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Predictive catalysis in olefin metathesis with Ru-based catalysts 
with annulated C60 fullerenes in the N-heterocyclic carbenes 

Juan Pablo Martínez,*[a] Miquel Solà,[a] and Albert Poater*[a] 

Dedicated to the memory of our colleague Prof. Dr. Victor Snieckus  

Abstract: Predictive catalysis must be the tool that does not replace 

experiments, but acts as a selective agent, so that synthetic strategies 

of maximum profitability are used in the laboratory in a surgical way. 

Here, nanotechnology has been mixed with olefin metathesis from 

homogeneous Ru-NHC catalysts, specifically annulating a C60 

fullerene to the NHC ligand. Based on results with the C60 in the 

backbone, a sterile change with respect to the catalysis of the metal 

center, an attempt has been made to bring C60 closer to the metal, by 

attaching it to one of the two C-N bonds of the imidazole group of the 

SIMes (1,3-bis(2,4,6-trimethylphenyl)imidazolin-2-ylidene) ligand 

(reference NHC ligand of the 2nd generation Grubbs catalysts) to 

increase the steric pressure of C60 in the first sphere of reactivity of 

the metal. The DFT calculated thermodynamics and the kinetics of 

SIMes-derived systems show that they are efficient catalysts for olefin 

metathesis. 

Introduction 

The history of olefin metathesis by ruthenium catalysts is closely 

linked to NHC ligands, which are adopted as a key element once 

bisphosphine catalysts (1st Generation Grubbs catalysts) are 

somewhat abandoned and replaced by mixed, phosphine-NHC 

2nd Generation Grubbs catalysts.[ 1 , 2 ] At the same time the 

progress of the ligands has gone in parallel, in fact only 3 decades 

ago Arduengo reported the synthesis of the first crystalline N-

heterocyclic carbon (NHC).[3] And why is there still this hunger to 

continue modifying olefin metathesis catalysts by means of the 

NHC ligands?[4] Because these catalysts lead to the generation of 

carbon-carbon bonds,[5] and no one escapes the importance in 

which this translates in terms of industrial applications, from the 

preparation of high value-added molecules for the pharmaceutical 

industry,[6] biologically active compounds,[7] and on a large scale 

new materials and polymers.[8] 

Having framed the importance of Ru-NHCs for olefin metathesis, 

it is necessary to know how to focus on the determining steps of 

the reaction. Thus, of the mechanism first proposed by Chauvin,[9] 

efforts are being made to emphasize especially the 

metallacycle,[10] which is its central intermediate that consists of a 

four-membered ring, including the metal.[11] Any effort to improve 

the activity of the metallacycle is fundamental, and in fact, such is 

the importance, that to achieve a minimum relative stability, 12 

replacing ruthenium with any other metal led to a complete 

change of the structure of the ligands around the metal,[ 13 ] 

specially with iron.[14] On the other hand, many studies claim the 

importance of the preactivation towards the active catalytic 14e 

species or the release of the substrate.[15,16]  

On the other hand, to make a change in the nature of Ru-NHC 

complexes, one idea is to mix them with nanotechnology, and 

specifically with C60 fullerene. It is not necessary to give many 

explanations about the importance of C60, as it is included in 

numerous industrial applications,[17] ranging from the production 

of solar cells to active agents in the fight against allergies, through 

its favorable role in trapping radicals.[18 ] In 2016, some of the 

present authors analyzed the reaction mechanism of the first 

combination between C60 and Ru-NHC based olefin metathesis 

catalysts,[19] but in no case was it the first interaction of fullerenes 

with olefin metathesis, since previously fullerenes had not been 

part of the NHC ligand, but as substrates in conjunction with 

norbornene.[20] However, apart from finding a possible support for 

this type of complexes for improving its activity, its inclusion in the 

NHC ligand, in its backbone, did not alter the first sphere of the 

metal in any way. Here, we intend to move one step forward 

inspired by the work mixing NHC ligands and C60 and C80 

fullerenes.[ 21 , 22 ] Obviously, there are other attempts to mix 

nanotechnology with organometallic chemistry,[23] but they are still 

scarce, and special emphasis must be placed on the work of 

Stang and coworkers on platinum catalysts with macrocycles 

containing pyrrolidine rings that are linked to C60.[24]  

Predictive catalysis is a technique that allows you to make a 

selection of potential catalysts that improve those present, before 

their synthesis at the experimental level.[ 25 ] Thus, saving the 

tedious work of synthesizing many of them, and leaving only the 

focus for which computational chemistry predicts the best 

properties.[26 ] Following this strategy, DFT calculations (at the 

M06/TZVP∼sdd//M06L/SVP∼sdd level[19, 27 ]) led to modify the 

ruthenium complexes corresponding to the 2nd Grubbs generation 

with the SIMes (SIMes = 1,3-bis[2,4,6-

(trimethyl)phenyl]imidazolidin-2-ylidene) ligand (A). Particularly 

its backbone was modified by the insertion of a C60 molecule (B 

and C), replacing directly the methylene H atoms by a fullerene, 

complex B, or both methylene C and H atoms, complex C.[19] 

