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Abstract: Density functional theory (DFT) calculations have been used to describe the first turnover
of an olefin metathesis reaction calling for a new in silico family of homogenous Ru-based catalysts
bearing a phosphine-phosphonium ylide ligand, with ethylene as a substrate. Equal to conventional
Ru-based catalysts bearing an N-heterocyclic carbene (NHC) ligand, the activation of these congeners
occurs through a dissociative mechanism, with a more exothermic first phosphine dissociation step.
In spite of a stronger electron-donating ability of a phosphonium ylide C-ligand with respect to a
diaminocarbene analogue, upper energy barriers were calculated to be on average ca. 5 kcal/mol
higher than those of Ru-NHC standards. Overall, the study also highlights advantages of bidentate
ligands over classical monodentate NHC and phosphine ligands, with a particular preference for
the cis attack of the olefin. The new generation of catalysts is constituted by cationic complexes
potentially soluble in water, to be compared with the typical neutral Ru-NHC ones.

Keywords: olefin metathesis; ruthenium; NHC; phosphine-phosphonium ylide; N-heterocyclic
carbene; catalysis

1. Introduction

The fascinating history of olefin (or alkene) metathesis started almost five decades ago, when
Anderson and Merckling published their observation of methine exchange by scission-migration of
carbon-carbon double bonds in titanium-catalyzed polymerization of norbornene [1,2]. One decade
later, Banks and Bailey reported a new comproportionation reaction converting dissymmetric alkenes
to symmetric counterparts through elementary disproportionation processes [3,4], what is now known
as olefin metathesis. The methine exchange by cleavage-recombination of C=C bonds requires
promotion by metal catalysts [5], the design of which has long instigated a great deal of efforts
in both academia [5,6] and industry [7]. Although the metallocyclobutane, an essential intermediate of
the mechanism, was first proposed by Chauvin and Hérisson in the 1970s [8], the confirmation details
did not arrive prior to the 1990s, finally ruling out the alternative process of [2+2] cycloadditions and
cycloreversions [9]. Although all steps here are reversible, an efficient metathesis catalyst should follow
a specific direction [10] through three sequential processes: initiation, propagation, and termination [11].
Consequently, the performance of the precatalyst can be mainly adjusted at either the levels of initiation
or propagation, in particular by tuning the nature of spectator ligands at a Ru(Il) center. After the

Catalysts 2017, 7, 85; doi:10.3390/ catal 7030085 www.mdpi.com/journal/catalysts


http://www.mdpi.com/journal/catalysts
http://www.mdpi.com
http://www.mdpi.com/journal/catalysts

Catalysts 2017, 7, 85 20f12

first generation of Ru-based precatalysts involving two monophosphine ligands (Figure 1a), Grubbs
et al. devised a second generation involving both phosphine and N-heterocyclic carbene (NHC)
ligands (Figure 1b [12,13] and allowing dramatic accelerations of olefin metathesis reactions [14].
In spite of these key advances having opened the way to further improvements [15,16], many issues in
homogeneous catalysis of olefin metathesis remain unclear, mainly regarding the mechanism [17], and
possible guidelines for tuning the efficiency of particular catalysts [18].

Figure 1. Classification of ruthenium precatalysts for olefin metathesis: (a) first generation; (b) second
generation, and examples of futurist generations: (c) bis-benzylidene complex; (d) Cgp-N-heterocyclic
carbene (NHC)-based complex; and (e) phosphine-phosphonium ylide complex (R = Ph or Cy).

Most of the precatalysts envisaged to date are ruthenium complexes, even in recent computational
studies where the NHC ligand of the second generation (Figure 1b) has been replaced by a second
alkylidene ligand [19] (Figure 1c), or by a nanotechnology-inspired Cgo-NHC ligand (Figure 1d) [20].
In a complementary exploration approach, alternative transition metals have, however, been
considered, such as iron [21-23], tungsten [24], or rhodium [25].

