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A DFT approach was used to clarify the structure of [RuCly(PPhs),(Py)2] complex, which came out to be
hexacoordinate with the similar ligands trans-positioned regarding each other. We addressed different
pathways analyzing the formation of [RuCly(Py),(=CHCOOCH,CH3)] carbene active species using
[RuCly(PPhs3)2(Py)2] and ethyldiazoacetate. Our findings show that the mechanism most likely to happen
presents an immediate coordination of the C, of the EDA to the ruthenium atom, with an affordable
activation energy (10.5 kcal-mol~1). Subsequent ring opening metathesis of norbornene catalyzed by the
ruthenium-carbene active species is also considered. Experimental yields available in the literature
present correlation with the activation energy and the favorability of the products in our mechanism.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Olefin metathesis is a reaction that promotes the interchange of
alkylidene groups (=CRR’) of two different olefins, through
breaking and formation of C=C bonds. It is a powerful tool for a
variety of usage, especially in organic synthesis and polymer
chemistry [1-6]. Regarding the polymer chemistry, Ring Opening
Polymerization (ROMP) is useful to polymerize cyclic olefins [7].

The reaction mechanism was proposed in the early 70s by
Chauvin and Hérrison [8], and afterward widely proved and
accepted, demonstrating that is necessary the existence of an active
species metal-carbene (M =CRR’). The processe takes place
through the coordination of the incoming first olefin (the cyclo-
addition process) followed by the formation of the intermediate
metallacyclebutane that immediately suffers the cycloreversion
process, forming a new metal-carbene. The second olefin then
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enters the catalytic cycle and performs the same steps, concluding
the metathesis of two different olefins.

The enlightenment of this mechanism showed the fundamental
role played by the active species metal-carbene, which paved the
way for the development of the so-called well-defined catalysts.
There are two main groups of such catalysts, both containing metal-
carbene fragment. The first of these groups to appear is composed
by complexes of W, Mo, Nb, the so-called Schrock's catalysts. Those
catalysts presents an interesting reactivity, being even able to react
with electron deficient or substituted olefins [9]. However, some
problems appeared in environments of protic solvents, moisture or
oxygen, leading to the decomposition of the catalysts [10].

The other class of catalyst are the Grubbs’ catalysts [11], which
are based in Ru-carbenes, and responsible for the popularization of
olefin metathesis, mainly because these ruthenium complexes can
react with a bigger number of different olefins substrates, since
they are more resistant to acid, protic and oxygen-containing me-
dia, although less reactive regarding the Schrock catalysts. They
started with complexes known as 1%t generation, with
(PCy3)2CI,Ru = CHPh as general formula, which are more stable,
although less reactive than Schrock complexes. A significant
improvement came in the ond generation, replacing a phosphine by
a carbene N-heterocyclic — (HzIMes)(PCy3)CloRu=CHPh) —
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becoming very efficient for metathesis of a diverse number of
olefins.

In the ROMP reaction, besides the importance of the metal-
carbene, phosphine ligands also play a major role in the initiation
process and in the living polymerization itself. In this way, the
polymer properties depend on the ligands coordinated to the
metallic center, known as ancillary ligands. Although Grubbs
complexes are powerful catalysts for Olefin Metathesis, there is a
demand for more robust catalyst as a response to the continuous
challenge for new materials [6,12].

In the last years, amine ligands have been appearing as impor-
tant simple and cheap ligands for alternative olefin metathesis
catalysts. Similarly to the phosphines, they also can control the
electronic density, as well as steric hindrance on the metal coor-
dination sphere towards a high catalytic activity [13]. Within the
purpose of providing alternative catalysts for olefin metathesis
reaction that bears cheaper and simpler ligands, a series of pre-
catalysts has been proposed. Special attention has been paid to
develop complexes of the [RuCl(Phosphine);(Amine)y] (y =1 or 2)
kind, containing both P and N, since they are reasonably non-
sensitive to the air, moisture, light and warm, which are some of
the appropriated conditions for a large practical application. Such
work developed by one of us, together with other colleagues, have
shown that a combination of phosphines and amines on the
starting non-carbene Ru(Il) coordination sphere, catalyses the for-
mation of polymers with interesting results of yield, molecular
weights and dispersion [14—24].