Here, seeing that catalysts B and C failed to sterically modify the 

first sphere around the metal, the potential reactivity of new NHC 

ligands has been evaluated, where the fullerene is attached to 

one of the CN bonds of the imidazole ring (see Scheme 1, D and 

E complexes). In D, the nitrogen atom is replaced by a carbon of 
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the fullerene itself, thus changing the methylene group and the 

contiguous nitrogen and its mesityl by a fullerene, while by E only 

the hydrogens of the methylene group and the mesityl group are 

replaced by the fullerene. 

 

 

 

 

Scheme 1. Ru-based complex with SIMes (1,3-bis(2,4,6-
trimethylphenyl)imidazolin-2-ylidene) (A) and its in silico 
modifications by the insertion of a C60 molecule (B-E) as olefin 
metathesis catalysts. 

Results and Discussion 

The catalytic activities of complexes A to E are evaluated through 

the reaction mechanisms corresponding to the olefin metathesis 

with ethylene as the substrate. The analysis of the 

thermodynamics and kinetics of the reaction is the main target in 

the current study, wherein species I to VIII are quantum-

chemically explored (see Scheme 2). Accordingly, Gibbs-energy 

profiles relative to species I for the reaction pathways involving 

Ru-based complexes are reported in Table 1. The Buckyball C60 

is linked to the NHC moiety on a pyracylene-type [6,6] bond 

instead of a corannulene-type [5,6] bond; this configuration is 

usually the most stable.[28] Indeed, the active catalyst II with the 

[6,6] configuration results in a stabilization of up to 18 kcal/mol as 

compared to the [5,6] analogue, as previously determined by 

us.[19] 

 

 

Scheme 2. Olefin metathesis reaction mechanism for Ru based 
catalysts (L = NHC, phosphine). 

Table 1. Computed thermodynamic stability (∆G in kcal/mol) of 
the reaction extrema II-VIII relative to species I for the studied 
olefin metathesis reaction catalyzed by Ru-based complexes A to 
E (for A-C data from Ref. 19), using ethylene as the substrate 
solvated in CH2Cl2. 

Complex A B C D E 

I 0.0 0.0 0.0 0.0 0.0 

II 10.5 8.0 12.1 6.9 9.2 

III 10.8 10.0 16.2 12.0 10.8 

III-IV 15.3 14.5 15.9 13.9 14.7 

IV 9.9 8.9 12.6 11.2 13.2 

IV-V 17.5 15.1 20.5 18.3 20.0 

V 14.9 11.4 16.6 17.7 16.1 

VI 13.0 11.1 18.5 16.5 13.1 

VII 12.5 10.9 13.4 - 15.5 

VII-VIII 13.6 11.0 16.2 - 17.3 

VIII 5.3 3.9 7.8 5.9 8.0 

 

The analysis of Table 1 can be conveniently done by introducing 

the relative thermodynamic stability, ∆∆G, for each intermediate II 

to VIII formed by complexes A to E, which is defined by equation 

(1). 

∆∆G = ∆Gcomplex – ∆GA       (1) 

where the thermodynamic stability of complexes B to E, ∆Gcomplex, 

is compared to that of complex A, ∆GA. Moreover, in Table S1 the 

arithmetic mean of this relative stability, X̅∆∆G, along with the 

respective standard deviation, σ∆∆G, are also calculated to 

account for the degree of deviation of ∆Gcomplex related to ∆GA. In 

this regard, it is shown that the thermodynamic stability of species 

II to VIII via complexes B to E is nearly identical to the 

corresponding intermediates formed by complex A. For instance, 

X̅∆∆G involving species II to VIII for complex B is -1.9 kcal/mol (σ∆∆G 

= 0.9 kcal/mol); this negative small value of X̅∆∆G is attributed to 

the fact that intermediates generated via catalyst B are slightly 

more stable than species of A, as can be observed in Table 1. 
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Besides, ∆∆G is negative in all instances in an energy range of 

