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A catalytic system consisting of tungsten carbene generated from WCl6 and an atomic carbon is investigated
theoretically for the metathesis of 1-octene at B3LYP/extended LANL2DZ level of DFT. The ground-state
geometries and charge distributions of the structures belonging to the reaction mechanism are located. Energetics
for the complete set of reactions, involving the formation of the tungsten carbene precatalyst, Cl4WdCCl2,
the formation of tungsten methylidene and tungsten heptylidene with this precatalyst, and finally productive
and degenerative metathesis steps with these alkylidene species are calculated in terms of total electronic
energy and thermal energies. The free-energy (∆G298) surfaces of the structures involved in the related reactions
are constructed. In addition, solvent effects on the single point energies of the structures are investigated for
two different solvents, namely, cyclohexane and chloroform. The results indicate that the formation of the
catalytically active heptylidene is energetically favored in comparison to the formation of methylidene, while
the degenerative and productive metathesis steps are competitive. In the catalytic cycle, the formation of
ethylene is exothermic, while the formation of 7-tetradecene is endothermic. As expected, solvent effects on
the metathesis reactions are minor and solvation does not cause any change in the directions of the overall
metathesis reactions.

1. Introduction

Olefin metathesis is a powerful synthetic method, which has
received increasing attention in the last few decades and is now
considered one of the most important CsC double bond
formation reactions in organic synthesis.1–4 Utility of the reaction
has triggered many investigations on catalyst systems for olefin
metathesis reactions, and it has been found that these catalyst
systems almost always contain a transition metal complex acting
through formation of a metal carbene, which initiates and then
propagates the reaction.5

After many attempts to explain the mechanism of catalysis
by metal carbenes, the Hérisson-Chauvin metallocyclobutane
mechanism6 is greatly accepted. As seen in Scheme 1, the
mechanism involves a transition metal carbene, which forms a
metallocyclobutane with the olefin by a formal (2 + 2)
cycloaddition and then with a (2 + 2) cycloreversion and
dissociation leads to a new metal carbene and the olefin product.
Although these basic steps of metathesis are well-known and
confirmed with many studies by now, a detailed mechanism of
olefin metathesis by metal carbene complexes has been the
subject of intense experimental and computational studies.
Computations have contributed a lot in clarifying the mechanism
especially with respect to the structure of the involved inter-
mediates.7 There have been a number of recent studies, both
experimentally8–19 and computationally,20–46 in an attempt to
clarify the olefin metathesis with metal carbenes. In many of
these studies, model substrates are used to mainly reduce the
computing cost, but it is important to note that only the real
full-DFT system is able to reproduce the experimental results.
Besides modest changes in the bond distances going from the
model system to the real system, notably the conformation of
the ligands changes.7

In the current study, DFT calculations at B3LYP/extended
LANL2DZ level are employed to 1-octene within the WCl6/C
catalytic system to gain more realistic results. According to our
former experimental work, it has been found that, in the
metathesis of 1-octene with in situ WCl6/ carbon atom catalytic
system, the active species that initiates the metathesis was the
tungsten carbene, [W]dCCl2.47 Now, we present the reaction
energetics of metathesis steps of 1-octene with the precatalyst,
Cl4WdCCl2, in terms of electronic and thermal energy values.
Geometries of all structures in the relevant reaction paths, charge
distribution on these structures, and gas phase single point
energies in comparison with the single point energies in the
presence of two different solvents, cyclohexane and chloroform,
are also given.

2. Computational Details

The quantum chemical calculations are carried out by density
functional theory (DFT),48–52 since it usually gives realistic
geometries, relative energies, and vibrational frequencies for
transition metal compounds.25–28 All calculations presented in
this work are performed with the Gaussian 03, revision B.03
molecular modeling program.53 All geometries are fully opti-
mized without any symmetry restrictions by using Becke three-
term functional with Lee-Yang-Parr exchange correlation
(B3LYP)54,55 in combination with the Los Alamos National
Laboratory 2-double-zeta, (LANL2DZ)56 basis set, adding extra
d functions for Cl and C atoms and a p function to H atom to
improve the geometries.57 This basis set is denoted here as
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SCHEME 1: Hérisson-Chauvin Metallocyclobutane
Mechanism
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extended LANL2DZ. The stability of the wave functions is
confirmed with stability tests. The optimized geometries are also
subjected to full frequency analyses at the same level of theory
to verify the nature of the stationary points. Equilibrium
geometries are characterized by the absence of imaginary
frequencies, whereas the transition state geometries exhibit only
one imaginary frequency in the reaction coordinate. For transi-
tion state (TS) geometries, confirmation calculations, involving
intrinsic reaction coordinates (IRC) calculations, are performed
in which the path connecting reagents, TS, and products are
mapped. The energy values that are given in the results are the
total electronic energies, enthalpies, and Gibbs free-energies at
298 K for an isolated system in the gas phase, so both the