There are two families of these complexes above described: one
is pentacoordinated [14], with one amine, and the other is hex-
acoordinated [16], with two amines. The first family is well studied,
and the precursor [RuCly(PPhs),(piperidine)] well characterized, as
having a square base pyramid geometry, with the amine in the
apical position and the phosphines in trans position regarding each
other, as well as the chlorides.

As a matter of fact, these complexes described above are in fact
precursors of the active species Ru-carbene, which is generated in
situ by reacting with ethyl diazoacetate (EDA). The mechanism for
the formation of the Ru-carbene and the subsequently ROMP of
norbornene is partially proposed, for the case of the pentacoordi-
nated [RuCly(PPhs),(piperidine)] complex [25]. After the carbene
formation, then the olefin metathesis reaction happens. Alterna-
tively, experimental studies point that the norbornene enters in the
catalytic cycle, by coordinating to the ruthenium, before the car-
bene formation, which clearly plays an important role in the hy-
pothetical mechanism [21]. On the other hand, the structure
[RuCl,(Phosphine),;(Amine); ] hexacoordinated complex is not fully
characterized and understood, as well as the carbene formation and
the subsequent olefin metathesis reaction itself.

In this way, this work is aimed at understanding the structure of
the hexacoordinated complex with pyridine being the amine ligand
- [RuCly(PPh3),(Py),2]. More importantly, we want to explain the
mechanism involved in the formation of the Ru-carbene active
species and the ring opening metathesis of norbornene.

2. Computational methodology

This work is based on Density Functional Theory. All structures
of reactants, products, intermediates and transition states were
optimized through B3LYP exchange-correlation functional [26,27].
Main-group atoms were treated with double-zeta plus polarization
functions on heavy atoms basis set 6-31G(d) [28,29], except for Ru
atoms, to which was used the effective core potential of Hay and
Wadt (LanL2DZ) [30—32], henceforward referred as BS1.

All stationary points were characterized by vibrational calcula-
tions, where the absence of imaginary frequencies means a

minimum geometry, and the presence of only one imaginary fre-
quency implies in a transition state geometry. For the cases whose
connectivity between reactants and products was not clear for a
given transition state, intrinsic reaction coordinate (IRC) calcula-
tions were performed for ensure the reliability of such structure.

To improve the accuracy of the results, single-point calculations
were performed on the optimized geometries obtained by means of
BSI, with M — 06 [33] exchange-correlation functional while a large
basis set, triple-zeta 6—31171G(d,p) [28,34], was chosen for all
atoms, except ruthenium that was, again, treated with the effective
core potential of Hay and Wadt (LanL2DZ). Solvent effects were also
included, by means of the Polarizable Continuum Method [35—37],
regarding the solvent experimentally used, chloroform (e = 4.7113).
Finally, non-covalent interactions were taken into account
employing the Grimme's empirical dispersion (D3) [38]. This level
of theory from now on is called BS2. The AG energies reported in
this text are based on the gas-phase Gibbs correction obtained with
BS1, calculated at 298.15K and 1 atm, added to the energies from
BS2. All calculations were performed with Gaussian 09 package
[39].

B3LYP has been proved efficient for organometallic studies in
general [40—42], including olefin metathesis [43—45]. A compara-
tive study of different GGA, meta-GGA and hybrid-meta-GGA
functionals found that B3LYP is generally only slightly less acurate
than the newer, dispersion-inclusive functionals, which are more
computatinal demanding. They also indicated that single-point
calculations on B3LYP optimized structures with M05—2X could
be an efficient balance between accuracy and computational cost
[46]. As said above, in this work we use a similar methodology,
where the structures are optimized with B3LYP followed by single-
point calculations with MO6, including dispersion and implicit
solvation. This level of theory has been successfully used in the
organometallic field with complexes of different metals, ruthenium
included [47—-54].