less than 4 kcal/mol, wherein the highest stabilization is reached 

by V-B as compared to V-A, ∆∆G = -3.5 kcal/mol. In the cases of 

C, D, and E, X̅∆∆G respectively results in 2.7 (σ∆∆G = 1.7), 0.7 (σ∆∆G 

= 2.3), and 1.4 (σ∆∆G = 1.8) kcal/mol, thus confirming the nearly 

identical relative stability when compared to A. However, ∆∆G is 

positive for all the intermediates formed through C, D, and E 

(except for II-D, II-E and III-E) and the transition state III-IV for D 

and E; therefore, in general species II to VIII for these catalysts 

are slightly less stable than species of A since 0 < ∆∆G < 6 

kcal/mol. Overall, intermediates III-C and VI-C exhibit the highest 

destabilization with a ∆∆G of 5.4 and 5.5 kcal/mol, respectively, 

which is consistent with the kinetically unfavored reaction 

pathway via catalyst C. On the other hand, species V-B and II-D 

are the most stabilized intermediates because of a corresponding 

∆∆G of -3.5 and -3.6 kcal/mol; indeed, catalysts B and D show a 

better performance than the other fullerene-based complexes, 

thus reflecting the importance of the thermodynamic stabilization 

of the species formed thru the olefin metathesis. 

Although the energy cost of the first step is the largest one 

regarding the initiation step, to determine the kinetic bottleneck of 

the reaction pathway it is necessary to look for the barrier of the 

different TSs with respect to the lowest energy intermediate.[29] In 

addition, for the first step we omitted the calculation of the energy 

barrier, if any, since it is a quasi dissociative step.[ 30 , 31 ] The 

turnover-frequency determining transition state (TDTS) is IV-V for 

all the complexes under study,[ 32 ] which corresponds to the 

opening of the ruthenacyclobutane complex or the [2+2] 

cycloreversion reaction. After the formation of species V, the 

Gibbs-energy profiles for reaction pathways involving catalysts A, 

B, and D follow an energetically slight downhill trajectory without 

high-energy barriers or highly stabilized intermediates, thus 

resembling previous reports.[33] In fact, the reaction evolves from 

VI-D to VIII-D in a barrierless process as determined via a linear-

transit calculation (see Figure S1). On the other hand, complexes 

C and E does show small energy wells of 2.8 (from VII-C to VII-

VIII-C) and 4.2 kcal/mol (from VI-E to VII-VIII-E). Overall, the 

increasing order of the energy barrier calculated via the TDTS 

follows B < A < D < E ≈ C, in an energy range from 15.1 to 20.5 

kcal/mol. The crucial step in olefin metathesis is the formation of 

a stable ruthenacyclobutane IV, the success of the reaction 

depends upon this species.[31] Such a structure has been 

characterized under laboratory conditions.[10] This metallacycle 

may increase its stability by reducing the number of substituents 

in the SIMes ligand. Indeed, a poor catalytic performance was 

observed for the SIMes ligand linked to a phosphine substituent 

causing the destabilization of the ruthenacyclobutane IV. 

However, a highly stabilized metallacycle could also expose poor 

catalytic performance.[34] These outcomes allow us to corroborate 

the relationship between the thermodynamic stability of the 

ruthenacyclobutane and the potential catalytic activity of the 

corresponding Ru-catalyst species. In this regard, catalysts A to 

D can form a stable metallacycle IV. They are stabilized 0.9, 1.1, 

3.6, and 0.8 kcal/mol, respectively, when compared to 

intermediate III; these values fitting perfectly with previous results 

of other active catalysts in olefin metathesis;[35] although species 

IV-C shows the highest stabilization which may be correlated to 

its kinetically hampered reaction pathway. As a matter of fact, the 

ruthenacyclobutane is destabilized by 2.4 kcal/mol only in the 

case of complex E, which agrees with the least favored reaction 

pathway. It is concluded, therefore, that the ruthenacyclobutane 

should be moderately stable. In particular, catalysts B and D 

reveal a catalytic activity comparable to A via a moderately stable 

species IV, an attractive outcome for overcoming the drawback of 

highly stabilized or destabilized metallacycles in olefin metathesis 

catalysis. 

Our results may be additionally explained by analyzing the 

implications of the Dewar–Chatt–Duncanson framework,[ 36 ] 

wherein the key is the π-backdonation from Ru to the NHC 

carbene, CNHC. Indeed, electron density donated from the lone 

pair on nitrogen, NNHC, to CNHC could hamper the π-backdonation 

leading to complex destabilization related to the formation and 

dissociation of the ruthenacyclobutane. Those complexes 

delocalizing electron density around the NHC (a mesomeric-like 

effect) are thought to hinder the electron density donated from 

NNHC to CNHC, thus favoring the π-backdonation in a more relaxed 

process. The highest electron delocalization is predicted for 

catalyst B, as schematized in Figure S2, because more 

resonance structures are possible. Processes involving formation 

and rupture of IV are, in fact, more stabilized through complex B 

as earlier discussed. Complexes A, C, and E show a similar 

picture: electron density delocalized through NNHC and CNHC. 