electronic and the thermal effects are considered in this study.
Charge distribution on the atoms of the structures is presented
in terms of the Mulliken charge,58 which is based on orbital
occupancies. Solvent effects on the single point energies of the
structures are investigated via self-consistent reaction field
calculations carried out for metathesis reactions in cyclohexane
(dielectric constant 2.0) and in chloroform (dielectric constant
4.9) using the gas phase optimized geometries and a polarizable
continuum model (PCM)59 at the B3LYP/LANL2DZ level.

3. Results and Discussion

Reaction energetics of the catalytic metathesis of 1-octene
with the WCl6/C catalytic system is investigated computa-

Figure 1. ∆G298 (kcal/mol) profile, W-C bond lengths (Å, red) and Mulliken charges (blue for W and magenta for C) in the WCl6/ C system.

TABLE 1: Energetics for the Formation of Tungsten Carbenes in WCl6/C System Calculated at B3LYP/Extended LANL2DZ
Level

transition
∆E

(kcal/mol)
∆E‡

(kcal/mol)
∆G298

(kcal/mol)
∆G‡

298

(kcal/mol)
∆H

(kcal/mol)
∆H‡

(kcal/mol)
∆S

(cal/mol K)
∆S‡

(cal/mol K)

WCl6 + C f 1 -92.0 -88.2 -92.6 -14.7
1 f ts1 5.9 7.2 5.5 -5.6
1 f 2 -18.1 -17.5 -18.2 -2.3
2 f ts2 1.1 2.3 0.5 -6.0
2 f 3a -1.9 -2.3 -2.0 1.1
3a f 3b -8.7 -7.4 -8.8 -4.7

TABLE 2: Energetics for the Initiation Step of Catalytic Metathesis of 1-Octene with Tungsten Carbene, 3b, Calculated at
B3LYP/Extended LANL2DZ Level

transition
∆E

(kcal/mol)
∆E‡

(kcal/mol)
∆G298

(kcal/mol)
∆G‡

298

(kcal/mol)
∆H

(kcal/mol)
∆H‡

(kcal/mol)
∆S

(cal/mol K)
∆S‡

(cal/mol K)

3b + C8 f ts3a 19.4 34.4 18.6 -52.9
3b + C8 f ts3b 18.4 34.0 17.4 -55.4
3b + C8 f 4a -2.5 13.1 -3.2 -54.7
3b + C8 f 4b -1.7 13.5 -2.4 -53.2
4a f ts4a 20.8 20.0 20.8 2.5
4b f ts4b 25.3 25.2 24.7 0.4
4a f 5 + 6 -7.1 -22.1 -6.5 52.3
4b f 7 + 8 -3.7 -18.9 -3.1 53.3
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tionally in three steps. The first step is the formation of
Cl4WdCCl2 precatalyst from WCl6 and a C atom (Figure 1,
Table 1). This step of the mechanism was previously
published47 without thermal energy values, which are in-
cluded now. The second step is the conversion of this
precatalyst to metathetically active methylidene and heptyl-
idene species via the reaction with 1-octene (Figure 2, Table
2), and the third step contains productive and degenerative

metathesis reactions of these alkylidenes with 1-octene
(Figures 3 and 4, Tables 3 and 4). Table 5 shows the
calculated bond lengths and bond angles of the metallocy-
lobutane intermediates involved in the metathesis steps (See
also Supporting Information for detailed structural data and
LANL2DZ geometries). The mechanistic model is mainly
based on the metal carbene-metallocyclobutane mechanism
proposed by Chauvin and Hérisson.6

Figure 2. ∆G298 (kcal/mol) profile for the formation of initiation step of catalytic metathesis of 1-octene with tungsten carbene, 3b.

Figure 3. ∆G298 (kcal/mol) profile for the productive and the degenerative metathesis of 1-octene with tungsten heptylidene, 5.
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3.1. Formation and Structure of the Tungsten Carbene
Precatalyst. All possible structures existing on the potential
energy surface of the WCl6/C system are constructed both at
triplet and singlet spin states. Relative free-energies (kilocalories
per mole, black), WsC bond lengths (Å, red), and the Mulliken
charges on W (blue) and C (magenta) atoms are given in Fig-
ure 1.

