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Olefin metathesis is a type of chemical reaction with a wide range of applications. Despite intense study,
the mechanism of this reaction and the effects of solvent are still poorly understood. The full RCM
catalytic cycle of N-tosyldiallylamine and a Hoveyda-Grubbs catalyst were examined using density
functional theory. We considered two different possibilities for the initiation step, and the pathway that
included interconversion of the 14 electron structure was found to be the most stable. Important solvent
influences were revealed using the PCM method, as the reaction was found to be much more favourable
. in all of the solvents studied herein. We did not detect any significant differences between the solvents
Olefin Metathesis . . . R
Solvent Influence considered by this approach, but we did find that dichloromethane and methanol are better than water
DFT for this reaction, as was expected. Classical Monte Carlo simulations of the solvation process revealed that
water is a poor solvent, but solvation became better with addition of methanol. Also, the Monte Carlo
simulations showed that dichloromethane is the best solvent of those analysed followed very closely
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1. Introduction

Catalysed olefin metathesis reactions are an important method
to form a carbon-carbon double bond (C=C) even in the presence
of other functional groups [1]. This reaction involves an apparent
interchange of carbon atoms between two pairs of double bonds.
The result is that each half of one olefin molecule is bound to half
of a second olefin [2]. This method is a powerful tool in organic
synthesis and polymer chemistry, and is mainly applied in one of
three ways: Ring Opening Metathesis Polymerisation [3], Cross
Metathesis [3,4] and, importantly, Ring Closing Metathesis (RCM)
[5]. RCM is particularly useful in pharmaceutical applications.
The most widely accepted mechanism for the reaction, proposed
by Chauvin and Herrissén, consists of a series of formal cycloaddi-
tions and cycloreversions involving: olefin coordination to a
transition metal carbine (M=C) complex to form a m complex,
migratory insertion of the olefin ligand into the M=C bond to yield
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a metallocyclobutane, breaking of two different bonds to form
another m complex, and dissociation to give the products [6].

The rise of the metathesis reaction occurred as “well-defined”
catalysts composed of early-transition-metal carbenes were devel-
oped, as shown in Fig. 1. The first metal carbenes were synthesised
with W and Mo by Schrock (1a). Prior to these catalysts, the appli-
cations of metathesis reactions were limited because the metal
centres are oxophilic and electrophilic, making them sensitive to
air, moisture and reactive functional groups [7]. The development
of Ru-based complexes by Grubbs and co-workers further popular-
ised the reaction. These complexes, commonly referred to as the
first, (1b) [(PCy3)2CloRu = CHPh], and second, (1c) [(HoIMes)(PCys)-
Cl,Ru = CHPh], generation Grubbs catalysts, were successfully used
in the metathesis of a number of different olefins, such as strained
and low-strain cyclic olefins, exocyclic olefins, and straight-chain
alkenes [8]. A fourth type of catalyst, stable ruthenacarbenes
derived from Grubbs type complexes, were first reported by
Hoveyda and co-workers and were aptly named Hoveyda-Grubbs
catalysts. In these catalysts the benzylidene and PCys are replaced
with a bidentate benzylidene ether ligand, which displays excel-
lent thermal stability and oxygen- and moisture-tolerance [9,10].

The use of water as a solvent offers several advantages, such as
safety, economy, and environmental compatibility. However, like
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other organic reactions, olefin metathesis is carried out almost
exclusively in aprotic, dry and degassed organic solvents under a
protective inert atmosphere [1,11]. There are several explanations
given for this behaviour; some authors say that the well-defined
catalysts, like other organometallic systems, are oxygen and func-
tional group sensitive. Thus, carrying out the reactions in organic
solvents is necessary to avoid catalysts deactivation by oxygen
and moisture [12,13]. Others have published found that some
well-defined catalysts are stable and active in the presence of polar
and protic moieties, such as alcohols, aldehydes, ketones, carbox-
ylic acids, esters, amides, and water. Although these catalysts are
active in the presence of protic solvents such as water and metha-
nol and water, they are insoluble in these solvents. In this way, the
main challenge is finding catalysts and olefins that are soluble in
water or other polar and protic solvents [14-17].