3. Results and discussion

This work is focused on proposing a mechanism for the ROM of
norbornene promoted by the precursor [RuCly(PPhs);(Py);] com-
plex and EDA, with the in-situ generation of the carbene. We
explore the mechanism for the formation of the Ru-carbene active
species, analyzing three possible paths. Subsequently, ROM of
norbornene promoted by the Ru-carbene previously formed, is
addressed. Finally, the key steps of the overall proposed mechanism
are faced with experimental results. For such a goal, understand the
structure of the hexacoordinated precursor is crucial, and we start
adressing this issue.

3.1. Structure and activation of the precursor

This complex was synthesized for the first time by Matos and
colleagues [16]. In that time, besides the reactivity for the ROMP of
norbornene, the authors attested the hexacoordinated nature of the
compound with molecular formula [RuCly(PPh3),(Py),] and a low-
spin d® electronic configuration. However, the relative positions of
the ligands were not clarified. Fig. 1 shows the possible isomers for
the complex, and their relative energy.

It was expected an isomer a with ligands trans-positioned to be
the most stable, since the large PPhs groups in a cis position would
carry out repulsive steric interactions. We found that the isomers a
and b are almost degenerated and, by far - at least 6.0 kcal-mol ! -,
the most stables configurations. Isomer a, with all ligands in trans
position regarding each other, is 0.4 kcal-mol~! more stable than
isomer b. The analysis of the IR spectrum of the five isomers shows
the appearance of the stretch bands for the chlorides in trans
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Fig. 1. Potential isomers of the hexacoordinated complex [RuCl,(PPhs),(Py),] and their
relative energies, in kcal-mol~.

position for the isomers a (315cm™!) and b (303cm™!) (see
Figs. S1—-S5 in SI), that is within the experimental range register
(350-300 cm ™). The isomer d also shows a band around 310 cm™,
however, is flatter than the cases a and b, and is not related with
chlorides stretch.

The catalytic precursor is an 18 electrons species, which implies
the decoordination of one ligand for any reaction to occur, forming
a 16-electron species. There are two possibilities of activation: the
loss of one phosphine or the loss of a pyridine. We have considered
this both possibilities for complexes a and b, since they are the most
favorable isomers. For all cases, decoordination of ligands is
endergonic. Decoordination of a phosphine from a
(AG = 14.0 kcal-mol~1) is less favorable than decoordination of a
pyridine group from b (AAG = 4.4 kcal-mol~'). However, a relaxed
scan for these both ligands decoordination, in complexes (a and b),
shows that the phosphine decoordination from a is more favorable
for than the pyridine decoordination from b, by around
5.0 kcal-mol~! (in total energy), and the other cases are even less
favorable (see Fig. S6 in SI). Indeed, this corroborates the experi-
mental observations, referring to the appearance of a signal in the
NMR spectra for a free phosphine after 2 h, and the absence of a
signal for free pyridine [16]. Such behavior is justified, since pyri-
dine is a stronger o-ligand than phosphine, therefore harder to
suffer decoordination.

The processes of the phosphine loss to form the pentacoordi-
nated complex is schematized in Fig. 2. When the most stable
isomer a lose a phosphine, it immediately creates a pentacoordi-
nated complex with a square-base pyramid structure (sbp). This is
an endergonic process that consumes 14.0 kcal-mol L. The isomer
trigonal bi-pyramid (tbp) is 8.3 kcal-mol~'less stable. The isomer
hexacoordinated b, as said above, is relatively degenerated to the
isomer a, and can play a relevant role in the reactional environ-
ment. Decoordination of a phosphine from b implies in the im-
mediate formation of the less stable tbp pentacoordinated
complex, raising the system energy by 22.3 kcal-mol~, that only
can interconvert in the SBP structure by overcoming a barrier of
18.8 kcal-mol~%. To summarize, in the hexacoordinated complex
each pair of similar ligands are in trans position (isomer a); this
complex suffers decoordination of a phosphine to form a square-
based pyramid pentacoordinated complex (sbp) active species.