In the triplet state, structure 1 is the first-formed structure
from WCl6 and atomic carbon with a formation free-energy,
-88.2 kcal/mol. In the structure 1, atomic carbon and the
tungsten metal center of WCl6 form a 1.94 Å W-C bond via

insertion of atomic carbon into one of the W-Cl single bonds.
This structure is then converted into the structure, 2, through a
transition state, ts1, with an activation free-energy, 7.2 kcal/
mol. During this course, the charge on the tungsten atom
increases gradually from 0.487 (WCl6) to 0.809 (2) and a 2.02
Å W-C bond is formed, which is a double bond within
experimental results.60,61 Finally, with a geometric isomerization,
2 becomes the most stable triplet structure of the system, 3a,
through ts2 with an activation free-energy, 2.3 kcal/mol. 3a has
a 2.01 Å W-C double bond, and the charges on W and C atoms
are 0.708 and -0.298, respectively.

Figure 4. ∆G298 (kcal/mol) profile for the productive and the degenerative metathesis of 1-octene with tungsten methylidene, 7.

TABLE 3: Energetics for the Productive and the Degenerative Metathesis of 1-Octene with Tungsten Heptylidene, 5,
Calculated at B3LYP/Extended LANL2DZ Level

transition
∆E

(kcal/mol)
∆E‡

(kcal/mol)
∆G298

(kcal/mol)
∆G‡

298

(kcal/mol)
∆H

(kcal/mol)
∆H‡

(kcal/mol)
∆S

(cal/mol K)
∆S‡

(cal/mol K)

5 + C8 f ts5a 11.6 24.3 11.6 -42.8
5 + C8 f ts5b 15.0 29.6 14.3 -51.3
5 + C8 f 9a 1.8 16.8 1.0 -53.0
5 + C8 f 9b 4.7 19.5 3.9 -52.0
9a f ts6a 18.1 17.5 18.3 2.6
9b f ts6b 10.4 10.1 10.4 0.7
9a f 7 + C14 2.8 -12.7 3.7 54.8
9b f 5 + C8 -4.7 -19.5 -3.9 52.0

TABLE 4: Energetics for the Productive and the Degenerative Metathesis of 1-Octene with Tungsten Methylidene, 7,
Calculated at B3LYP/Extended LANL2DZ Level

transition
∆E

(kcal/mol)
∆E‡

(kcal/mol)
∆G298

(kcal/mol)
∆G‡

298

(kcal/mol)
∆H

(kcal/mol)
∆H‡

(kcal/mol)
∆S

(cal/mol K)
∆S‡

(cal/mol K)

7 + C8 f ts7a 13.4 27.8 12.5 -51.4
7 + C8 f ts7b 10.2 24.6 9.2 -51.7
7 + C8 f 10a -2.8 11.5 -3.6 -50.4
7 + C8 f 10b -5.9 8.0 -6.7 -49.3
10a f ts8a 8.0 8.1 7.9 -0.8
10b f ts8b 16.0 16.6 15.9 -2.4
10a f 5 + C2 -1.9 -14.9 -0.7 47.7
10b f 7 + C8 5.9 -8.0 6.7 49.3
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In the singlet state, a stepwise mechanism leading to the
formation of a tungsten carbene could not be constructed. All
attempts give only one significant zero order stationary point
corresponding to the structure, 3b, which is very similar to 3a.
When these two structures are compared, it is seen that the
geometries are similar, but the W-C bond distance is shorter
(1.92 Å) and polarization of the W-C bond is higher for the
singlet state. 3b is 7.4 kcal/mol more stable than 3a by means
of free-energy. According to these calculations, it is assumed
that the experimentally obtained47 active carbene species,
[W]dCCl2, has a five coordinate square pyramidal geometry
as in 3b, which has a nucleophilic carbon atom with a partially
negative charge (-0.347) bonded to the electrophilic metal
center with a partially positive charge (+0.754). Besides the
relative free-energies (∆G298), the relative enthalpy (∆H),
relative entropy (∆S) and the relative total electronic energy
(∆E) values of the structures of this step are tabulated in Table
1. As expected, the formation of the carbene species from WCl6

and atomic carbon lowers the entropy of the system, but since
the carbon atom is highly energetic, it is seen that the formation
of all of the tungsten carbene species are exothermic reactions.

