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Complete catalytic cycles for the (actual or potential) cycloaddition of acetylene with CX, (X = O, S, Se),
mediated by CpRu(COD)CI as the precatalyst, are proposed on the basis of DFT/B3LYP calculations. The
common initial step is the replacement of labile COD by two molecules of acetylene to afford a bisacetylene
complex. Oxidative coupling of the acetylene ligands results in the formation a coordinatively saturated
metallacyclopentatriene complex. This metallacycle adds the C=X bond of CX, directly to the Ru=C bond in a
concerted fashion, forming an unusual bicyclic carbene intermediate. The activation energies for this addition
are 14.2, 15.3 and 30.0 kcal mol ™! for X = O, S and Se, respectively, thus rendering the CSe, addition the most
difficult. In a subsequent reductive elimination a coordinatively unsaturated metallaheteronorbornene
intermediate is formed, which eventually rearranges into RuCpCl complexes bearing pyrane-2-one, thiopyrane-
2-thione and selenopyrane-2-selenone ligands coordinated in an n* fashion. The energy barrier for the reductive
elimination step decreases in the order O > S > Se, being 28.1, 17.7 and 14.6 kcal mol ™%, respectively. Overall,
the reaction with CS; is thus the most favorable. Completion of the cycles is achieved by an exothermic
displacement of the respective heterocyclic product by two acetylene molecules, regenerating the bisacetylene

complex.

Introduction

The seminal tool that the chemist uses to systematize elemental
relationships is the periodic table. Its function is to serve as a
framework, as an organizational outline , for the vast and
widely diversified information of chemistry. By analyzing the
changes in reactivity down a group the behavior of the indivi-
dual elements is more fully appreciated. This is all the more
relevant since it is commonly a combination of factors that
are responsible for a particular outcome, for instance, why
HF is a much weaker acid than HCL,! or why BF; is a weaker
Lewis acid than BCls .2

In the present contribution we focus on the cyclotrimeriza-
tion of two alkynes with an unsaturated compound, catalyzed
by RuCpCl, according to Scheme 1.

Of these transformations, the reaction with CS, has been
realized, in fact, recently by Itoh and coworkers, resulting in
thiopyrane-2-thiones.? Likewise, isocyanates® and isothio-
cyanates® have been reacted, giving pyridine-2-ones and thio-
pyrane-2-imines. Such transition-metal-mediated C-S bond
formations would seem highly unusual in view of the strong
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Scheme 1

T Electronic supplementary information (ESI) available: coordinates
and total energy of the complexes C, D, E and transition states TSgc,
TScp, TSpe. See http://www.rsc.org/suppdata/nj/b3/b307843d/
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metal-sulfur bonds prone to deactivate the catalyst. In fact,
so far only the ruthenium complexes RuCp(COD)X and
RuCp*(COD)X (X = Cl, Br) have proved to be suited for this
undertaking.

For the underlying reaction mechanism, Itoh ef al.® invoked
a metallacyclopentadiene as a key intermediate. Detailed DFT
calculations, however, from our collaboration on similar sys-
tems point to the intermediacy of a metallacyclopentatriene
complex that is able to easily add a C=S bond of CS, in a con-
certed [2+ 2] fashion directly to the Ru=C double bond.>*
Based on this experience we will investigate here, by means
of DFT/B3LYP calculations,”® whether the analogous inser-
tions of CO, and CSe; are conceivable and what atomic prop-
erties determine the reactivities. A better understanding of
such cyclotrimerizations is desirable since these processes are
not only metal-economic but also synthetically useful for
obtaining six-membered heterocyclic systems.”? In addition,
carbon dioxide is an abundant source of carbon.

Results and discussion

The cyclotrimerization of two molecules of acetylene and CS,
at RuCp(COD)CI has been analyzed in detail previously.® The
initial step is the replacement of labile COD in the Ru complex
by two molecules of acetylene to afford, via the bisacetylene
complex A, the metallacyclopentatriene B as a result of facile
oxidative coupling (Scheme 2, energies in kcal mol™1).

In analogy to CS,, B also easily adds one C=0 bond of the
incoming CO, molecule in an almost concerted [2 + 2] fashion
directly to the Ru=C bond to afford the bicyclic intermediate
C. This is slightly endothermic, requiring an activation energy
of 14.2. kcal mol™! (¢f. slightly exothermic with an activation
energy of 15.3 kcal for CS;). The energetic profile and the
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Scheme 2

geometries involved are shown in Scheme 3 and Fig. 1. In C,
two new bonds, Ru-O (2.09 A) and C-C (1.57 A) are formed.
This is noteworthy since in the transition state TSgc the car-
bon dioxide is close to nl-coqrdinated with the C. - -C distance
still being very long (2.10 A), indicating an, at best, weak
interaction. The two C=0 distances are different because the
binding of O to Ru weakens the adjacent C=0 bond. In going
to C, the latter becomes a C-O single bond, while the terminal
C-0 bond is also weakened since the carbon atom is involved
in an additional bond. Both C-O distances remain largely
unchanged in the subsequent reactions.