3.2. Formation of the Ru-carbene species

After the pentacoordinated sbp complex is formed, the carbene

. e )
PPh; 2 b PPh;
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' '
Py” | Py” |
PPh; Py
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Fig. 2. Activation process to form the sbp pentacoordinated active complex. Energies
values in kcal-mol~.

catalyst is generated by reacting with EDA, and Chauvin mechanism
can therefore operate. Three substances are added in the reactional
pot for the overall process: the Ru-complex a, EDA and norbornene.
In this way, is not clear which reactant, norbornene or EDA, initially
interact with the pentacoordinated complex. These two possibil-
ities have been raised as reliable [21], which imply in potential
different mechanisms. Scheme 1 shows the overall mechanisms to
be addressed in this work.

Step A is the mechanism described in the previous section: the
initiation process that occurs by the loss of a phosphine, forming

| Al
", | WPy i, | Py
Ru —L» Py /Ru\
sbp

Py/I\

_Rum
Scheme 1. Potential pathways addressed in this work — A: activation of the precursor;

B: formation of the carbene with the pentacoordinated complex and subsequent
ROMP; C: formation of the carbene along with the norbornene previously coordinated.
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the sbp pentacoordinated species, which will be the active species
to engage the subsequent steps. The pathway B can occur when an
EDA molecule coordinates to the sbp pentacoordinated complex, to
form the carbene. After the carbene formation, an incoming nor-
bornene engages the Chauvin mechanism of ROM. Alternatively,
instead of coordination of an EDA molecule to the pentacoordinated
complex, we can have initially the coordination of a norbornene,
and then formation of carbene with EDA. Therefore, the norbor-
nene, previously coordinate, reacts with the carbene by Chauvin
mechanism, performing the ROM. This is shown in pathway C. All
mechanisms discussed from now on are going to regard the sbp
pentacoordinated species as the reference.

3.2.1. Pathaway BI — diazo linked

For carbene formation with no previous coordination of NBE
(path C), there are two possibilities: in the path BI, showed in
Fig. 3, the diazo fragment of the EDA keeps linked to the ruthenium
all along the pathway. In the case of pathway BII, henceforward
called ‘direct attack’, the C, of the carbonyl group of the EDA co-
ordinates directly to the ruthenium center, as shown in Fig. 3. In
this same section, we discuss the pathway BL It is similar to
another mechanism proposed for the formation of metal-carbenes
with diazoalkanes and a Rh—PCP complex [55].

This path starts with the coordination of the EDA to sbp complex
by one nitrogen (n!-N) forming the complex bi.1, in an endergonic
process of 1.3 kcal-mol~, to subsequently transform in a bihapto
coordination (n?-NN), resulting in the structure bi.2, located
9.7kcal-mol~! above, surpassing a barrier of 10.3 kcal-mol~!
(bi.12*). By overcoming a barrier of 29.3 kcal-mol~, the interme-
diate bi.3 is formed; such intermediate is a diazirine, formed by the
two nitrogen and a carbon atom, coordinated to the sbp complex.
Subsequently, the diaziridine bi.3 is transformed in a four-
membered ring (bi4’), where two vertices are formed by nitro-
gens, another by the ruthenium, and the last by the carbon, which is
going to form the carbene together with the ruthenium in the end
of the catalytic cycle.

The transformation of bi.3 into bi.4 shows the largest barrier of
this catalytic cycle, 37.1 kcal-mol~', perhaps because in this step
begins the formation of the Ru=C bond. Moreover, in the trans-
formation of bi.3 to bi.4’, occurs a situation where the complex has

seven ligands, ergo presenting 20 electrons (Ru?* has six valence
electrons), although immediately the decoordination of the phos-
phine takes place, and bi.4 has again 18 electrons. The Ru—P bond
length in the species bi.3 is 2.46 A, while in the transition state
bi.34% is 2.53A, indicating the beginning of the phosphine
decoordination. The IRC towards the products from this transition
state results in a structure where the distance Ru—P is 3.90 A, which
clearly shows that the phosphine is already decoordinated (bi.4’).
These geometrical parameters can be checked in the Supporting
Information.