The development of aqueous reaction conditions suitable for
water-insoluble substrates and catalysts may be the simplest
solution to this problem. Blechert and co-workers [13] reported a
possible alternative: carry out homogenous metathesis in aqueous
media with co-solvents. Using catalysts 1c and 1d in water-
methanol and water-DMF mixtures, they found high conversion
of N-tosyldiallylamine by RCM in a reaction time of 12 h. This
could be partially due the solubility of the pre-catalysts in aqueous
solvent allowing improved contact with the substrate. Based on
these studies, the aim of this paper is to use theoretical efforts to
understand the influence of aqueous solvents on the RCM of
N-tosyldiallylamine with catalyst 1d, specifically focusing on the
solubility of the systems. To the best of our knowledge, there are
no systematic theoretical efforts to understand the influence of
solvent in metathesis reactions.

Another aim of this work is gain detailed information about the
initiation step of the reaction mechanism. Understanding this part
of the mechanism is very important because it is central to under-
standing the entire catalytic cycle. Despite many theoretical efforts
on Grubbs catalysts, to our knowledge, only three works have
described the metathesis with Hoveyda-Grubbs catalyst: two of
them use a dissociative mechanism [18,19] and the other uses an
interchange-associative mechanism [20]. We found that the mech-
anism of catalysis depends on the size of both the olefin and the
Hoveyda ligand. This result agreed with experimental publications,
where the mechanism also depends of the olefin and Hoveyda
ligand size [21]. In fact, the exact initiation mechanism still
remains unclear.

2. Computational methods

One purpose of this work is to explore the potential energy sur-
face (PES) in the gas phase for the Ring Closing Metathesis reaction
of N-tosyldiallylamine using a second generation Hoveyda-Grubbs
catalyst. All quantum chemical calculations were performed using
Density Functional Theory developed by Khon-Shan [22]. The
geometries of the reactants, products, intermediates and transition
states were optimised using Becke’s hybrid exchange functional
with three parameters (B3) [23] and the correlation functional
from Lee, Yang, and Parr (LYP) [24]. All atoms were represented
using the Pople’s basis set 6-31g(d) [25] except for the ruthenium,
which was described using LanL2DZ. This approach treats the inner
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electrons as the core potential described by Hay and Wadt [26].
The stationary points in the PES were characterised by vibrational
frequency calculations conducted using the same level of theory. In
these calculations, a structure is considered a minimum if it has
neither an imaginary frequency nor a transition state and if it pre-
sents only one structure. The structures of the PES for this reaction
were based on a theoretical study of a similar reaction [18]. A key
difference, though is that this previous publication treated the
structures as models to simplify the calculations, and in our work
we present their real structures. Discussion of the energy profile
for the reaction is based on the Total Electron Energy relative to
the reagents of each part of the cycle (AE).

Another important goal of this work is to evaluate the effect of
solvents on the reaction. To consider the influence of different
solvents, we used the Polarizable Continuum Method (PCM) [27],
during which single-point calculations were performed on all gas
phase optimised structures. In the PCM model, the solvent is
considered as a continuous dielectric and is defined by a dielectric
constant. We considered the effects of six different solvents: water
(e =78.35), dichloromethane (¢=8.93), methanol (¢=32.61) and
three water-methanol mixtures: 3:1 (&=65.55), 1:1 (¢=56.28)
and 1:3 (e=45.24). The dielectric constants representing the
solvents mixtures were obtained experimentally [28]. The UAHF
[29] model was used for the generation of the cavity. These
solvents were also used in the experiments to evaluate their effects
on the homogeneous reaction of N-tosyldiallylamine using a
Hoveyda-Grubbs catalyst [13]. Despite the fact that real solvent
is defined by other parameters besides the dielectric constant,
the PCM has been used efficiently to study organometallic catalytic
processes [30], including olefin metathesis [31]. For example, Cav-
allo et al. recently studied the influence of some solvents on the
initiation stage of the catalytic cycle for an RCM reaction [32].
The influence of the different solvents on the catalytic cycle was
considered by considering the Free Energy of Solvation (AGsey)
of each of the species in addition to its total electronic energy
(Egas + AGsory). This approach is often used in studies of organome-
tallic catalysis, particularly with olefin metathesis [31]. Another
possibility would be to use (Ggas + AGsoly), but this oversimplifica-
tion ignores entropic contributions to the Gibbs free energy that
occur when the molecularity changes. When we use Egas + AGgony,
some of the entropy is considered in AGgy, Which compensates
for the error in considering only the total electronic energy (Egas).