In the onward reaction of C the Ru—O bond is eventually
broken and concomitantly a C-O bond to the other o carbon
of the metallacycle is formed. The transformation of C to D is
essentially a reductive elimination in which a vacant coordina-
tion site is created and D may be considered as an unsaturated
metallaheteronorbornene complex. If the incoming ligand is an
alkene® this vacant site becomes involved in an agostic interac-
tion. In the present case of CO, attack, of course, no such pos-
sibility is available apart from a weak Ru-O interaction with
the unfavorably positioned oxygen electron lone pair. There-
fore, the reaction of C to D is appreciably endothermic (18.0
kcal mol™?) with a relatively high activation energy (28.1 kcal
mol1). In the case of CS, a much smaller activation energy of
17.7 keal mol ™" is needed for the reductive elimination. This
difference may be traced to the different atomic radii of O
and S (0.66 vs. 1.07 A13) controlling the interatomic interac-
tions. The transition state TScp largely resembles D, having
an oxygen atom in a pyramidal environment with the C-O
bond partly formed and the Ru-O bond already weakened
(0.21 A longer than in C). The C-O bond in D is already a nor-
mal bond, although on the long side (1.48 A) It becomes a
typical C-O bond (1.39 A) in the final species E, when the
Ru-O bond has completely broken and ruthenium binds an
N*-pyrane-2-one. The transformation of D into E starts with
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Fig. 1 Optimized B3LYP geometries of the equilibrium structures C,
D, E and the transition states TSgc, TScp, TSpg (distances in A) for
the reaction of B with CO,.

pivoting of the butadiene moiety, moving it from di-o- to
n*-coordinated as in the CS, system. Completion of the cycle
is achieved via the reaction E + 2 HC=CH — pyrane-2-one + A,
, which is exothermic by 14.7 kcal mol™! (¢f. 17.9 kcal mol !
for the CS, system).

Let us now turn to the reaction of B with CSe,. The ener-
getic profile and the geometries of the species involved are dis-
played in Scheme 4 and Fig. 2, respectively. While the
intermediates C, D and E and the transition states connecting
them are very similar to the CO, and CS, analogs, the energies
involved are not. Note that the activation energy required for
inserting the C=Se bond into the Ru=C bond of B is twice as
high (30.0 kcal mol™! vs. 14.2 for CO, and 15.3 for CS,). This
implies that CSe;, is a much weaker nucleophile towards ruthe-
nium. The catalytic cycle is completed via the reaction E +2
HC=CH — selenopyrane-2-selenone + A, which is exothermic
by 17.1 kcal mol~'. The catalytic cycle for the addition of
CX, X =0,8, Se) to B is shown in Scheme 5.

Conclusions

According to the present DFT/B3LYP calculations the
mechanisms of the hypothesized cyclotrimerization of alkynes
with CO,, CS, and CSe, catalyzed by the CpRuCl fragment
should be very similar. The metallacyclopentatriene B, appear-
ing as a common key intermediate from oxidative coupling of
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Fig. 2 Optimized B3LYP geometries of the equilibrium structures C,
D, E and transition states TSgc, TScp, TSpg (distances in A) for the
reaction of B with CSe, .

two alkyne ligands, is capable of adding CX, in a concerted
fashion to the Ru=C bond to give a new bicyclic carbene inter-
mediate C. However, there are notable energetic differences.
Whereas the barrier for the [2+ 2] addition of a C=X bond
to the Ru=C bond of B is low in the case of X = O and S,
for X = Se the addition is the rate-limiting step. Conversely,
the subsequent reductive elimination (C— D) is facile for
X = S and Se but difficult for X = O, in which case the trans-
formation of a Ru-O into a C-O bond is unfavorable and con-
stitutes the rate-determining step. Therefore, the overall
reaction with CS, is the most favorable.

Theoretical

All calculations were performed using the Gaussian 98 soft-
ware package on a Silicon Graphics Cray Origin 2000 at
the Vienna University of Technology. The geometry and
energy of the model complexes and the transition states were
optimized at the B3LYP level with the Stuttgart/Dresden
ECP (sdd) basis set' to describe the electrons of the ruthenium
atom. For all other atoms the 6-31G** basis set was
employed.'® Frequency calculations were performed to con-
firm the nature of the stationary points, yielding one imaginary
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frequency for the transition states and none for the minima.
Each transition state was further confirmed by following its
vibrational mode downhill on both sides and obtaining the
minima presented on the reaction energy profiles. All geome-
tries were optimized without constraints (C; symmetry) and
the energies were zero-point corrected. Relative energies were
compared taking into account the total number of molecules
present.
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