By comparison to phosphine parents, the chief value of diaminocarbenes as spectator neutral
ligands in homogeneous catalysis is their stronger donor character, inducing a higher electron density
at a metal center, while achieving a trade-off between the local Lewis acidity of the latter and the global
stability of the complex (i.e., between the activity and lifetime of corresponding catalytic species).
Regarding the catalytic activity, the specification satisfied by both phosphine and NHC ligands is
the weak electronegativity and soft HSAB (hard soft acid base) character of the respective P- and
C-coordinating atoms. What about alternatives to NHCs as strong soft ligands? Just as aminocarbenes,
phosphonium ylides are neutral and exhibit a prominent zwitterionic character (P*—C~ vs. N*=C")
with a strong C-coordinating ability [26-30]. In accordance with the lower acidic character of
sp3-CH units of phosphoniums vs. sp?-CH units of the amidiniums, phosphonium methylides
have been shown to act as stronger donors than imidazol-2-ylidene NHCs [31,32]. Replacement
of the NHC moiety of Grubbs II catalysts by an ylide alternative is thus a natural investigation
issue. As revealed by the zwitterionic resonant structure (Figure 2), ylides behave as n'-X-type
ligands (in the sense of the Green formalism), first inducing a zwitterionic metallate character at
the Ru(Il)~ center [33]; the resulting electrostatic destabilization can thus be anticipated to promote
dissociation of one the anionic Cl ligands, as previously shown possible in related contexts [34].
The coordinating ylide-bearing local analogy with the anionic Cl ligands, it could thus substitute
one of them while making the Ru center electron-deficient with a 14-electron count. In order to
concomitantly restore the 16-electron count, a pending 2-electron neutral donor is envisaged in the
bidentate phosphine—phosphonium ylide PhyP-C¢Hy—Ph,P=CH),, previously illustrated to behave
as a PC-chelating ligand in Rh(I) complexes [35,36]. Beyond their widest application in the Wittig
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reaction, phosphonium ylides—and in particular phosphine—phosphonium ylides—were punctually
used as ligands in homogeneous catalysis, in particular, asymmetric catalysis [37-39]. Within this
spirit, the performance of such ligands in olefin metathesis is hereafter addressed for the first time.
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Figure 2. Resonant structures of a phosphonium ylide revealing the electron-richness and the
electron-donating character of the carbon end, with propensity to adopt an sp3 hybridization state in a

n!-coordination mode toward a transition metal center.

To this end, the experimental exploration of the whole space of chemical catalysts to find new
ones is often based on trial and error. Therefore, computational techniques constitute a popular and
fast tool for finding new structures, potentially efficient as olefin metathesis catalysts. Already in the
past, new catalysts were announced on the basis of density functional theory (DFT) predictions [40,41].
Here, a cationic phosphine—phosphonium ylide Ru-based complex is thus theoretically suggested as a
potential catalyst for olefin metathesis (Figure 1e).

2. Results

In this study, the mechanism of ethylene metathesis (Figure 3) is computed for the
Ru-based globally cationic complex A (Figure le) to be compared with the neutral complex B
(Ru(SIMes)Cl,(=CHPh)PPh;s, Figure 1b). The main focus is on the relative thermodynamic stability of
the reaction intermediates of the complexes A and B. In the system A, the phosphine—phosphonium
ylide ligand is P-coordinated trans with respect to the leaving phosphine PPhs, while the methylenic
moiety (P*CHy) is C-coordinated cis to the same PPhj ligand, replacing the Cl ligand of the parent
complex B.
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Figure 3. In-solvent (CH,Cl,) M06/TZVP~SDD/ /BP86/SVP~SDD free-energy profile for the olefin
metathesis reaction catalyzed by complex A (A = PPhj here) using ethylene as substrate (energies in
kcal/mol). The cis and trans modes (in black and green, respectively) correspond to the regioselectivity
of the coordination of ethylene with respect to the PPh; moiety of the phosphine-phosphonium
ylide ligand.



