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DFT plane-wave periodic calculations using the VASP code have been carried out to model the

silica supported olefin metathesis catalyst, [(RSiO)Re(RCR)(QCHR)(CH2R)]. The structure,

spectroscopic and electronic properties of this highly active catalyst have been compared with

those of non-efficient molecular analogues, [(X3SiO)Re(RCR)(QCHR)(CH2R)] (X3SiO is

triphenylsiloxy or polyoligomeric silsesquioxane (POSS)). The silica surface was modelled using

cristobalite and edingtonite ideal polymorph surfaces, and the organometallic fragment has been

represented with the experimental (R = tBu) and simplified (R = Me) ligands,

[(RSiO)Re(RCR)(QCHR)(CH2R)]. The calculated structures, alkylidene JC–H coupling

constants and nC–H stretching frequencies agree with experimental data. The syn and anti isomers

of the Re complexes are close in energy, the former being always more stable. A secondary

Re� � �O interaction experimentally detected by EXAFS is found to have no stabilizing influence,

but is possible because of the facile distortion of (RSiO)Re(RCR)(QCHR)(CH2R). More

importantly, the geometry and electronic structure of the Re fragment is essentially the same for

the triphenylsiloxy, the POSS and the silica surface, which shows that the siloxy group of the first

coordination sphere of Re determines the metal properties. The silica surface is thus electronically

equivalent to the other siloxy groups, and should be viewed as a large bulky ligand.

Introduction

Olefin metathesis was discovered by using catalysts based on

transition metal oxides supported on oxide surfaces.1 In

particular, one of the most efficient catalysts, able to work at

room temperature, is Re2O7/Al2O3.
2 However, difficulty in

characterizing the active site has probably impaired its devel-

opment into a commercial process. In contrast, the proposal of

Chauvin, where metallocarbenes are key intermediates,3,4 led

to the preparation of a large number of well-defined and

efficient homogeneous catalysts based on early (Mo, W and

Re)5,6 and late transition metals7–9 (Ru) through the powerful

tools of molecular organometallic chemistry. By combining

the advantages of homogenous and heterogeneous catalysis,

surface organometallic chemistry uses a molecular approach

to construct well-defined active sites for heterogeneous cata-

lysts.10 Applying this strategy to olefin metathesis11 led to the

development of a well-defined silica-supported alkylidene Re

complex, [(RSiO)Re(RCtBu)(QCHtBu)(CH2tBu)] (1),

which shows unprecedented activity in olefin metathesis com-

pared to both homogeneous and heterogeneous Re-based

catalysts.11–13

The silica supported catalyst, [(RSiO)Re(RCtBu)

(QCHtBu)(CH2tBu)] (1), is prepared by reaction of

[Re(RCtBu)(QCHtBu)(CH2tBu)2] with a silica partially de-

hydroxylated at 700 1C (Scheme 1) and has been characterized

by IR, solid state NMR and EXAFS spectroscopies.13–15 No

residual silanol group is detected after grafting of the metal

complex. These experimental techniques allow the character-

ization of the chemical identity of the catalyst but do not

provide detailed geometrical information on the grafted

Scheme 1
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gives the syn/anti relative energies and several geometrical parameters
of Re(RCCH3)(QCHCH3)(CH2CH3)(OSiH3) (1Mq) and Re
(RCCH3)(QCHCH3)(CH2CH3)2 (2Mq) systems for B3PW91 or
PBEPBE density functionals. Figs. S1, S2, and S3 give the optimized
geometries of the full systems 1Mf, E(100)-1f, and 1Pf respectively. Fig.
S4 gives the band decomposed charge density for the three highest
occupied bands. See DOI: 10.1039/b603426h
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fragment. Thus, the structures are assigned via comparison

with the corresponding homologous molecular complexes,

[(R3SiO)Re(RCtBu)(QCHtBu)(CH2tBu)], which have been

fully synthesized and characterized (1M and 1P in Scheme

2).13,14,16 These complexes have a pseudo-tetrahedral geome-

try with coplanar alkylidene and alkylidyne ligands, and they

are present as 10 : 1 mixtures of syn and anti isomers.16 It is

noteworthy that the JC–H coupling constant for the alkylidene

proton is much lower for the syn (116 Hz) than for the anti

isomer (159 Hz); the low coupling constant for the syn isomer

has been associated with an elongated C–H bond and the

presence of an a-agostic interaction.17,18 In the case of the

silica supported complexes, the resemblance in the spectro-

scopic properties with molecular homologues suggests similar

chemical entities. A syn isomer with JC–H equal to 109 Hz is

formed selectively during grafting, and it is partially intercon-

verted into an anti isomer with JC–H equal to 159 Hz upon

heating at 120 1C. EXAFS spectroscopy suggests the presence

of a weak secondary interaction between the rhenium center

and an oxygen atom of the silica surface with a Re� � �O
distance of 2.42 Å. In spite of similar features between homo-

geneous and silica grafted complexes, the reactivity in olefin

metathesis of 1M, 1P and 1 is very different, 1 being the only

efficient catalyst. It is thus of importance to determine to what

extent the surface modifies the structure and electronic proper-

ties of the metal fragment.