Monte Carlo simulations are another methodology that can also
be used to evaluate the effect of solvent. In this work, we have
evaluated the interactions between the different solvents and both
the Hoveyda-Grubbs catalyst and the substrate of the reaction,
N-tosyldiallylamine. Six solvent simulations were performed for
the catalyst and six for the olefin, one each for water, methanol,
dichloromethane, water-methanol 3:1, water-methanol 1:1 and
water-methanol 1:3. We used standard procedures, including the
Metropolis sampling technique, the canonical NVT ensemble and
periodic conditions of contour using the method of images in a
cubic box generated from the experimentally determined density of
the solvent [33]. All simulations were performed at T=298.15 K
with one molecule of solute (catalyst or olefin) surrounded by
1000 molecules of solvent. The characteristics of all simulations
are in Table 1.
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Fig. 1. Evolution of the main olefin metathesis catalysts.
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Table 1
Composition of solvents for Monte Carlo simulation.

Solvent Density (g cm™) Size of the side box (A) Solvent composition (nmol)
Water Methanol Dichloromethane

Water 0,997 ¥31,46; 131,21 1000 0 0
Water-Methanol 3/1 0,930 ¥34,10; 33,87 750 250 0
Water-Methanol 1/1 0,875 ¥36,54; 136,33 500 500 0
Water-Methanol 1/3 0,829 ¥38,13; 138,63 250 750 0
Methanol 0,787 ¥41,02; 40,84 0 1000 0
Dichloromethane 1,327 ¥47,49; *47.41 0 0 1000

¥ Hoveyda-Grubbs catalyst.
 N-tosyldiallylamine.

The molecular interactions are described by the sum of the Len-
nard-Jones and Coulombic potentials:

a b 12 6
Un = E E 48u|:<r;]> (r:> :| ;i]jj
o

where 3% is the sum over all of the atoms of molecule a and 3" is
the sum over all of the atoms of molecules b, &; = /&g, 0 = \/0:0;
are the Lennard-Jones parameters and q is the partial charge of each
atom.

The structure of the catalysts and of the olefin were determined
by optimisation at the B3LYP/6-31g(d) theoretical level, and the
partial atomic charges were calculated using the ChelpG [34] pro-
cedure at the same level. For the Lennard-Jones parameters, the
OPLS force field was used [35] for all atoms except ruthenium,
which we modelled with the UFF potential as suggested by Rocha
co-workers [36]. The OPLS force field was also used to obtain the
geometries, Lennard-Jones parameters and atomic charge of meth-
anol [37] and dichloromethane [38]; for the water, we used the
model TIP3P [39]. A new configuration of solvent is generated after
1000 Monte Carlo steps. All simulation are composed of an initial
stage of thermalisation with 5 x 107 steps and an equilibration
phase of 1 x 10® steps. The properties are evaluated only during
the equilibration phase.

The calculations of the catalytic cycle in the gas-phase and the
evaluation of the effect of the solvent via PCM were performed
using the caussian 09 package of programs [40] and Monte Carlo
simulations using the pice program [41].

3. Results and discussion

We present the results as follows: a discussion of some relevant
aspects of the gas phase catalytic cycle, a presentation of the sol-
vent influence results determined using the PCM, and finally, an
analysis of the results of the Monte Carlo simulations.

3.1. Gas-phase catalytic cycle

The entire catalytic cycle is shown in Scheme 1. The mechanism
is based on three main parts: activation and initiation (part A), a
cross metathesis reaction with the first double bond of the olefin
(part B) and the reaction of the second double bond of the olefin
(part C), which results in ring closing.

There are many theoretical works for the first and second gen-
eration Grubbs catalysts [31], and it is well established that the
activation process occurs through a dissociative mechanism. For
the Hoveyda-Grubbs catalyst, however, there are few publications,
and there is not a consensus on the mechanism. Here, we will
adopt the dissociative mechanism due to the size of the olefin mol-
ecule, which would very difficult to undergo an associative mech-
anism of activation, as shown in other publication [18]. Also, we
explore two paths for the initiation process, shown in Fig. 2, that
also presents the PES for this part of our study.
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Scheme 1. General scheme for the mechanism of RCM of the N-tosyldiallylamine
with a Hoveyda-Grubbs catalyst.