3.2. Initiation Step of Metathesis. The different geometrical
approaches of 1-octene, toward the precatalyst 3b, lead to the
formation of two types of catalytically active alkylidene species
via two different reaction paths of relative free-energy designated
with a and b notations in Figure 2.

In the heptylidene path, the coordination of 1-octene to the
metal center of 3b forms a metallocyclobutane ring, 4a, through
the activation complex ts3a with an activation free-energy 34.4
kcal/mol. The W-C double bond of 3b (1.92 Å) increases to
2.11 Å in ts3a, and it becomes a single bond (2.22 Å) in 4a.
The charge on W decreases from 0.754 to 0.583 in ts3a and
becomes 0.374 in 4a. Afterward, the ring opens to form the
tungsten heptylidene, 5, and the structure 6 through a second
transition state ts4a with an activation free-energy 20.0 kcal/
mol. In ts4a, the W-C bond is about to be broken with a length
2.34 Å, as expected.

On the other hand, in the methylidene path, through a
transition state ts3b, 1-octene and 3b form another cylobutane
ring, 4b, with an activation free-energy 34.0 kcal/mol. This ring
then opens to form the methylidene, 7, and the structure 8 via
ts4b with an activation free-energy 25.2 kcal/mol. In the
structures ts3b, 4b, and ts4b, the W-C bond lengths are 2.10,
2.22, and 2.40 Å, respectively. The charges on W in the
mentioned structures are 0.482, 0.325, and 0.377, respectively.

Calculated transition energetics, in terms of total electronic
energy, free-energy, enthalpy, and entropy, within the structures
of the initiation step, are given in Table 2. Both methylidene
(∆Hf ) -5.5 kcal/mol) and heptylidene (∆Hf ) -9.7 kcal/
mol) formations are exothermic reactions with negative enthalpy
values, but it is seen that the formation of heptylidene, 5, is
energetically more favorable than the formation of the meth-
ylidene species, 7, in this step.

3.3. Productive and Degenerative Metathesis Steps. The
heptylidene 5 and the methylidene 7 enter the same set of
reactions with 1-octene as in the initiation step. Relative free-
energy path of productive and degenerative metathesis reactions
of 1-octene in the presence of the heptylidene, 5, is given in
Figure 3, and that of methylidene, 7, is given in Figure 4.

Again, relative to the geometrical approach of 1-octene, C8,
toward the tungsten carbene 5, metallocyclobutane intermediates
9a and 9b are formed through the transition states ts5a and
ts5b with activation free-energies 24.3 and 29.6 kcal/mol,
respectively. The metallocyclobutane 9a produces the metathesis
product 7-tetradecene, C14, through ts6a with an activation free-
energy 17.5 kcal/mol, while 9b degenerates to the starting
structures, 5 and C8, through ts6b with an activation free-energy
10.1 kcal/mol.

The values of W-C bond lengths in the structures ts5a, 9a,
and ts6a, are 1.91, 2.20, and 2.35 Å, while the charge on W in
the corresponding structures are 0.557, 0.322, and 0.236,
respectively. In the degenerative path, the structures ts5b, 9b,
and ts6b have the W-C bond lengths 2.00, 2.16, and 2.00 Å,
and the charges on W in these structures are 0.466, 0.351, and
0.466, respectively. All of these values are in the expected range
for the broken and formed bonds in the process.

The metathesis of 1-octene with methylidene, 7, forms
ethylene, C2, as a metathesis product via similar reactions. The
metallocyclobutane intermediates 10a and 10b are formed
through the transition states ts7a and ts7b with activation free-
energies 27.8 and 24.6 kcal/mol, respectively. The metallocy-
clobutane 10a produces the metathesis product ethylene, C2,

TABLE 5: Selected Bond Lengths (Angstroms) and Angles
(Degrees) for Metallocyclobutane Intermediatesa

intermediate bond
bond

length (Å) angle
angle

(°)

4a W(1)-Cl(1) 2.333 Cl(1)-W(1)-Cl(3) 162.9
W(1)-Cl(2) 2.340 C(2)-W(1)-C(1) 62.6
W(1)-C(1) 2.220 C(1)-C(3)-C(2) 98.0
W(1)-C(2) 2.209
C(1)-C(3) 1.513
C(2)-C(3) 1.538