However, we believe electron density is “pushed” from NNHC to 

CNHC because of the large π-system in C60, thus leading to 

complex destabilization via C and E as compared to A. This 

“pushing” effect may be a consequence of the electron repulsion 

of π-electrons in C60 perpendicular to the electron configuration in 

the NHC plane. On the contrary, the substitution of NNHC by C60, 

complex D, significantly reduces the number of possible 

resonance structures, yet fullerene has no lone pair to donate 

electron density to CNHC such that π-backdonation is relatively 

less hindered. In fact, most intermediates via catalyst D are more 

stable than the analogous C and E complexes. In fact, most 

intermediates via catalyst D are more stable than the analogous 

C and E complexes. Moreover, by performing single-point energy 

calculations only for the active catalyst fragment at the geometry 

it acquires to form IV, complex B and D show the most stable 

HOMO: -140.3 and -141.3 kcal/mol, respectively. Such an 

outcome supports the premise that electron delocalization and 

reduction of mesomeric effects around NHC should improve π-

backdonation from Ru to CNHC.[37] That is, a stabilized HOMO is 

originated from better d-π* overlap concerning the metal and NHC 

moieties. Of course, several orbital contributions are expected to 

be involved in the π-backdonation and we are omitting those of 

the olefin as well (its detailed description is beyond the scope of 

the current work). However, HOMO in the active catalyst 
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deformed fragment as extracted from IV is destabilized by 1.5 in 

E, 4.0 in A, and 4.3 in C (kcal/mol) as compared to D, which may 

be attributed to a higher electron density donated from NNHC to 

CNHC. Particularly, in C having C60 nearer from NHC and resulting 

in a destabilized metallacycle as early discussed.  

Structurally it was also studied how the inclusion of a C60 fullerene 

in the NHC ligand affects in the first sphere of coordination around 

the metal.[ 38 ] The steric maps developed by Cavallo and 

coworkers[39] provide the index of %VBur that is the amount of the 

first coordination sphere of the metal occupied by a given 

ligand.[40] We used SambVca2.1 package[41] to calculate %VBur. In 

Table 2, for E the values of occupation around the metal because 

of its NHC ligand were a priori disappointing, with only 29.8% for 

I, and an equidistribution of the four quadrants, never greater than 

32.9% for any of them. But these values read in reverse can be 

the way to have a group that does not tend to decompose as 

phenyl groups do,[42] like ligands on the imidazole-ring nitrogen. 

In addition, this catalyst E is highly unoccupied around the metal 

because of its NHC ligand, and therefore the catalyst can use this 

NHC to interact with sterically highly demanding substrates, and 

furthermore to avoid any decomposition of the substituent on the 

imidazole.[42, 43 ] On the other hand, the %VBur for catalyst D 

achieves 35.6% for I, and up to 37.5% for the catalytically active 

species II. For the last intermediate, especially, the two values 

above 40% occupancy of the two quadrants in which the fullerene 

participates directly are interesting, in particular 41.5 and 41.4%. 

And this is a detail of being able to almost block sterically impeded 

substrates. In addition, steric maps in Figure 2 show more clearly 

than those %VBur indices that D is more sterically hindered than A 

or E, since they depict how the shape of the reactive pocket is 

modified because of the nature of the NHC ligand. Overall, the 

decreased %VBur for B and E is a consequence of the fact that 

being C60 attached to NHC makes this ligand more distant from 

the Ru center. On the other hand, the lowest and highest TDTS 

result from these complexes such that electronic interactions 

should also play a significant role. 

 

Table 2. Total %VBur and quadrant %VBur (Q1, Q2, Q3 and Q4) values for 
species I for the considered Ru-based complexes A-E.  
 

Complex Total Q1 Q2 Q3 Q4 

A 33.0 38.2 35.5 31.8 26.7 

B 31.9 38.9 31.9 31.2 25.7 

C 33.1 35.7 34.7 33.1 29.0 

D 35.6 39.4 37.1 34.1 31.4 

E 29.8 32.9 30.1 28.7 27.6 

 

Figure 2. Topographic steric maps (xy plane) of the NHC ligands of species I 
for the studied Ru-complexes a) A, b) D; and c) E. %VBur is the percent of buried 
volume. The Ru atom is at the origin and the CNHC atom is on the z axis, and the 
5-membered ring on the xz plane. The isocontour curves of the steric maps are 
given in Å. The radius of the sphere around the metal center was set to 3.5 Å, 
while for the atoms we adopted the Bondi radii scaled by 1.17, and a mesh of 
0.1 Å was used to scan the sphere for buried voxels. 