While molecular organometallic complexes are calculated

by DFT methods with good accuracy at relatively low CPU

times,19 the modeling of heterogeneous catalysts based on

amorphous supports is still a challenge for computational

chemists, because of the complexity of amorphous systems

and the associated costly calculations. Computational model-

ing of amorphous solids was performed using three approx-

imations: clusters, embedded clusters and periodic solids, the

latter being usually considered as the most accurate approach.

In the particular case of amorphous silica, the periodic models

are constructed from an ideal polymorph of SiO2, in particular

a-quartz,20 b-cristobalite20–24 and edingtonite.25–28 Transition

metal based catalysts on silica surfaces have been modeled

using finite clusters29–42 and CPMD calculations have been

carried out for a silica supported zirconium hydride.22 In this

work, we have carried out DFT periodic calculations of the

experimental organometallic silica grafted complexes includ-

ing the real set of ligands. For the present systems, the large

available experimental data (syn/anti ratio, EXAFS, IR and

NMR spectroscopies) on the molecular (1M and 1P) and the

grafted Re complexes (1) allows us to test our periodic models

and to compare homogeneous and surface complexes.

Models and computational details

Models

The silica surface has been modeled by cristobalite

(C(110)),
21–24 and edingtonite (E(100)),

25–27 which are both

represented in Fig. 1. C(110) is constructed by cutting b-
cristobalite parallel to the (110) face because it is the only face

where dehydroxylation can be represented by elimination of

H2O and formation of Si–O–Si bridges with limited geome-

trical constraints. The thickness of the slab is around 6 Å, and

the vacuum between the slabs is set to about 19 Å. The

surfaces are terminated by oxygen atoms, which are saturated

with hydrogen atoms forming a hydroxyl group, and 2 � 2

supercells are constructed. The constructed surfaces have 4

hydroxyl groups: one is substituted by the Re fragment, two

are dehydrated by removing a water molecule and forming one

new Si–O–Si bridge and finally the last one is replaced by a H.

This latter termination is used because it is less reactive than a

hydroxyl and far from the Re center (7.5 Å in the optimized

structures). This model represents the experimental surface

where no silanol is found after grafting. The C(110) cell without

the grafted metal species contains 106 atoms.

The E(110) model is constructed by cutting the edingtonite

bulk parallel to the (100) face. The surface is terminated by

hydroxyl groups, and the final unit cell includes 4 (2 � 2) Y

Scheme 2

Fig. 1 Silica surface (C(110)-1q and E(100)-1q) and POSS (1Pq) models.
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edingtonite building blocks of formula (SiO2)5 (see Fig. 1). The

constructed surfaces have 4 hydroxyl groups: one is substi-

tuted by the Re fragment and the three others are left

untouched because of the rigidity of the framework, which

prevents their interaction with the grafted complex. The

vacuum between two slabs is fixed to about 19 Å. The E(110)

cell without the grafted metal species includes 78 atoms.

Two representations of the grafted model are considered

(Scheme 3): a simplified (small) model 1q, in which the tBu are

replaced by methyl groups, [(RSiO)Re(RCCH3)(QCHCH3)

(CH2CH3)], and the full system 1f [(RSiO)Re(RCtBu)

(QCHtBu)(CH2tBu)] in which the experimental ligands are

used. The cristobalite and edingtonite supported systems are

labeled as C(110)-1 and E(110)-1, where 1 is replaced by 1q and

1f to represent the small and the full systems, respectively. For

example, the syn isomer of the small and full systems grafted

on cristobalite (110) surface are called hereafter syn-C(110)-1q

and syn-C(110)-1f, respectively. The separation between the

closest ligands of two equivalent grafted complexes is around

6.5 Å for the small system and 4.5 Å for the full system, which

does not induce significant interaction between alkyl substi-

tuents of two rhenium fragments on different unit cells.

The unit cell parameters are allowed to relax initially for

syn-C(110)-1q and syn-E(100)-1q until the total pressure is lower

than 10 kbar to remove the overestimated stress associated

with the dehydration in this relatively small unit cell. The a

and b cell parameters contract by an average of 7% upon

optimization. The final inter Re distance is equal to the

experimental 13 Å average distance. The same unit cell para-

meters are used for all the other systems. All atom positions

are allowed to relax except for the terminal OH groups of the

bottom C(110) face, which are not relevant and can cause small

artificial energy fluctuations.