The following steps cover the path towards decoordination of
the N, fragment. The trasition state bi.45% corresponds to a barrier
of 13.0 kcal-mol~, and is the highest stationary point of this PES. It
is associated to the loss of the ruthenium interaction with the ni-
trogen atom, undoing, therefore, the four-membered ring, resulting
in the species bi.5. In this stationary point we have the formation of
a single bond between the ruthenium and the carbene, to subse-
quently completely form the Ru=C species bi.6 by overpassing a
barrier of 0.8 kcal-mol~! (bi.56%). This step is related with the bond
breaking between the N, and the carbenic carbon.

Overall, this is a complex pathway with many steps, where
bi.34% is the most significative barrier (37.1 kcal-mol™'), corre-
sponding to the transformation of the hexacoordinated diazirine
bi.3 into the also hexacoordinated structure bi.4 with a four-
membered ring. The activation energy is 52.1 kcal-mol~}, related
to the transition state bi.45%. For a given process, such a barrier is
very unlike in a productive mechanism.

3.2.2. Pathaway BII — direct attack

This is an alternative mechanism for the formation of the
ruthenium-carbene without previous coordination of a norbornene
molecule. In here, the EDA bonds to the metallic center of the sbp
by means of the C, in the carbonyl group of EDA, instead of the
nitrogen, as showed previously. The whole mechanism is pictured
in Fig. 4.

First step is the coordination of EDA to the sbp pentacoordinated
complex, forming an hexacoordinated biil, by consuming
1.4 kcal-mol~'. The following step is the formation of the penta-
coordinated Ru-carbene bii.2, overcoming the transition state
bii.12#, corresponding to a barrier of 9.1kcal-mol~l. Stationary

[Ru]1*
ks e
| WPy | . REs H/C\ 7
, JRii “f“l [Ru] OOEf
1 N ch‘\' N bi.45* 1t
1t H/(:—N OOEt Ry IIFUI
.y . * - !
| [llzu] OOEt . 53# b.1.34 ........... bid' (i 52.1 fe
[Ru] ; Bt 435 420 o OOEt N=N
N $40.3% d 39.1 3 )
N=N N ST é . R % pis D56
HC/ HC K . : [Ru] [Ru] LT —, N,
| § g /¢~ uc N 260 2687
/J\ EtOO i : ; ucd N - 3
Et0” 70 bi.12%  bi2 { o /N ! [Rul
e hal bi3i  OOEt OOEt |
11.0 — ;
sbp \, bLl. 11.6 6.4 oorf{ N=N %
— 1 3 % .
0.0 \ | . bi.6
| u ‘ -8.0
[Ru] l N CH
4N | HCN EtOj{
_N EtOO |
HC EtOO Y
PN
Et0” S0

Fig. 3. Mechanism of pathway BI—‘diazo linked’ for the formation of the carbene. Energies in kcal-mol~".
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Fig. 4. Mechanism of the pathway BII—‘direct attack’, for the formation of the carbene.
Energies in kcal-mol ™.

point bii.2 is a hexacoordinated structure where the Ru=C bond is
already settled, presenting 1.84 A length, hence within the char-
acteristic boundary for such bond [56—58]. This structure is also
considerably exergonic regarding the reactants (—17.5 kcal-mol 1),
showing the stability of the ruthenium carbene. In bii.2, the bond
Ru—P is 3.04 A length, indicating that the phosphine is already
decoordinated. The optimization of the carbene without the
phosphine is the pentacoordinated structure bii.3, lying
9.4 kecal-mol~! high in energy, resulting in the carbene active spe-
cies that can catalise ROM of norbornene.

In this pathway, as in previous one, the second phosphine
decoordinates spontaneously from the ruthenium center: in bii.2
the distance Ru—P is 3.04 A, which is a distance for an uncoordi-
nated ligand. Previously, in the transition state bii.12*, this same
bond distance is 2.58 A, which is still a value for a coordinated
ligand, and in biil, the distance Ru—P is 2.34A, where the

bii.3 2..