The effect of the bulky C60 fullerene on the binding of NHC to the 

Ru metal can be quantified by means of the total binding energy, 

BE, 

-BE = ∆Estrain + ∆Eint       (2) 

which is evaluated for species I-A to I-E (details in Table 3). In 

equation (2), ∆Estrain is the strain energy associated to the change 

in the geometry of the reactants to the geometry they acquire in 

species I. To our purposes, each complex is divided into the Ru-

metal moiety (f1, containing the phosphine and benzylidene 

groups) and the free NHC fragment (f2). For complexes B to E, 

the NHC counterpart is also linked to C60. Fragments f1 and f2 are 

associated to a strain energy such that ∆Estrain equals ∆Ef1,strain 

plus ∆Ef2,strain for a given complex leading to a positive value, 

∆Estrain > 0. Table 3 shows that the main contribution to ∆Estrain in 

species I is the ruthenium fragment because it is more distorted 

as compared to the NHC moiety, 8 < ∆Ef1,strain < 13 and 0 < 

∆Ef2,strain < 3 kcal/mol. In ascending order, ∆Estrain follows the 

sequence E < C < B < A < D within an energy range of 4 kcal/mol 

(see relative comparisons in Table 3, relstrain); yet the least 

strained catalyst I-E resulted in the least favored reaction pathway 

so that electron interactions should play a significant role. 

Accordingly, we analyze the interaction energy, ∆Eint, between the 

NHC moiety and the metal fragment frozen in the geometry they 

obtain in the complex. The value of ∆Eint is negative since it is the 

energy gain associated with placing together the two deformed 

fragments. In ascending order, ∆Eint follows the trend D < A < E < 

C < B within an energy range of 8 kcal/mol (see relative 

comparisons in Table 3, relint). However, catalyst I-B exhibits the 

most favored reaction pathway despite of its less favorable 

interaction energy. In this regard, the overall effect of strain-

interaction is reported by the absolute value of BE, where lower 

values of ∆Estrain and ∆Eint increase |BE|, thus representing a more 

favorable binding between the Ru and NHC fragments. In 

ascending order, |BE| leads to the sequence B < C < E < A < D 

over an energy range of 5 kcal/mol; wherein catalyst I-B shows 

the lowest |BE| although an efficient olefin metathesis is predicted 

via such a complex. In general, the calculated |BE| is less 

stabilizing (see the corresponding relative comparison in Table 3, 

relBE) for complexes B to E than that for complex A (except for 

catalyst I-D which displays similar |BE| as compared to I-A). 

Therefore, it is concluded that the presence of the C60 molecule 

slightly reduce the strength of the Ru-NHC bond. Furthermore, 

the trend observed for species I regarding |BE| does not provide 

enough evidence to predict an efficient olefin metathesis; that is, 

species I-B and I-C have the lowest |BE| but catalyst B shows 

kinetically favored reaction pathways when compared to catalyst 

A, whereas catalyst C disfavors the catalysis when compared to 

A. 
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Table 3. Strain and interaction energies of species I, III, III-IV, and IV for the studied olefin metathesis reaction catalyzed by complex 
A and its in-silico modifications with C60 annulated NHC backbone, B to E. Electronic energies in CH2Cl2 solvent are given in kcal/mol 
for the deformation in fragments f1 (ruthenium moiety) and f2, ∆Ef1,strain and ∆Ef2,strain, the total strain energy, ∆Estrain, the interaction 
energy, ∆Eint, and the total bond energy, BE. A relative comparison (rel) is also reported for each parameter under study. 

Species ∆Ef1,strain relf1,strain ∆Ef2,strain relf2,strain ∆Estrain relstrain ∆Eint relint |BE| relBE 