Before entry into one of the two possible paths, referred to
herein as I and II, activation starts with the pre-catalyst Al. The
calculated structure of Alis discussed in the first part of Supporting
Information. The next step involves the dissociation of the
isopropoxide fragment of the Hoveyda ligand. This process
involves a transition state, TS (A1-A2), which has an energy that
is 19.33 kcal mol~! greater than the reagents. In this transition
state, the oxygen O1 that was only 2.38 A from the Ru atom moved
to 3.58 A away, suggesting that in this transition state, the Ru- - -O
interaction no longer exists. The structure with minimal energy
that drives the transition through this state is the species A2,
whose structure is shown in Fig. 3. In this structure, the Hoveyda
ligand has been completely removed with a Ru---O distance of
4.5 A. This species, having 14 electrons around the metal centre
and a vacant site for complexation with the incoming olefin, is of
fundamental importance for the metathesis reaction because it
allows the interaction of the catalyst with the olefin. Species A2
is 8.72 kcal mol~! more stable than the transition state. Once
species A2 is formed, the two paths of initiation, I and II, begin.
Path I (shown in Part A of Scheme 1), progresses via the introduc-
tion of the olefin (0) into the catalytic cycle. O then interacts with
species A2 by cycloaddition [2+2], resulting in the formation of a
n-complex corresponding to the I.A3 structure.
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Fig. 3. Interconversion of catalyst with vacant site. Distances Ru=C in A and dihedral angles in degrees (°). Atoms forming the dihedral angles are marked with asterisk.

Path II is also in Fig. 2. This path also begins with the catalyst
A1, passes through the transition state TS (A1-A2) and arrives at
structure A2. While path I involves the immediate coordination
of the olefin and creation of the I.A3, path II involves no complex-
ation of the olefin. Rather, a rotation through the Ru=C bond is
utilised, resulting in the structure I.A3 shown in Fig. 3.

Structure ILA3 has a dihedral angle of —169,11° between the
carbon of the coordinated mesityl group, the ruthenium atom,
the carbine carbon and the carbon of the aryl group bound to the
carbene, NCN'—Ru=C—C,y; (marked with asterisk in Fig. 2). In con-
trast, structure A2 has a dihedral angle of 169.3°, demonstrating
the rotation of the entire Hoveyda group around the connecting
Ru=C. This rotation occurs easily and has already been shown in
other theoretical and experimental studies [42]. In path II, the
Ru=C bond length is kept constant (1.856 A in A2 and 1.857 A in
IIA.3); meanwhile, the length of the Ru---O bond in IIA.3 is
451A and in A2 is 4.50A, suggesting that this interaction is
unchanged. Interconversion is governed by energy, and will be dis-
cussed later. The structure IIA.3 is 4.39 kcal mol~! more stable
than its isomer A.2. Using the PES, complexation of the olefin to

the catalyst’s vacant site in IIA.3 forms the structure IIA.4; this
event is also a cycloaddition [2+2] process.

Analysing the PES of the two paths, we see that there is no sig-
nificant difference between the paths I and II; however, we believe
that path II is more plausible because the interconversion process
is more favourable and may happen before the olefin coordination
that would lead to path I. Moreover, path Il is more favourable than
path I according to the PES, though this difference is within the
experimental error (see Fig. 2). The remaining steps take place
without any major energy barriers, so the reaction would occurs
without any major problems for both paths. However, it is interest-
ing to note that the products of the initiation step are endergonic,
and have energies that are 10.9 kcal mol~'higher than the reagents
according to the PES.

So far, we have described only initiation of the reaction. After
forming A6 =B1,the productive reaction occurs by a rearrange-
ment of the structures, leading to the coordination of the second
n-bond by an intramolecular cycloaddition [2+2] process to the
metallic centre, which would create the structure B2. This part of
the mechanism involves closing the olefin. Part B of Scheme 1 is



24

the real turnover catalytic cycle. Fig. 4 shows the PES for this part
of the reaction together with the structures.