Fig. 5. Geometries of the pathway BII—‘direct attack’. Bond lengths in A.

phosphine is effectively coordinated, as can be seen in Fig. 5.
Perhaps the double bond character of the Ru-carbene (bii.2) bond
forces the decoordination of the phosphine. This liberation of the
second phosphine is corroborated by experimental findings
showing that the presence of excess of free phosphines in the so-
lution avoids ROMP. Moreover, the presence of a free phosphine in a
post-ROMP solution is indicative of a second ligand release [16,19].
This released ligand is not a pyridine, since no evidence of free-
pyridine NMR signal was detected [20].

The pathway BII is clearly simpler than pathway BI, with fewer
steps. As a matter of fact, it can be considered as a concerted
mechanism, since the formation of the carbene and the releasing of
molecular nitrogen (N3 ) takes place in a single step, by means of the
transition state bii.12*, which also engenders the decoordination of
the second phosphine. The overall activation energy is
10.5 kecal-mol~! corresponding to the only transition state bii.12¥,
that is 41.6 kcal-mol~! smaller than in the previous mechanism
discussed. This indicates that ‘direct attack’ promotes a mechanism
kinetically more reliable than the ‘diazo linked’.

3.2.3. Pathaway C — NBE linked

This mechanism is different of the two previously discussed, as
it is shown in Fig. 6. It was suggested in an experimental work [21]
about the synthesis of co-polymers with norbornene and norbor-
nadiene, catalyzed by the complex [RuCly(PPh3)Pip]. Although this
complex has two phosphines and one nitrogenate ligand (piperi-
dine) - and in our case we have one phosphine and one nitrogenate
ligands (pyridine) in the sbp structure - it is a fair assumption that
this mechanism can operate here. Based on the findings discussed
in previous sections, we assumed a mechanism based on the
pathway BII with a direct attack of the carbenic carbon, since it is
the preferred mechanism when the NBE is not linked to the
ruthenium center.

The starting step is the coordination of a NBE molecule to the

N t
N g |
Cl, | Py (|j OFt
" N
S Eto/K 0
__[Ru] c.34"
c.2 €3 e, N
r—1 1y s 5 2

Fira N
s N 3

Fig. 6. Mechanism of the pathway C—'NBE linked’, for the formation of the carbene.
Energies in kcal-mol .
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sbp complex resulting in the species c.1. This process occurs by
gaining 2.4 kcal-mol~. The subsequent step would be the coordi-
nation of the EDA molecule to the species c.1, however all attempts
to optimizing a structure with seven ligands failed, and this hap-
pens so because this hypothetical complex would have 20 elec-
trons. Therefore, before the coordination of the EDA molecule is
necessary one ligand to leave the metallic center. We have found
that the phosphine decoordination is 5.6 kcal-mol~! more stable
than the pyridine decoordination. In this way, decoordination of
the phosphine generates the structure c.2, which increases the
system energy by 21.5 kcal-mol .

An EDA molecule coordinates to the c.2 species, forming the
complex c¢.3, which is a process that lower the energy by
1.6kcal-mol~". Now the system overcomes a small barrier
(3.4 kcal-mol 1) that corresponds to the transition state c.34*. The
imaginary frequency of this transition state referes to the elonga-
tion of the bond between the carbenic carbon and the nitrogen, and
at the same time to the shortening of the distance of the ruthenium
to the carbenic carbon, clearly showing the Ru=C bond formation
and the releasing of No, which is confirmed in the following sta-
tionary point, that is the carbene itself (c.4). The step from ¢.3—c.4
is extremely exergonic, lowering 31.8 kcal-mol~! the energy of the
system.

In summary, this mechanism is unlike to happen since its acti-
vation energy is 25.7 kcal-mol~, which is 15.2 kcal-mol~! higher
than for the case of the mechanism ‘direct attack’ (see Fig. 5).
Obviously, coordination of the norbornene molecule carry diffi-
culties to the subsequent steps in this mechanism, since it is
necessary the immediate decoordination of one phosphine, that is a
step fairly unfavorable (21.5 kcal-mol~1).