The molecular analogues are computed as a periodic array

of isolated molecular systems (Scheme 3 and Fig. 1). For 1M,

[Ph3SiO–Re(RCtBu)(QCHtBu)(CH2tBu)], the small and full

calculated models are 1Mq, [H3SiO–Re(RCMe)(QCHMe)

(CH2Me)], and 1Mf [Ph3SiO–Re(RCtBu)(QCHtBu)

(CH2tBu)], respectively. For [(c-C5H9)7Si7O12SiO–Re(RCtBu)

(QCHtBu)(CH2tBu)] 1P, the small and full models are 1Pq,

[(Me)7Si7O12SiO–Re(RCMe)(QCHMe)(CH2Me)], and 1Pf

[(Me)7Si7O12SiO–Re(RCtBu)(QCHtBu)(CH2tBu)], respec-

tively. Test calculations have shown that the replacement of

the cyclopentyl by methyl substituents in 1P give similar

results. These molecular species are included in a 22 Å length

cubic unit cell. This unit cell is not allowed to relax, and it

leads to separations between the complexes that are larger

than 9 Å for the largest system 1Pf. These separations are

sufficient to avoid interactions between periodic images.

Level of theory

Geometry optimizations of all systems have been performed

using periodic density functional theory (DFT) calculations

within the projector augmented-wave (PAW) formalism43,44 as

implemented in the VASP package.45,46 The exchange–corre-

lation energy and potential are described by the PBEPBE

functional.47 We have used Monkhorst–Pack48 sampling of

the Brillouin zone with a (2,2,1) mesh for the surface calcula-

tions and a gamma mesh for the molecular ones.48 The plane

wave cut-off has been fixed to 400 eV. The convergence with

the number of k-points and with the basis set has been tested in

the C(110)-1q model by performing two sets of single point

calculations increasing the number of k-points up to a (6,6,1)

grid, and the cut-off up to 700 eV. In both cases no significant

difference in the syn/anti relative energies is obtained enabling

the lower level to be selected. Convergence is obtained when

the maximum force on all atoms was o0.01 eV Å�1.

In our previous work,16 we have performed molecular

calculations of Re(RCR)(QCHR)(X)(Y) complexes using

the GAUSSIAN03 package49 with the B3PW91 functional.

The Re and Si atoms were represented by the quasi-relativistic

effective core pseudo-potentials (RECP) of the Stuttgart

group, and the associated basis sets augmented with a polar-

ization function.50–53 The C, O and H atoms were represented

by the 6-31G(d,p) basis set.54 In order to verify that the nature

of the functional has no influence on the structure, the syn/anti

relative energies (DE) and the spectroscopic properties (nC–H,
JC–H), we repeated the calculations on Re(RCR)

(QCHR)(CH2R)(OSiR
0
3) (R = CH3 R

0 = H, 1Mq, R = tBu,

R0 = Ph, 1Mf) and Re(RCR)(QCHR)(CH2R)2 (R =

CH3, 2Mq; R = tBu, 2Mf) with the PBEPBE functional without

changing the basis sets and RECP (Table S1w). Geometries, DE,
nC–H and JC–H are found to be identical with the two functionals.Scheme 3 syn (left) and anti (right) isomers of all studied species.
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In addition, the influence of the ligands on the geometries and

spectroscopic properties of the complexes is also reproduced in a

similar manner with the two functionals. Finally, Gaussian (PBE)

and VASP (PBE) calculations lead also to equivalent results

indicating that the 22 Å length cubic unit cell for the periodic

calculation properly represents an isolated molecule (Fig. 2, Fig.

S1 and Table 1). The only geometry difference is found for the

very soft Re–O–Si angle (see later). Optimization with an ex-

tended basis set (6-311þG*) on the oxygen atom led to better

agreement (Re–O–Si = 1521)

The Cene–Ha vibrational frequencies (nC–H) have been cal-

culated numerically for the systems computed with VASP.

Since the C–H stretching frequency has been previously

identified as an isolated mode,16 the calculations were re-

strained to Cene and Ha atoms. In the case of molecular species

calculated with GAUSSIAN03, the Cene–Ha vibrational fre-

quencies are computed analytically assuming a harmonic

approach. NMR Cene–Ha coupling constants (JC–H) have been

computed with GAUSSIAN03 package with IGLOII basis

sets55,56 only for the small model because these calculations are

highly time consuming. In the case of the large 1Pq, C(110)-1q

and E(100)-1q systems, the JC–H coupling constant is computed

considering only a finite cluster of the whole optimized

structures (see below).