Thus far, we have discussed the RCM process beginning with
the catalyst A1, which is actually a pre-catalyst that exists in the
reaction mixture at average levels from 0.5% to 5% of the total
olefin [1]. Thus, there are not as many molecules of pre-catalyst
as there are of olefin, suggesting that the species responsible for
propagation of the reaction (i.e., consumption of all of the olefin
molecules) is B5 = C1. After all of the olefin is consumed, the pre-
catalyst is regenerated. Then, turnover of this reaction occurs at
each cycle through the stages of part C, ending with a molecule
of ethylene (E) and an active species, the metal carbene B1. The
reaction then continues with Part B in the cycle of Scheme 1. In
Fig. 5, we show the PES for the whole turnover of the catalytic
cycle.

In the propagation reaction, m-complex formation, species C2, is
favourable unlike what occurs during the activation of A1 because
the metallocarbene group in C1 is smaller than in I.A3. Thus, sterics
are very important to this complexation, which also suggests that
the use of models is insufficient for good descriptions of reactions.
Another important point is the great stability of the metallocyclob-
utane C3 relative to the other metallocycles from other steps. This
increased stability implies that there is a large barrier to opening
the metallocycle to produce the products B1 and E. Once B1 is
formed, the reaction follows the same path discussed previously.
The products of the gas phase reaction (B5+ P +E) have much
higher energy (12.11 kcal mol~!) than the reagents (C1 + P).

3.2. Influence of the solvent determined via PCM

Tables 2 and 3 shows the influence of various solvents on olefin
metathesis. The corrections for solvent were made by adding the
free energy of solvation (AGsy) to the energy of the gas phase.
Table 2 shows the results for the initiation step by Path IL.A, which
was found to be the most energetically favourable, and the contri-
bution of solvent on Part B, completing the mechanism for the cyc-
lisation of the first olefin.

Since the main effects of all of the examined solvents were sim-
ilar, we will discuss dichloromethane, the standard solvent used
for this reaction. There is a general stabilisation throughout the
catalytic cycle; lower energies, especially the stabilisation of the
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14 electron species A2 and IIA.3, are observed. Formation of the
n-complexes in I1A.4 is also much more favourable in solution than
in the gas phase. Other species that are stabilised substantially are
the products of the catalytic cycle, the carbene B5 and the olefin P.
This increased stability is due to the entropy of the separated prod-
ucts, as entropy is partially taken into account by incorporating the
free energy of solvation [18-21]. When including the solvent
effects, the m-complex formed after breaking the metallocyclobu-
tane, IL.AG6, is no longer an energy minimum in the PES. Therefore,
is not a species of the catalytic cycle, despite having a value in
Table 2. This result suggests that in solvent, opening the metallo-
cyclobutane goes through a transition state that leads the reaction
directly to the products. However, the m-complex B4 is still a min-
imum from the PES even in solvent, indicating that formation of
products is favourable. The formation of products, in general,
becomes more favourable, as the products in the gas phase are
19.20 kcal mol~! higher than the reactants in energy, whereas in
dichloromethane this difference is only 12.68 kcal mol .

In Table 3, we present the energy of solvation for the turnover of
the reaction. The same consideration made above can be made to
cycle of turnover. It is interesting to note the high stability of the
m-complex formation relative to the gas phase and the consider-
able stability conferred by the solvent to the products such that
the products are practically isoenergetic to the reagents
(0.77 kcal mol~lin dichloromethane). In the gas phase, this value
was 12.11 kcal mol~'. This increased stability is due to the free
energy of solvation, which takes entropy into account. Here, the
m-complexes formed after the opening of the metallocycle are no
longer minima in the PES.