After the scrutiny of these three possible mechanisms, we can
say that the prevalent mechanism to the formation of the
Ruthenium-carbene active species RuCly(Py),(=CHCOEt) is the
pathway BII — ‘direct attack’, without the prior coordination of an
NBE molecule.

3.3. ROM of norbornene

In this section we use the carbene bii.3 (which is the same
structure as bi.6) to address the Ring Opening Metathesis of nor-
bornene, whose Gibbs energy profile is shown in Fig. 7.

In this path, the ruthenium-carbene r.i (labeled bii.3 in the
pathway BII) is a square-based pyramid pentacoordinated species
with two chlorines and two pyridines forming the pyramid's base,
and the carbene in the apical position. Subsequently, it loses one of

\
-8.1 o
C\ H H\ ~OOEt
Py=—|Ru]| OOEt I
Il [Ru]
C-H

EtO O

Fig. 7. Mechanism for ROM of norbornene catalyzed by RuCl,(Py),(=CHCO,Et) car-
bene. Energies in kcal-mol~". The reference energy (—9.0 kcal-mol~') corresponds to
Ru-carbene product in pathway BIL

the pyridines, resulting in the species r.2 that is 15.2 kcal-mol~!
higher in energy. The subsequent steps behave similarly to the
already well-established mechanisms for olefin metathesis. The
incoming olefin, in this case norbornene, coordinates to the
ruthenium center releasing 8.6 kcal-mol~!, after which it surpasses
the cycloaddition transition step (r.34%) to form the intermediate
metallacyclebutane r.4. The metallacycle easily suffers cyclo-
reversion with a barrier of 2.7 kcal-mol~!, topped by r.45% transi-
tion state, to finally form the new olefin r.5, that is the product of
the ROM of the first norbornene molecule. This mechanism is
similar to another computational calculations for olefin metathesis
with ruthenium-carbenes [43—45].

The complex r.1 is a 16 electrons species, and without the loss
one pyridine would make hard the olefin metathesis reaction. Even
so, we have considered it, and the energy profile is shown in Fig. S7
(see in SI). A 16 electrons species could avoid the cycloaddition,
since the step corresponding to this process (the analogous to
r.34%) is a species that could be considered as having 18 electrons,
which implies in a more difficult process. Indeed, we have not been
able of locate this structure neither the transition state for cyclo-
reversion. Overall potential energy surface should be higher in
energy than the one showed in Fig. 7. See more in Section S2 in SI.

The complete catalytic cycle for the ROM of norbornene,
including the formation of carbene, corresponds to the combina-
tion of the pathway BII — direct attack (Fig. 4) and the pathway for
ROM of norbornene (Fig. 7). The activation energy for the whole
reaction is 18 kcal-mol ™, that corresponds to the transition state
bii.12*, which is an affordable barrier, easily compensated by the
energy released for the formation of the product r.5
(—16.7 kcal-mol ).

As said in the introduction section, to the best of our knowl-
edgement, there is only one computational work about olefin
metathesis with this kind of catalyst. In that study, the mechanism
for the formation of the Ru-carbene and the subsequently ROM of
norbornene is partially proposed for the case of the pentacoordi-
nated [RuCly(PPhs),(piperidine)] complex. In our case, after
decoordination of one phosphine from the hexacoordinate
[RuCly(PPhs)2(Py)2], a pentacoordinated complex with only one
nitrogenated ligand is formed, as well. For [RuCly(PPhs);(piper-
idine)], the main barrier is the carbene formation, with a value of
12.5 kcal-mol~, and in our study it is 9.1 kcal-mol~. On the other
hand, the general activation energy for the complex with piperidine
is smaller than with pyridine. The studies, however, were not per-
formed in the same level of theory, since the work of Haiduke et al.
does not include dispersion correction. Moreover, their work does
not assembly a systematic study about the mechanism for the
formation of Ru-carbene, instead they focus only on the ROMP of
norbornene [25].