4b W(1)-Cl(1) 2.355 Cl(1)-W(1)-Cl(3) 158.6
W(1)-Cl(2) 2.340 C(2)-W(1)-C(1) 61.6
W(1)-C(1) 2.221 C(1)-C(3)-C(2) 95.1
W(1)-C(2) 2.202
C(1)-C(3) 1.531
C(2)-C(3) 1.541

9a W(1)-Cl(1) 2.351 Cl(1)-W(1)-Cl(3) 146.5
W(1)-Cl(2) 2.345 C(2)-W(1)-C(1) 62.4
W(1)-C(1) 2.177 C(1)-C(3)-C(2) 96.0
W(1)-C(2) 2.204
C(1)-C(3) 1.521
C(2)-C(3) 1.535

9b W(1)-Cl(1) 2.356 Cl(1)-W(1)-Cl(3) 161.4
W(1)-Cl(2) 2.351 C(2)-W(1)-C(1) 63.6
W(1)-C(1) 2.160 C(1)-C(3)-C(2) 96.9
W(1)-C(2) 2.165
C(1)-C(3) 1.522
C(2)-C(3) 1.524

10a W(1)-Cl(1) 2.309 Cl(1)-W(1)-Cl(3) 167.8
W(1)-Cl(2) 2.356 C(2)-W(1)-C(1) 62.4
W(1)-C(1) 2.172 C(1)-C(3)-C(2) 97.7
W(1)-C(2) 2.254
C(1)-C(3) 1.515
C(2)-C(3) 1.533

10b W(1)-Cl(1) 2.349 Cl(1)-W(1)-Cl(3) 147.6
W(1)-Cl(2) 2.348 C(2)-W(1)-C(1) 62.1
W(1)-C(1) 2.179 C(1)-C(3)-C(2) 94.6
W(1)-C(2) 2.176
C(1)-C(3) 1.529
C(2)-C(3) 1.527

a Geometric parameter optimized at B3LYP/extended LANL2DZ
level.
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through ts8a with an activation free-energy 8.1 kcal/mol, while
10b degenerates to the starting structures, 7 and C8, through
ts8b with an activation free-energy 16.6 kcal/mol.

In the structures ts7a, 10a, and ts8a, the W-C bond lengths
are 1.97, 2.17, and 2.19 Å, respectively. The charges on W in
the related structures are 0.357, 0.325, and 0.436, respectively.
In the structures ts7b, 10b, and ts8b, the W-C bond lengths
are 1.97, 2.18, and 1.97 Å, respectively. The charges on W in
these structures are 0.341, 0.282, and 0.341, respectively. As
can be seen in Table 3 and Table 4, enthalpy effects precede
the effect of entropy, and formation of 7-tetradecene is an
endothermic process (∆Hf ) 4.7 kcal/mol), while the formation
of ethylene is exothermic (∆Hf ) -4.3 kcal/mol).

3.4. Metathetic Cycle. The productive metathesis reactions
given in Figures 3 and 4 are summarized with a catalytic cycle
seen in Figure 5. Within the catalytic cycle, the heptylidene, 5,
is converted to the methylidene, 7, with a free-energy of reaction,
∆G298 ) 4.1 kcal/mol, which is in turn converted back to the
heptylidene, 5, with a free-energy of reaction ∆G298 ) -3.4
kcal/mol. During the conversion of 5 to 7, the metathesis product
7-tetradecene, C14, is formed, while ethylene, C2, is formed
when 5 is converted to 7. The overall process is endothermic
(∆H ) 0.4 kcal/mol; see Table 3 and Table 4) and favored to
the formation of ethylene with ∆G298 ) 0.7 kcal/mol, as far as
the free-energy values are concerned.

3.5. Solvent Effects on Energies of the Reaction Paths.
Table 6 shows the differences in single point energies between
gas phase and solutions of cyclohexane and chloroform for the
metathesis of 1-octene (C8) with 3b. These differences are more
evident for chloroform, when compared with cyclohexane. When
the activation steps are investigated, it is seen that solvation
causes mostly a decrease in activation energies of transition
states. Main decreases in activation energies due to solvation

are seen in the transition states, ts4a, ts4b, and ts8a, which are
4.8, 4.0, and 5.0 kcal/mol by chloroform and 2.4, 2.0, and 2.6

Figure 5. ∆G298 (kilocalories per mole) profile for the Chauvin mechanism for metathesis of 1-octene with tungsten alkylidenes, 5 and 7.