Catalysts 2017, 7, 85 40f12

After dissociation of the labile PR3 ligand, there are a priori two possibilities to coordinate the
olefin at the ruthenium center of a Grubbs catalyst: cis or trans with respect to the stronger PCys
or NHC ligand. Although most of the existing literature supports the trans coordination mode
(demonstrated for the Grubbs II system B [42,43]), both pathways may exist depending on the
type of ligand and nature of the olefin. Indeed, since 2000, several studies have tried to reveal
the preference for the trans mode and/or find alternative ways to promote the cis mode [44,45]:
the issue remains an open debate in NHC-ruthenium catalysis [46,47]. In summary, a trans binding
preferential can be generally postulated, but the special nature of the present phosphine-phosphonium
ylide ligand might provide an example where the olefin can be coordinated in the cis mode: Correa and
Cavallo [48] indeed showed that the trans/cis selectivity was based on a delicate balance between steric
and electronic effects, also depending on the solvent. Particularly, the phosphine—phosphonium
ylide is, in principle, sterically more demanding than most of the NHCs, including the typical
SIMes (1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene) NHC ligand of the complex
B. This could lead to a preference for the cis attack in phosphine-phosphonium ylide-based complexes,
in agreement with statements by Goddard and Grubbs [49].

The energy profile of the first cycle of the catalytic reaction (i.e., activation of the catalyst A),
was calculated according to the mechanism described in Figure 3. After the release of the labile
ligand to form the 14e species of electrons (14el), the remaining steps are the trans-coordination of the
olefin (CI1), the metallacycle formation (MCy1), the proper metathesis leading to the styrene complex
intermediate (CI2), and release of the styrene ligand affording the second 14e species (14e2). Having
discussed the activation mechanism, the second part of the olefin metathesis reaction pathway is the
propagation. For a better appraisal of the performance of catalyst A, its catalytic energy profile is
compared with that of the Grubbs II catalyst B in Figure 4.
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Figure 4. In-solvent (CH,Cl,) free-energy profile for the olefin metathesis reaction of complex B
(B = PPh;3 here) using ethylene as a substrate (calculated Gibbs energies at 298.15 K given in kcal /mol,
SIMes = 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene). The preferred trans mode
is displayed.

Given the dissymmetry of the phosphine-phosphonium ylide ligand of complex A,
the intermediates 14e2 and 14e3, as well as CI3 and CI4, are quite different compared to the
corresponding intermediates from the symmetrical complex B (Figure 4) [50]. However, the
phosphine—phosphonium ylide-based catalyst A might in fact be capable of promoting a reaction
pathway perfectly consistent with a highly active catalyst in olefin metathesis (Figure 3). Going into



Catalysts 2017, 7, 85 50f12

details, the activation of the catalyst A begins with a simple dissociation of the PPh; ligand, leading
to the first 14e species 14el, which in terms of energy is placed quite close to A. In addition to the
9.1 kcal/mol required for the Ru-P bond cleavage, this step still would require to overcome a somewhat
low energy barrier. The first two steps could also occur through a concerted pathway [51], but here
this does not turn out to be a significant concern due to the low energy cost of the dissociation of the
phosphine. Consequently, the dissociative mechanism should be favored by far.

In the next step, the olefin binds to the metal center in a trans mode leading to the intermediate
trans-CI1, which is 4.6 kcal/mol above the 14e species 14el. In contrast, the cis coordination mode
to cis-ClI1 is exergonic by 2.1 kcal/mol. The following discussion will thus be based on an initial cis
attack. The next step is a [2+2] cycloaddition process where CI1 collapses to a more stable intermediate,
the metallacycle MCy1, lying 4.9 and 11.9 kcal/mol above CI1 and Aj, respectively. A relatively
cycloaddition barrier of 10.7 kcal/mol is calculated. A barrier of of 9.0 kcal/mol is calculated for the
subsequent retro-cycloaddition, leading to CI2 while releasing the styrene ligand containing the initial
benzylidene group. This generates the second 14e species 14e2, which is supposed to be the catalytically
active species, resulting from an endothermic activation pathway by 21.3 kcal/mol. Although this
might be a drawback for the viability of the cationic catalyst, it is possible that the system evolves
directly from CI2 to CI3 through an associative-dissociative pathway, since linear transit calculations
go into this direction, dissociating the CH,=CHPh and bonding CH,=CH at the same time. The next
steps for the propagation have lower barriers regarding the activation steps counterparts. Overall,
the discussion via the trans insertion of the olefin is not advantageous since the cis attack is favorable
by 6.7 kcal/mol from CI1. The energy difference of around 6 kcal/mol between the two types of
attack remains for nearly all intermediates, except for CI2, where the difference decreases down to
0.7 kcal/mol. These results are against the typical behavior of many classical catalysts, which favor the
trans mechanism. However, the difference between the cis and trans attack is here not as clearcut as the
preference for the trans attack from symmetrical NHC-based olefin metathesis catalysts such as B.