34. Influence of N substituent in the reactivity

Experiments have shown that the change of the N'' substituent
in the hexacoordinated complex [RuCly(PPhs)2(Py),] influences
directly on the activity of the catalyst, expressed in the experi-
mental yields [14—17,59], as shown in Table 1. To address such
differences, we have calculated the activation energy for the overall
ROM of the norbornene, that corresponds to the AAG* of the
transition state bii.12* regarding the hexacoordinated complex a,
for each complex with different N'' substituent. These results are
also reported in Table 1.

The values in Table 1 shows an interesting inverse relation be-
tween experimental yields and the activation energy, which is
exhibited in graphic L, at the bottom part. As it can be seen, the less
favorable case is that where the pyridine ligand has a methyl sub-
stituent in para position (4-pic), that is slightly less effective than
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Table 1

Comparison of different experimental yields to the activation energy for the overall initiation step and relative stability of the products. The bottom
part shows the linear correlation of the experimental yield with the AAG* for initiation (I) and with products relative stability (II).

00 Q 5

4-pic 4-apy 4 -isn 4- helsn
N exp. yield (%)" AAG* for initiation (kcal-mol ") products (kcal-mol—")¢
py 43 245 -89
pic 40 25.0 -79
apy 63 144 ~18.7
isn 94 8.5 -21.8
heisn 94 4.9 -17.1
Fx2
100 . @ heisn @isn
heisn i %
raphic I
;\? 80 grap 80 graphic I1
]
2. 60 60 @ apy
E. 2
40 R>=0.75 N Py
pic 40 pic °9_
4 8 12 16 20 24 -20 -16 -12

OM ptoducts

91

activation AAG”

2 Amine ligand.

b polymerization performed at 50 °C/5min, with an initial ratio of [Ru]/[EDA]/[NBE] = 1/5/5000.
¢ Activation initiation energy corresponding to transition state bii.12%, regarding the hexacoordinated complex a.

d

the pyridine (py) itself. This is so because methyl is an electron
donating group, which increases the electron density over the
metallic center, making the formation of the Ru-carbene double
bond (bii.12#) harder than in the case of the pyridine. Likewise, the
coordination of the olefin in the cycloaddition step (r.34*) is more
difficult than in the case of the pyridine. In this same sense, the
most effective catalysts are the ones with good electron with-
drawing groups (4-isn and 4-heisn) because they diminish the
electron density over the metallic center. Regarding the relative
stability of the ROM products, we found them to have a direct
relationship with the experimental yield, depicted in the graphic I
This accordance of these experimental results with the critical
points of the mechanism is an indicative to the reliability of our
model.

4. Concluding remarks

In this contribution, we addressed the formation of the active
species ruthenium-carbene, from the complex [RuCly(PPhs)2(Py)2]
with EDA, and subsequent ROM of norbornene. This complex is an
hexacoordinated structure with the similar ligands trans-posi-
tioned regarding each other.

For the ruthenium-carbene formation we have considered three
pathways: pathway bi-‘diazo linked’ is a complex mechanism
where the fragment N, of EDA is most of the time interacting with
the ruthenium atom, with the activation energy of around
52 kcal-mol~. On the other hand, pathway bii - ‘direct attack’ is
more straightforward, where the C, of EDA interacts with the
ruthenium immediatly; this path has an activation energy of
around 10 kcal-mol ', being the most favorable for the formation of
the carbene active species [RuCly(Py),(=CHCOOEt)].

The active carbene species is a 16-electrons species, that

Products for the ROM of the norbornene, regarding the hexacoordinated complex.

releases another pyridine ligand and then the ROM occurs ac-
cording to the established mechanism for olefin metathesis. In the
pathway ¢ — ‘NBE linked’, unlike the others, the norbornene in-
teracts with ruthenium atom before the formation of the
ruthenium-carbene, however, with an activation energy of around
26 kcal-mol~, it is not a reliable alternative.

When analyzed different amine substituent in the initial hex-
acoordinated complex, the activation energy of the overall catalytic
cycle increases and the relative products’ energy decreases as the
experimental yield decreases, corroborating the reliability of our
model.
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