TABLE 6: Solvent Effects on the Energetics of the
Metathesis Reactions (Kilocalories per Mole)

gas phase cyclohexane chloroform

reaction ∆Ea ∆E‡b ∆Ea ∆E‡b ∆Ea ∆E‡b

STEP 2
3b + C8 f ts3a 14.9 14.8 15.6
3b + C8 f ts3b 12.6 12.6 13.6
3b + C8 f 4a -7.6 -7.2 -5.9
3b + C8 f 4b -7.9 -7.3 -5.9
4a f ts4a 18.6 16.2 13.8
4b f ts4b 23.9 21.9 19.9
4a f 5 + 6 -5.5 -7.6 -10.2
4b f 7 + 8 -0.8 -2.9 -4.9
STEP 3
5 + C8 f ts5a 11.0 12.2 14.0
5 + C8 f ts5b 13.1 13.0 12.8
5 + C8 f 9a 3.0 4.4 6.1
5 + C8 f 9b 6.5 7.9 9.8
9a f ts6a 14.6 13.1 12.0
9b f ts6b 6.6 5.2 3.1
9a f 7 + C14 2.9 1.8 0.5
9b f 5 + C8 -6.5 -7.9 -9.8
STEP 4
7 + C8 f ts7a 9.0 9.2 9.8
7 + C8 f ts7b 10.9 10.4 10.1
7 + C8 f 10a -2.2 -0.6 1.2
7 + C8 f 10b -5.6 -4.7 -3.6
10a f ts8a 9.1 6.5 4.1
10b f ts8b 16.5 15.1 13.7
10a f 5 + C2 -3.0 -4.9 -7.4
10b f 7 + C8 5.6 4.7 3.6

a Total electronic energy difference + ZPE correction (kcal/mol)
calculated at B3LYP/LANL2DZ level. b Activation energy including
ZPE correction (kcal/mol) calculated at B3LYP/LANL2DZ level.
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kcal/mol by cyclohexane, respectively. Since these changes are
parallel to the decreases in activation energies of ts4b, ts4a,
and ts8b, solvation does not change the competitiveness of the
reactions involving these transition states. As an exception, in
the metathesis of tungsten heptylidene, 5 (see Figure 3),
solvation by chloroform increases the activation energy of ts5a
by 3.0 kcal/mol and at the same time decreases the activation
energy of ts5b by 0.3 kcal/mol making the formation of the
metallocyclobutane intermediate, 9b, more favorable than 9a.
When the effects of solvation on the overall metathetic cycle is
considered, solvation by chloroform affects to favor formation
of ethylene, C2, and heptylidene, 5, by 1.0 kcal/mol, and
cyclohexane shows no significant effect.

4. Conclusions

Since atomic carbon is highly energetic, formation of 3b is
an exothermic process and with this excess energy, catalytic
metathesis reactions take place easily at room temperature.47

In this study, both electronic and thermal energies are taken
into consideration, and it is seen that there is a coincidence
between the calculated values. In both cases, formation of
heptylidene is more favorable than formation of methylidene.
This result is in agreement with the results from the quantum-
mechanical calculations employed by Jordaan et al. for 1-octene
metathesis with Grubbs 1 catalyst, indicating formation of the
heptylidene was kinetically and thermodynamically more favor-
able than the formation of the methylidene;25 however, since
the free-energy difference between the highest energy structures
of the two paths, ts3a and ts4b, is 4.3 kcal/mol (see Figure 2),
these two paths are competitive, and both alkylidene species
may form. Similarly, in the formation of 7-tetradecene, C14,
degenerative path is more favorable than productive path by
4.7 kcal/mol between ts6a and ts6b (Figure 3), while in the
formation of ethylene, C2, productive path is favorable by 3.2
kcal/mol between ts7a and ts7b (Figure 4). However, in both
cases, degenerative and productive paths are competitive, and
solvation does not have any significant effect on these steps.

When the two productive steps are compared, in the formation
of 7-tetradecene, C14, the largest free-energy of activation
(∆G‡

298 ) 24.3 kcal/mol Figure 3, Table 3) is associated with
formation of the metallocyclobutane species 9a; however,
transition state ts6a is clearly the highest point on the calculated
free-energy profile, and its formation is thus rate-determining.
On the other hand, in the formation of ethylene, formation of
the metallocyclobutane 10a is the rate-determining step since
ts7a is the highest energy structure on the surface. Solvation
by chloroform decreases the activation energy of ts6a by 2.6
kcal/mol, where it increases the activation energy of ts7a by
0.8 kcal/mol.
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