The performance of catalyst A should be compared with that of catalyst B (Figure 4). The energy
required to get rid of the phosphine turns out to be somewhat higher, 13.6 kcal/mol, thus 4.5 kcal/mol
more than for the phosphine—phosphonium ylide-based system A. This is correlated with the stronger
donating character of a phosphine-phosphonium ylide ligand as compared to a NHC-chloride ligand
pair. Then, the reaction pathway from species 14el to 14e2 is quite similar, except for the more facile
opening and closure of the metallacycle.

3. Discussion

Having described the reaction pathways for complexes A and B, the analysis of the optimized
structures for complex A unravels the feature that the phenyl substituents on phosphorous atoms are
prone to stabilize the benzylidene group by means of 77 stacking interactions (see Figure 5a). On the
other hand, the bidentate nature of the phosphine—phosphonium ylide ligand favors the much higher
stability of the metallacycle for the cis attack from complex A, by 4.0 and 8.9 kcal for MCy1 and MCy2,
respectively, since the phenyl substituents of the P* center bonded to the methylenic unit leave the
trans position to the other P atom less accessible, than the trans position to the NHC ligand for complex
B. Indeed, a deeper structural analysis helps to understand how the environment changes when the
metal replaces a NHC ligand by the phosphine-phosphonium ylide. The steric properties around the
metal have been studied in detail, based on the species “PPh3” and 14el, for A and B (see Figure 6).
We calculated the percent buried volume (%VBur) by the phosphine-phosphonium ylide ligand of
A and the NHC ligand of B [52], using the SambVca2 package developed by Cavallo et al. [53,54].
This program examines the first coordination sphere around the metal where the catalytic process takes
place, and the buried volume is the measure of the first coordination sphere of the metal held by the
donor ligand. It also allows a more detailed analysis to assess %VBur in individual quadrants around
the ruthenium center, and a representation of steric contour maps (Figure 6 and Table 1) [55]. Splitting
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the total %VBur into quadrant contributions quantifies any asymmetry, due to the ligand around the
metal. This analysis shows how to change the shape of the reaction cavity by going from A to B.

(a) (b)

Figure 5. Calculated structures of selected intermediates (a) A-CIl-cis and (b) A-MCyl-cis
(main distances in A; colours: dark green: Ru; light green: Cl; orange: P; gray: C; and white: H).

Table 1. Total percent buried volume (%VBur) and quadrant %VBur (numbers in brackets) values for
the species “PPh3” and 14el for the considered Ru-based complexes A and B.

Complex %VBur
A B
PPh;, 45.8(77.6/33.1/28.2/44.3)  33.4(32.3/35.3/35.1/30.7)
14el 48.5 (80.6/35.8/31.8/45.6) 36.4 (38.4/38.4/36.8/31.9)

As shown in Figure 6, the species “PPh3” presents a quite different steric environment in the
two complexes. The metal environment for complex B is significantly less sterically congested than
for complex A. In detail, the calculated percent buried volume (%VBur) for complex A (45.8%) is
much higher than for B (33.4%) (see Table 1). The difference between both 14e1 species for A and B is
maintained, after dissociating the PPh3 ligand, whose dissociation should induce a relaxation of the
ligands around the ruthenium center, which is transformed into an increase of the %VBur of around 3%
for both complexes. Overall, the presence of the phosphine-phosphonium ylide ligand in A makes the
metal environment more sterically hindered, the chelated phosphine—phosphonium ylide occupying
two of the four quadrants more extensively. It should be noted that one of the quadrants is crowded
because it includes the methylene group of the ylide end of the ligand. To sum up, despite the more
sterically demanding metal center in complex B, this hindrance does not preclude the coordination
of any substrate, since there are at least two relatively free quadrants potentially accommodating
towards an entering olefin [56]. It is true that the more sterically hindered ruthenium center generated
from complex A favors the cis attack with respect to the trans attack, as expected and experimentally
demonstrated for B.