Dichloromethane’s superior ability to stabilise the m-complexes
C2 and II.A4 over water indicates that metathesis occurs more
easily in dichloromethane because of better solubility of both the
catalyst and the olefin. Methanol had an intermediate value
between water and dichloromethane for the complex formation,
which justifies the intermediate yield of reaction conducted in
methanol. However, these values are not significant enough to
justify the differences in experimental yield. As to other values
along the catalytic cycle, there are no significant differences. At this
level of theory, PCM methodology was not capable of showing sig-
nificant differences between the mixtures of water and methanol
despite experimentally observed differences between them.
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Table 2
The gas phase energy and in different solvents for the cyclization of the first olefin.
Stationary point Gas phase CH,(Cl, H,0 H,0/MeOH MeOH
3:1 1:1 1:3
1+0 0,0 0 0 0 0 0 0
TS(A1-A2)+0 19,32 18,17 17,84 17,85 17,86 17,88 17,92
A2+0 10,60 8,06 7,48 7,51 7,53 7,55 7,61
ILA3+0 6,21 3,53 2,92 2,94 2,97 2,99 3,06
1L.A4 9,09 3,63 4,60 4,58 4,56 451 4,43
TS (I.A4-11A.5) 13,05 8,66 9,54 9,53 9,52 9,48 9,42
IL.A5 9,08 2,99 3,14 3,16 3,17 3,18 3,20
TS (I.A5-1L.AG) 16,69 8,55 8,06 8,09 8,12 8,16 8,24
1L.A6 14,99 8,98 9,20 9,20 9,21 9,21 9,22
B1+LH 10,91 7,19 8,06 7,02 7,32 6,51 7,05
TS(B1-B2) + LH 12,36 8,68 9,19 8,50 8,80 7,99 8,54
B2 +LH 3,02 1,88 3,45 2,72 2,99 2,13 2,57
TS(B2-B3) + LH 4,96 3,58 4,97 4,25 4,53 3,66 4,12
B3 +LH 2,51 2,79 4,47 3,74 4,01 3,13 3,56
TS(B3-B4) + LH 16,18 14,27 15,20 14,50 14,79 13,96 14,46
B4 +LH 13,36 12,33 13,55 12,84 13,12 12,27 12,74
B5+P 19,20 12,68 13,01 12,37 12,64 11,83 13,67
Table 3
Energy in the gas phase and in different solvents for the cycle turnover.
Stationary point Gas phase CH,Cl, H,0 H,0/MeOH
3:1
C1+0 0,0 0 0 0 0 0 0
c2 -1,75 -7,40 —6,65 —6,62 —6,69 —6,69 —6,75
TS(C2 +C3) -0,88 —-6,15 -5,29 -5,28 -5,36 -5,35 -5,43
c3 -9,79 -13,72 -12,65 -12,62 -12,70 -12,71 -12,80
B1+E 3,83 —-4,73 —4,95 —4,89 —4,94 —4,88 —4,85
TS(B1 + B2)+E 527 -3,23 —3,46 —-3,41 3,46 -3,40 -3,36
B2+E -3,89 -10,18 -9,22 -9,19 -9,27 —9,27 -9,34
TS(B2 + B3)+E -2,13 -8,33 -7,69 —7,66 -7,74 -7,73 -7,78
B3+E —4,58 -9,12 -8,20 -8,18 -8,26 -8,26 -8,34
TS(B3 + B4)+E 9,09 2,35 2,57 2,59 2,53 2,56 2,55
B4+E 6,27 0,41 091 0,92 0,85 0,88 0,84
B5+P+E 12,11 0,77 0,38 0,44 0,38 0,44 0,48
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3.3. Monte Carlo classic simulation

Monte Carlo simulations provide important insight into the
solvation of different chemical species; in our case, this informa-
tion is essential to understanding the influence of the solvent on
olefin metathesis because solvation plays a major role in the
reaction yield. We began by analysing the solvation structure of
the pre-catalyst A1. Radial distribution functions (RDF) show the
probability of finding solvent molecules at a certain distance of
the solute; a peak in the RDF indicates a layer of solvation. Gener-
ally, the RDF uses the distances between the centre-of-mass of the
solute and each solvent molecule in the analysis [43]. This
approach, however, is not as reliable for asymmetric solutes, as is
the case for the pre-catalyst A1; therefore, we used distances
between all atoms of the catalyst and all atoms of the solvent that
were closest to the molecules (Minimum Distance Function
Distribution-MDDF). This approach is widely used for the study of
solvents with asymmetrical shapes [44]. The MDDF of water,
water-methanol 3:1, water-methanol 1:1, water-methanol 1:3,
methanol and dichloromethane are shown in Fig. 6.

For all solvents studied, the process of solvation had two major
peaks or two layers of solvation. The first peak starts at approxi-
mately 1.1 A, has a maximum at approximately 2.3 A and ends at
approximately 4.1 A. These values obviously depend on the
solvent, but these values represent the average for all solvents.
The second peak starts at the end of the first, has its maximum
at approximately 5.2 A and ends at 8 A. All solvents exhibit this
distance behaviour except for dichloromethane whose peaks are
farther from the catalyst. Table 4 shows the structural analysis of
the solvation layers as well as the number of solvent molecules
(Nmo1) at each layer.