I-A 10.4 0.0 1.9 0.0 12.3 0.0 -61.7 0.0 49.3 0.0 

I-B 8.4 -2.0 3.0 1.1 11.4 -0.9 -56.1 5.6 44.7 -4.7 

I-C 8.6 -1.8 2.4 0.5 11.0 -1.4 -57.8 3.8 46.9 -2.4 

I-D 12.9 2.4 1.4 -0.4 14.3 2.0 -64.1 -2.5 49.8 0.5 

I-E 9.6 -0.8 0.6 -1.3 10.2 -2.1 -58.3 3.3 48.1 -1.3 

III-A 2.8 0.0 1.6 0.0 4.4 0.0 -18.9 0.0 14.5 0.0 

III-B 11.2 8.5 5.2 3.5 16.4 12.0 -29.9 -11.0 13.5 -1.0 

III-C 13.5 10.7 5.4 3.7 18.9 14.5 -31.9 -13.0 13.1 -1.4 

III-D 2.0 -0.8 1.2 -0.4 3.1 -1.2 -16.2 2.7 13.0 -1.5 

III-E 4.3 1.6 2.5 0.9 6.9 2.5 -20.3 -1.4 13.4 -1.1 

III-IV-A 15.5 0.0 12.5 0.0 28.0 0.0 -40.3 0.0 12.3 0.0 

III-IV-B 16.1 0.6 13.2 0.7 29.3 1.3 -41.7 -1.3 12.3 0.0 

III-IV-C 14.4 -1.1 11.6 -0.9 26.0 -2.0 -39.7 0.7 13.7 1.4 

III-IV-D 15.5 0.0 13.4 0.9 28.9 0.9 -39.6 0.8 10.7 -1.6 

III-IV-E 18.1 2.5 13.3 0.8 31.3 3.3 -41.8 -1.5 10.5 -1.9 

IV-A 56.2 0.0 53.9 0.0 110.0 0.0 -127.8 0.0 17.8 0.0 

IV-B 58.0 1.8 54.1 0.2 112.1 2.1 -129.4 -1.6 17.3 -0.5 

IV-C 52.2 -3.9 52.9 -1.0 105.2 -4.9 -124.1 3.8 18.9 1.1 

IV-D 57.6 1.4 53.7 -0.2 111.3 1.3 -127.8 0.0 16.5 -1.3 

IV-E 60.3 4.1 55.3 1.4 115.5 5.5 -130.2 -2.4 14.7 -3.1 

 

 

Alluding to the activation strain model (ASM),[44] the first step of 

the reaction is also analyzed in an attempt to stablish a 

relationship between reaction barriers and the properties of the 

catalytic active species II; as well as the characteristics of the 

reaction mechanisms. Due to the breaking of the 

ruthenacyclobutane, the ASM starting from species II cannot be 

applied to the TDTS described by IV-V. Consequently, we focus 

on the energy barriers related to the closure of the metallacycle, 

species III-IV, to provide a comprehensive analysis about how the 

balance between sterics and electronics drives to the 

metallacycle.[45] Accordingly, to apply equation (2) considering the 

previous strain-interaction scheme, species III, III-IV, and IV are 

divided into the Ru metal fragment, f1 which corresponds to 

species II, and the ethylene moiety, that is f2. Species III is formed 

by the coordination between the active catalyst II and ethylene, 

thus causing a structural deformation in both fragments denoted 

as ∆Ef1,strain and ∆Ef2,strain. Table 3 reports the energy costs related 

to ∆Ef1,strain, ∆Ef2,strain, and ∆Estrain in species III; for these three 

parameters the distortion increases in the order D < A < E < B < 

C in an energy range of 16 kcal/mol (see relstrain). In contrast, the 

inverted ascending sequence is observed for ∆Eint. Subsequently, 

intermediate III-D results in the lowest strain energy, yet its 

electron interactions are also the least favored ones. 

Nevertheless, |BE| (ca. 14 kcal/mol) is nearly identical for all 

complexes, being III-A slightly favored by less than 2 kcal/mol as 

reported by relBE. Therefore, we investigate the transition state to 

grasp a better understanding about how the formation of the 

metallacycle affects the reaction. 
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The energy costs associated to ∆Estrain in the transition state III-IV 

follow an ascending order of C < A < D < B < E within an energy 

range of less than 6 kcal/mol (see relstrain). Both ∆Ef1,strain and 

∆Ef2,strain show to some extent similar trends, where the lowest 

distortion in each fragment is also calculated for III-IV-C. On the 

other hand, the ascending sequence for ∆Eint is E < B < A < C < 

D for a small energy range of only 3 kcal/mol (see relint).[46] The 

relative lower strain and higher electron interactions for species 

III-IV-C leads to a more favored |BE|, whereas the less favored 

|BE| corresponds to III-IV-E. However, given that relBE is within a 

small energy range of 3 kcal/mol regarding complexes A to E, our 

analysis is not conclusive at all since both complexes C and E 

show the highest energy barriers (also the highest TDTS). 

Consequently, we now investigate the metallacycle, species IV, 

to describe the performance of the catalysts in olefin metathesis. 

Even though IV-C is once again the least distorted intermediate 

since ∆Ef1,strain and ∆Estrain follow the ascending-order sequence C 

< A < D < B < E within an energy range of less than 11 kcal/mol 

(∆Ef2,strain slightly differs from this series), its ∆Eint is also the least 

favored one. Like the analysis for III-IV, species IV-E shows once 

again the highest strain and the best electron interactions. The 

ascending series of |BE| for species IV is also identical to that of 

III-IV, E < D < B < A < C. On the one hand complex E leads to the 

lowest |BE| for both the metallacycle and its forming transition 

state because of high structural deformation despite of better 

electron interactions. On the other hand, complex C exposes the 

highest |BE| for both species due to low structural strain, despite 

poorer electron interactions. Our calculations suggest that 

structural deformation mainly drives |BE| for species III-IV and IV. 

