the electron delocalization from 1 to vinyl alcohol
is expected to become larger as the reaction proceeds.
In the structure along the IRC for TS2 b–3 b
(s=4.024 amu1/2·bohr), a pair of interacting orbitals that are
similar in shape was also obtained.[17] The localization of the
orbital f2’ in the hydrogen atom (42.4 %) is larger than that
in TS3 a–4 a (27.0 %), and the orbital f2’ has the clear anti-
bonding character in the O�H bond. These results indicate
the difference in the acidity of the hydrogen atom after the
nucleophilic attack on the Cg atom. The acidity of the hy-
drogen atom in the O�H is higher than that in C�H
(Scheme 6). This difference causes the facility of the hydro-
gen transfer into the Cb atom in the reaction of 1 with vinyl
alcohol.

In summary, we have found the reaction pathways of two
types of the carbon�carbon bond-forming reactions cata-
lyzed by thiolate-bridged diruthenium complexes by DFT
calculations. Both carbon�carbon bond-forming reactions
proceed via ruthenium–allenylidene complexes as common
reactive intermediates. The nucleophilic attack of propene
or vinyl alcohol on a ruthenium–alkynyl complex, a reso-
nance structure of ruthenium–allenylidene complex, is the
first step of the reaction pathway. p Electrons in propene or
vinyl alcohol play an important role in the first step. The re-
action pathways are different after the attack of nucleo-
philes on the ruthenium–alkynyl complexes. That is, the
carbon�carbon bond-forming reaction proceeds through a
stepwise process in the reaction with propene, whereas it
proceeds through a concerted process in the reaction with
vinyl alcohol. This is caused by the difference in the acidity
of the hydrogen atom that is transferred to the Cb atom.
Both the present carbon�carbon bond-formation reactions
and the reactions with the heteroatom-centered nucleo-
philes[7] are considered to be the same type of reactions. The
findings described herein provide a chance to develop fur-
ther novel catalytic activities of the ruthenium–allenylidene
complexes including ruthenium–cumulenylidene com-
plexes.[18]

Experimental Section

Computational Details

All DFT calculations were carried out with the Gaussian 03 program
package.[19] Geometry optimization was performed by the Kohn–Sham
DFT by using Becke�s three-parameter hybrid method with the Lee,
Yang, and Parr correlation functional (B3LYP).[20, 21] Pople�s 6–31G(d)
basis set[22] for C, H, O, S, and Cl atoms and the LANL2DZ basis set[23]

including a double-z valence basis set with the Hay–Wadt�s effective core
potential (ECP) for Ru atom were used for the Gaussian basis functions
(denoted as 631 LAN). Theoretical harmonic vibrational frequencies
were obtained at the same level of theory to verify each equibrium struc-
ture as a true energy minimum or a saddle point. The bond-order pro-
posed by Mayer[24] and the atomic charges based on the MPA[25] and on
the NPA[26] were obtained by means of the Kohn–Sham orbitals. For 2 a,
TS2 a–3 a, 3a, TS3 a–4a, 2b, and TS2 b–3b, the stability analysis for solu-
tions of the closed-shell Kohn–Sham equations[27] was performed to con-
firm that the obtained Kohn–Sham equations are stable. The solvent ef-
fects were estimated by performing the polarizable continuum model
(PCM)[28] calculations with the integral equation formalism (IEF)[29] for
the gas-phase optimized structures. Dichloroethane (e =10.36) was used
as the solvent and the united atom topological model applied on radii op-
timized at the PBE0/6–31G(d) level of theory (UAKS) was utilized for
the IEF-PCM method.
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