Going into details in terms of structure, Table 2 contains the main bond distances for complexes
A and B, whereas Table 3 includes Mayer bond orders (MBOs) measuring the strength of the bonds
between the metal and the vicinal atoms. It is only after removal of the labile phosphine, that the Ru-P
bond becomes stable, since the MBO for PPhj is particularly low (0.662) even far from the unit.
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Figure 6. Orientation axes for the (a) phosphine-phosphonium ylide and (b) NHC ligand

(colours: orange: P; gray: C; and blue: N); steric maps for the species “PPh3” corresponding to

the complexes (c) A and (d) B; and steric maps for species 14el of complexes (e) A and (f) B. The Ru

atom is at the origin and the P atom is on the z axis. The isocontour curves of the steric maps are given

in A. The radius of the sphere around the metal center was set to 3.5 A; the Bondi radii were scaled by

1.17 for all the atoms, and a mesh of 0.1 A was used to scan the sphere for buried voxels.

Table 2. Main distances for complexes A and B (in A).

Complex Species Ru-Cl Ru—Pphosphine Ru:Cmethylenic Ru:Cylidene Ru-Ppp3)
PPh; 2.427 2.338 2.109 1.857 2.429
14el 2.307 2.200 2.093 1.850 -

CI1 2.403 2.376 2.129 1.864 -
MCy1 2432 2.345 2.144 2.067 -
CI2 2.397 2.324 2.137 2.456 -
A 14e2 2.306 2.235 2111 - -
CI3 2.387 2.407 2.145 1.829 -
MCy2 2.408 2.339 2.149 1.994 -
C14 2.465 2.397 2.170 1.819 -
- Ru-Cl Ru—CNHC Ru—Clbis Ru:Cylidene Ru—P(ph3)

PPh; 2.442 2.039 2421 1.850 2.400
14el 2.323 1.921 2.331 1.845 -
B CI1 2.403 1.998 2416 1.870 -
MCy1 2.409 1.997 2418 2.001 -
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Complex  Species Ru-Cl Ru-Pphosphine Ru=Cy,ethylenic Ru=Cyjigene Ru-P(ph3)
PPh; 1.047 0.662 0.867 1.709 0.533
14el 1.150 1.073 0.843 1.671 -

A CI1 1.071 0.619 0.834 1.677 -
MCy1 1.199 0.678 0.841 0.935 -
- Ru-Cl Ru_CNHC Ru-C lbis Ru:cylidene Ru—P(phg)
PPh; 0.894 1.712 1.068 0.887 0.543
B 14el 1.111 1.648 1.114 1.249 -
CI1 1.021 1.569 1.153 0.978 -
MCy1 1.029 1.009 1.099 0.945 -

Table 4 contains the natural bond order (NBO) charges for complexes A and B. The electrophilicity
values of 235.7 and 294.8 kcal/mol correspond to the species “PPh3” and 14el for complex A [57],
thus highly reactive with respect to the corresponding neutral catalyst B, with values of 102.0 and
90.7 kcal/mol. The same trend is also followed from the chemical hardness, with values of 26.8 and
34.0 kcal/mol for “PPh3” and MCy1, respectively.

Table 4. Natural bond order (NBO) charges for complexes A and B (in A).