The number of molecules in each of the solvation layers
decreases with an increasing proportion of methanol in the mix-
ture, and among the solvents studied, dichloromethane had the
lowest amount of solvating molecules. This decrease is because
methanol molecules are larger than water, an explanation verified
in other research [45]. Dichloromethane had less molecules than
methanol not only because a dichloromethane molecule is bigger
than methanol but also because it does not form hydrogen bonds
with the solute.

We also analysed the solvation of the N-tosyldiallylamine (O)
(Fig. 7) because the solubility of the olefin in the solvent is also
important in the reaction yield [8]. Fig. 7 shows the MDDF of the

40
E 38,69 Methanol
354 Methanol-Water 3:1
| Methanol-Water 1:1
30 Methanol-Water 1:3
i Water
25 4 32,41 Dichloromethane
[S .
a 204 26,53
> E
15 23,17
] 20,44
10
5 \
o—F— 77T
0 2 4 6 8 10 12 14
Distance, r(A)

Fig. 6. MDDF between all atoms of the catalyst to all atoms of the solvent.
Maximum peak value in evidence.

N-tosyldiallylamine in the same solvents studied for the catalyst.
The structure of solvation is also characterised by two peaks for
all solvents. The first peak, i.e., the first solvation layer, starts at
approximately 1.5 A, has a maximum at 2.5 A and ends at 4.2 A;
the second peak begins at 4.2 A, has its apex at approximately
5.2 A and ends at 7.3 A. Dichloromethane solvation also has two
layers; however, the values of the radii to the beginning, apex
and end of the solvation layers are greater. Fig. 6 summarise the
number of water molecules present at the end of the first layer
of solvation for each solvent. We found the same trend as shown
by the catalyst: a reduced number of solvent molecules is present
in the layers of solvation as the size of the solvent molecule
increases.

A solvation process is better defined if it has more RDF peaks
and more intense peaks. The MDDFs of the catalyst A1 as well as
those of the olefin, shown in Figs. 5 and 6, respectively, exhibit
an increase in peak intensity as the number of low polarity mole-
cules increases. For the catalyst, the peaks are largest with metha-
nol and decrease somewhat with dichloromethane. The second
peak nearly proportionally disappears as water content in the solu-
tion increased. This behaviour shows that non-polar solvents are
better able to solvate the catalyst. The decrease in solvation by
the dichloromethane is perhaps due to its inability to make hydro-
gen bonds. Better solvation allows for an interaction between the
catalyst and the olefin, which favours the overall reaction. Metha-
nol solvates the catalyst better than the dichloromethane, which
explains the high yield of the reaction in methanol.

For N-tosyldiallylamine, the intensity of the peaks also follows
the same trend as with the catalyst. The peaks are better defined
as the solvent becomes more non-polar, and again, the second peak
substantially disappears as the amount of water increases in the
solution. The difference lies in the increased solvation by dichloro-
methane, whose peak corresponding to the first solvation layer is
more intense than that of methanol. This is quite interesting
because it shows that all of the olefin present in the reaction med-
ium is soluble in dichloromethane. Therefore, dichloromethane
best facilitates interaction between the catalyst and substrate,
which is in agreement with the experimental results that sug-
gested that dichloromethane is the best solvent among those con-
sidered here for the metathesis reaction, followed by methanol.

With the Monte Carlo simulation, we could not support the
experimental results that show a high yield when using water as
the solvent. These previous results showed that yield fell when
adding 75% methanol but increased as the proportion of water
was increased. Interestingly the high yield in methanol is only
slightly higher than the yield in water. In our simulations, we
found that water is the worst solvent, and yield improves as meth-
anol is increased in the mixture. The simulation did confirm the
experimental result that the dichloromethane is the best solvent.
Certainly, other factors influence the experimental yield that need
to be investigated, or maybe other methodologies could explore
the influence of the solvent.

Based on the Monte Carlo simulations, we predicted trends for
how the solvation process affects the behaviour of the radial distri-
bution and the interactions between the solute and solvent.
According to Table 5, these predictions are well-founded both for
the catalyst A1 as well as for N-tosyldiallylamine.

The interaction energy for the catalyst follows the same trend as
the MDDFs. It becomes larger with increasing non-polar solvents in
the medium, but it decreases for dichloromethane. Dichlorometh-
ane’s interaction energy was again lower than methanol, which is
likely due to its inability to make hydrogen bonds.