More importantly, the fact that complexes C and E, which exhibit 

the least favored reaction pathways, result in the highest and 

lowest |BE|, respectively, confirms our previous conclusion: the 

metallacycle should be moderately stabilized. In terms of the 

analysis attained by means of the ASM, the |BE| of the 

ruthenacyclobutane complex formed via catalysts A, B, and D is 

neither the highest nor the lowest one; then it is concluded that 

|BE| is moderate and it is corroborated by comparing the 

corresponding Gibbs energy between III and IV, which differs by 

1 kcal/mol as previously mentioned. In addition, Table 1 also 

shows that species IV-C is stabilized by 3.6 kcal/mol compared to 

III-C leading to the highest |BE|, but IV-E is destabilized by 2.5 

kcal/mol resulting in the lowest |BE|.
 

Table 4. Electronic properties of species I and II for the considered Ru-complexes A to E. Ruthenium-carbene bond distance dRu-C in 
Å, natural charges in ruthenium, qRu, and the carbene, qC, in e-. Energies of the HOMO (εH), the LUMO (εL), chemical hardness (η), 
chemical potential (μ), and Parr electrophilicity index (ω) in kcal/mol. Respective arithmetic mean and standard deviation are also 
reported. 

Species dRu-C qRu qC εH εL η μ ω 

I-A 2.06 -0.36 0.49 -126.91 -48.29 39.31 -87.60 97.60 

I-B 2.07 -0.38 0.43 -129.61 -50.34 39.63 -89.97 102.12 

I-C 2.07 -0.36 0.51 -126.78 -52.02 37.38 -89.40 106.91 

I-D 2.00 -0.34 0.42 -131.15 -52.59 39.28 -91.87 107.42 

I-E 2.04 -0.37 0.40 -127.10 -49.65 38.72 -88.38 100.85 

X̅ 2.05 -0.36 0.45 -128.31 -50.58 38.87 -89.44 102.98 

σ 0.03 0.02 0.05 1.97 1.75 0.89 1.63 4.17 

II-A 1.93 -0.03 0.55 -137.39 -53.71 41.84 -95.55 109.10 

II-B 1.93 -0.01 0.48 -134.52 -55.19 39.66 -94.85 113.42 

II-C 1.93 -0.02 0.56 -139.26 -55.72 41.77 -97.49 113.76 

II-D 1.89 -0.01 0.45 -144.21 -59.16 42.53 -101.68 121.56 

II-E 1.92 0.01 0.46 -135.59 -52.15 41.72 -93.87 105.59 

X̅ 1.92 -0.01 0.50 -138.20 -55.18 41.51 -96.69 112.69 

σ 0.02 0.01 0.05 3.82 2.62 1.08 3.09 5.99 

We include an additional analysis to provide a deeper 

understanding of the subject. We report the bond distance 

between ruthenium and the carbene (dRu-C) for the catalyst I and 

the active catalyst II in Table 4, as well as the natural charges of 

ruthenium, qRu, and the carbene, qC. No significant differences are 

found since the bond-distance arithmetic mean equals 2.05 Å (σ 

= 0.03 Å) for species I and 1.92 Å (σ = 0.02 Å) in the case of 

species II. Moreover, the catalysts A to E show quite similar qRu, 

the arithmetic mean is calculated to be -0.36 e- (σ = 0.02 e-) for 

species I and -0.01 e- (σ = 0.01 e-) in the case of species II. A 

slightly larger difference (σ increases) is observed for qC among 

complexes A to E, it results in an arithmetic mean of 0.45 e- (σ = 

0.05 e-) for I and 0.50 e- (σ = 0.05 e-) for II. Overall, the release of 

the phosphine group from I to form the active catalyst II causes a 
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reduction in dRu-C and a more positive-charged ruthenium to 

attract the electrons of the olefin. However, the observed 

similarities do not provide enough evidence to correlate the 

catalytic activity in olefin metathesis. Therefore, we performed an 

additional conceptual DFT analysis to achieve a comprehensive 

insight into the electronic contribution of the NHCs.  

The electrophilicity of the complexes is therefore evaluated via the 

Parr electrophilicity index shown in equation (3),[47]  