Complex  Species  Ru—-Cl Ru-Ppposphine  Ru=Cylidene Ru=Cyiigene  Ru-P(pp3)
PPh; —0.265 1.168 —0.947 0.006 1.129
14e1 —0.199 1.330 —0.938 —0.066 -

A CI1 —0.240 1.172 —0.924 0.017 -
MCy1 —0.312 1.203 —0.945 —0.155 —0.315
- Ru-Cl Ru—CNHC Ru-Cl Ru:CyIidene Ru—P(ph3)
PPh; —0.311 —0.012 —0.316 0.429 1.131
B 14el —0.255 —0.026 —0.249 0.505 -
Cc11 —0.296 0.033 —0.299 0.462 -
MCy1 —0.307 —0.151 —0.294 0.482 —0.328

4. Materials and Methods

All the DFT static calculations were performed with the Gaussian09.D01 set of programs [58].
The electronic configuration of the molecular systems was described with the standard split-valence
basis set with a polarization function of Ahlrichs and coworkers for H, C, N, P, and Cl (SVP keyword
in Gaussian) [59]. For Ru, the small-core, quasi-relativistic Stuttgart/Dresden effective core potential
was used, with an associated valence basis set contracted (standard SDD keywords in gaussian09) [60].
The geometry optimizations were performed without symmetry constraints, and the characterization
of the located stationary points was performed by analytical frequency calculations, by using the BP86
functional of Becke and Perdew [61,62], together with the Grimme D3 correction term to the electronic
energy [63].

Single-point calculations of the BP86-D3 optimized geometries were performed by using the
MO6 functional [64] with the triple-z basis set of Weigend and Ahlrichs for main-group atoms
(TZVP keyword in Gaussian) [65], whereas for ruthenium the SDD basis set was employed. Solvent
effects were included with the polarizable continuous solvation model (PCM) using the dielectric
constant of the CH,Cl, solvent [66]. The reported free energies in this work include energies obtained
at the M06/TZVP level of theory corrected with zero-point energies, thermal corrections, and entropy
effects evaluated at 298 K and 1354 atm, following the suggestion by Martin et al. [67], reconfirmed by
Cavallo, Poater et al. in Ru-based olefin metathesis [68], with the BP86-D3/SVP method in the gas
phase. In the Supporting Information, the free energies are reported at p = 1 atm, too; however, bearing
entropic contribution calculated at this value for pressure in the gas phase is probably exaggerating
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the expected values for the dissociative steps in the condensed phase [69], and p = 1354 atm energy
values seem to be more accurate ((see Figures S1 and S2, and Table S1).

5. Conclusions

DFT calculations have been used to explore the catalytic potential in ethylene metathesis of
Ru-based complexes holding a phosphine-phosphonium ylide ligand instead of the innocent or inert
NHC ligand. The thermodynamic stability of the reaction intermediates is close to the respective
intermediates of complex bearing the classical SIMes NHC ligand, whereas the kinetics are predicted
to be somewhat slower.

The activation mechanism of the discussed Ru-based catalyst was found to be similar to its
Ru-analogue bearing a SIMes NHC ligand occurring through dissociation of the labile ligand PPhj,
but less energetically demanding when using the phosphine—phosphonium ylide as a trans ligand to
the leaving PPhs. A geometrical and energetical analysis was accomplished for the Ru-based catalyst
A through the first metathesis turnover, and the following propagation process. The reaction profile
for catalyst A is consistent with an efficient Ru-based olefin metathesis catalyst. Bearing a similar
structure with respect to well-known Ru catalysts, this new generation of olefin metathesis catalysts
could turn out to be effective after experimental efforts. Conceptual DFT results show similar values
with respect to the activity of the catalyst B. However, steric maps are fundamental to rationalize why
the rare cis attack of the entering olefin is favored for the complex A with respect to the usual trans
attack preferred for the complex B.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/3/85/s1,
Figure S1: Free-energy profile in solvent for the olefin metathesis reaction of complex A using ethylene as
the substrate (energies in kcal/mol calculated at P = 1 atm (instead of 1354); Figure S2: Free-energy profile in
solvent for the olefin metathesis reaction of complex B using ethylene as the substrate (energies in kcal/mol
calculated at P = 1 atm (instead of 1354), SIMes = 1,3-Bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene);
Table S1: 3D view and xyz coordinate data sets and absolute energies in a.u. for DFT optimized complexes.
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