For N-tosyldiallylamine, the behaviour is again consistent, but
the mixture of water-methanol 1/1 appears to have the highest
interaction energy among the mixtures of methanol and water in
disagreement with the MDDF results. The highest interaction
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Table 4

Structure of layers of solvation of the Hoveyda-Grubbs catalyst, and various solvents, as well as the number of molecules in each layer of solvation.

Solvent First Shell Second Shell
Start Max. End Nmol Start Max. End Nmol
Water 1,05 2,45 4,65 116 4,65 5,15 7,75 315
Water-Methanol 3/1 1,15 2,35 4,15 75 4,15 515 7,65 248
Water-Methanol 1/1 0,95 2,25 4,15 65 415 5,35 8,25 245
Water-Methanol 1/3 1,05 2,25 4,05 60 4,05 5,35 8,05 212
Methanol 1,15 2,25 3,85 54 3,85 5,45 7,65 172
Dichloromethane 1,45 2,65 445 41 445 6,05 8,75 133
barrier prior to the formation of a m-complex. Our olefin
22 models might not have generated realistic results because
1 ‘Water . S . K
204 26 Water-Methanol 3:1 our calculat.lons indicate that m-complex formation is un.fa-
4 vourable using the real reactants (olefin and catalyst), which
18 ‘Water-Methanol 1:1 i . . i )
] Water-Methanol 1:3 conflicts with the major literature. The energetic profile
16 34 Methanol shown in gas phase suggests that the RCM reaction of the
. Dichloromethane first olefin is less favourable than the entire catalytic cycle
14+ (19.21 and 12.11 kcal mol~!, respectively).
= 12 ] (ii) The influence of the solvent dielectric constant was studied
8 4 via PCM, which resulted in more realistic energy values.
= 10 The energy of coordination of the olefin O reduced. The
8-. m-complex that is formed after cycloreversion was no longer
4 identified as an energy minimum. The reaction became more
6 favourable overall. Formation of the first olefin was
4_' 19.21 kcal mol ! in the gas phase, while in dichloromethane,
1 it became 13.67 kcal mol~!. For the turnover, the energy was
21 reduced from 12.11 to 0.48 kcal mol~'. The PCM method did
0 ] . . . . . . . . . not show significant differences (relative to experimental
0 2 4 6 8 10 error) between the different solvents, but it did suggest that

Distance, r(A)

Fig. 7. MDDF of solvation of N-tosyldiallylamine in different solvents and the
number of molecules in the first solvation layer.

Table 5
Energy of interaction solute-solvent, in kcal mol~'.

Solvent Catalyst N-tosyldiallylamine
Water -79,81 —29,73
Water-Methanol 3/1 —83,30 -32,63
Water-Methanol 1/1 —84,93 -32,95
Water-Methanol 1/3 -88,43 -31,84
Methanol -90,52 -33,04
Dichloromethane —89,41 —33,24

energy is for dichloromethane, confirming that this solvent is the
best solvent for the reaction, followed by methanol. Water, as
expected, had the lowest interaction energy due to the hydropho-
bic character of the olefin.

4. Conclusions

In this research, we studied theoretically three aspects of the
RCM of N-tosyldiallylamine using a Hoveyda-Grubbs catalyst:

(i) We investigated the whole catalytic cycle of the reaction in
the gas phase, at the B3LYP/6-31 g (d)/LanL2DZ theoretical
level and identified structures and energies that were in per-
fect agreement with previous studies. We also investigated
two possible paths for the mechanism of initiation and
found that the most favourable was the path that included
an active species with 14 electrons (A2). This species under-
goes an interconversion process without any energetic

the dichloromethane was the best solvent and that water
was the worst. Mixtures of water/methanol showed almost
the same values.

(iii) The Monte Carlo simulations showed that both catalyst and
olefin are solvated by two layers of solvents. It also showed
that the dichloromethane is the best solvent for both the
olefin and for the catalyst. Water is the solvent that has
the least interaction with the catalyst and the olefin. As
the proportion of methanol increased, so did the strength
of the solvent-solute interaction, and therefore, the capacity
of solvation. Finally, we found that pure methanol is the sec-
ond best solvent of those we tested.
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