𝜔 =
𝜇2

2𝜂
         (3) 

here μ and η respectively stand for the chemical potential and the 

molecular hardness, which are defined as the first and second 

derivatives of the energy with respect to N at a fixed external 

potential, given an N-electron system with total electronic energy 

E.[48] Assuming the validity of the Koopmans’ approximation,[49] μ 

and η are evaluated by equation (4), 

𝜇 ≅
1

2
(𝜀𝐿 + 𝜀𝐻) and 𝜂 ≅

1

2
(𝜀𝐿 − 𝜀𝐻)    (4) 

with εH and εL as the energies of the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO), respectively. These values along with ω, μ, and η for the 

species I and II are reported in Table 4. Figure 3a schematizes 

the HOMO and LUMO in complex A, but such a configuration is 

not the same for the rest of the catalysts; then we look for 

appropriate frontier molecular orbitals to calculate the electronic 

properties under consideration. In fact, the selected frontier 

orbitals were usually HOMO and LUMO+3 for B to E (see Figure 

3b and Table S2). In the case of species I, εH and εL result in an 

arithmetic mean of -128.3 and -50.6 kcal/mol, respectively, with 

no significant variations among the complexes because of a 

standard deviation σ < 2 kcal/mol. The resistance of a system to 

change in the number of electrons is evaluated via η, and the 

energy released when the number of electrons increase due to a 

more accessible LUMO is assessed by μ. The fact that εH and εL 

slightly vary thru species I-A to I-E leads to small variations in η 

and μ which is reflected in the corresponding σ value of less than 

2 kcal/mol. In view of the square of μ in equation (3), the arithmetic 

mean of ω equivalent to 103.0 kcal/mol reveals higher deviations 

reported by σ = 4.2 kcal/mol. The higher electrophilicity of 

fullerene-based catalysts as compared to I-A is attributed to their 

slightly higher μ, hence complexes I-B to I-E may be more 

reactive to nucleophilic attacks.[ 50 ] In the case of the active 

catalyst, species II, the arithmetic means of εH and εL show higher 

variations, 2 < σ < 4 kcal/mol. However, these fluctuations do not 

have an impact in η since σ = 1.1 kcal/mol; indeed, the higher 

value of η in II (X̅ = 41.5 kcal/mol) as compared to I (X̅ = 38.9 

kcal/mol) is attributed to a higher electron stabilization for the 

active catalyst, an advantageous prerequisite to undergo olefin 

metathesis. Higher deviations are calculated for μ (σ = 3.1 

kcal/mol) and, as a result, for ω (σ = 6.0 kcal/mol). Even though 

we could not find out clear trends based on these later quantities, 

in general we can conclude that a reduced electron donating 

capability of the SIMes ligand with a backbone annulated by a C60 

molecule, that is hard chemical species along with an increased 

electrophilicity, should provide insights to investigate this new 

family of catalysts in an attempt to solve bottlenecks in olefin 

metathesis. 

 

 

Figure 3. Frontier molecular orbitals for a) Ru-based complex I-A, and b) in-
silico modified catalyst I-D. 

Conclusions 

DFT calculations have been the way to predict Ru(NHC) catalysts 

with a C60 molecule annulated in the SIMes ligand, not simply to 

join organometallics with nanotechnology, but to make the 

fullerene simultaneously an active actor in the first sphere around 

the metal, also protecting the mesityl group potential 

decomposition catalyst itself from the imidazole ring. Kinetically 

and thermodynamically the new catalysts proposed for predictive 

catalysis do not report any drawbacks, and even the catalyst 

where the fullerene exchanges one of the two nitrogen atoms of 

the imidazole ring for a carbon, has a slightly improved kinetics 

for the closure of the metallacycle compared to the reference 
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SIMes, unmodified. In addition, once the metallacycle is opened, 

the resulting olefin release would prove to be more favorable than 

with any other system. Thus, the inclusion of a C60 in the NHC 

ligand near the metal center of an Ru-NHC is promising in order 

to improve olefin metathesis. It should be clarified here that our 

study on predictive catalysis uses ligands that could be 

challenging for current synthetic chemistry, but may guide future 

synthetic efforts that can improve olefin metathesis.[51] 

.  

Experimental Section 

DFT calculations were carried out with the Gaussian09 set of 

programs.[52 ] The M06L functional was employed in geometry 

optimizations and frequency calculations,[ 53 ] while for the 

electronic configuration of the molecular systems the standard 

split-valence basis set with a polarization function of Ahlrichs and 

co-workers for H, C, N, and Cl was used (SVP keyword in 

Gaussian09).[ 54 ] In particular, for Ru we used the small-core, 

quasi-relativistic Stuttgart/Dresden effective core potential, with 

an associated valence basis set contracted (standard SDD 

keywords in Gaussian09).[55 ] The geometry optimizations were 

carried out without symmetry constraints, and the characterization 

of the located stationary points was performed by analytical 

frequency calculations. Using the zero point energy and thermal 

and entropic corrections from the gas phase frequency 

calculations at the M06L/SVP level of theory, Gibbs energies, ∆G, 

were generated through single point energy calculations on the 

M06L/SVP geometries using the M06 functional and the triple- 

valence plus polarization on main group atoms (TZVP keyword in 

Gaussian),[56] including the solvent effects with the PCM model 

using CH2Cl2 as the solvent.[57] 
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