Results and discussion

The silica supported

[(RSiO)Re(RCtBu)(QCHtBu)(CH2tBu)] complex

The optimized geometries of the syn and anti isomers of the

[(RSiO)Re(RCR)(QCHR)(CH2R)] complex grafted on

cristobalite (110) using the small C(110)-1q and full C(110)-1f

models are represented in Fig. 3, and Table 2 summarizes the

syn/anti relative energies and selected spectroscopic values for

these systems. The complexes grafted onto cristobalite have a

pseudo-tetrahedral geometry with a small angle between the

alkylidene and alkylidyne ligands (between 95 and 1001). The

calculated bond lengths for the four different ligands are

different as expected, while they were previously obtained by

EXAFS as the average values for the multiple (MRC and

MQC) and single (M–C and M–O) bonds.14 The alkylidene

and alkylidyne ligands are co-planar, which gives rise to syn

and anti isomers. For the syn isomer, the Re–C–H angle is

106.11, and the C–H bond length is 1.116 Å. For the anti

isomer, the corresponding values are 126.61 and 1.096 Å.

These geometry parameters are indicative of the existence of

a C–H a-agostic interaction in the syn isomer only. In the two

isomers, the Re–O–Si angle is close to 1801, and the ligands are

far from the silica surface. Introducing the full ligand set in the

calculation, C(110)-1f, does not modify the coordination

around Re and does not change the orientation of the metal

fragment with respect to the surface (Fig. 3). The most stable

conformers of syn- and anti-C(110)-1f are those in which the tBu

group of the neopentyl ligand is staggered with respect to the

other ligands around Re and avoids as much as possible the

tBu groups of the alkylidene or alkylidyne ligands as illu-

strated by the Newman projections along the Re–Calkyl bond

in Scheme 4. Therefore, the tBu group of the neopentyl ligand

is gauche to the alkylidene group in syn-C(110)-1f, but gauche to

the alkylidyne group in anti-C(110)-1f.

The syn C(110)-1q is 2.2 kcal mol�1 more stable than the anti

C(110)-1q (Table 2). When the full system is considered, the

difference between the syn and anti isomers is reduced to 1.5

kcal mol�1. Although these energy differences are small, they

reproduce the experimental preference for the syn isomer, and

the fact that both isomers can be detected. Such agreement

could appear fortuitous, but it is well known that similar

remarkable agreement between experimental and computation

can be obtained when comparing isomers of large organome-

tallic complexes.16,57,58

Fig. 2 Optimized structures of Re(RCCH3)(QCHCH3)

(CH2CH3)(OSiH3) (1Mq) and Re(RCCH3)(QCHCH3)(CH2CH3)2
(2Mq) using GAUSSIAN and VASP methodologies. See Scheme 3

for atom labelling. Distances in Å and angles in degrees.
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The vibrational Cene–Ha stretching frequency, nC–H, and the

Cene–Ha NMR coupling constants, JC–H, have been calculated

for C(110)-1q (Table 2). The calculations of NMR coupling

constants for large systems are challenging56,59–62 and in

particular they cannot be carried out for periodic systems.

Therefore, NMR coupling constants have been calculated with

cluster models using the geometry obtained from periodic

calculations. Because the size of the appropriate cluster cannot

be determined a priori, we have varied their sizes as shown in

Fig. 4, but the calculated JC–H values are not affected by this

factor. The calculated JC–H values are also close to the

experimental ones for both syn and anti isomers considering

the accuracy of �10 Hz60,62 for DFT calculated NMR cou-

pling constants (Jcalc = 111 Hz compared Jexp = 109 Hz for

the syn isomer and Jcalc = 150 Hz compared to Jexp = 159 Hz

for the anti isomer). Additionally, the alkylidene C–H bond of

the syn isomer, which has a low JC–H coupling constant, is also

associated with a lower nC–H value (2879 for syn-C(110)-1q vs.

3063 cm�1 for anti-C(110)-1q and 2840 for syn-C(110)-1f vs. 3032

cm�1 for anti-C(110)-1f). This probably explains the presence of

a broad band at low frequency in the C–H bond region of the

experimental spectrum (2700–2800 cm�1). Both data, low JC–H
and nC–H, are consistent with a weakened alkylidene C–H

bond in the syn isomer, associated with the presence of a C–H

a-agostic interaction.

Changing the silica model from cristobalite to edingtonite

has little effect on the properties of the Re fragment (Fig. 5 and

Fig. S2; Table 2). The main difference is the decrease of the

Si–O–Re angle from 173.61 in syn-C(110)-1q to 157.11 in syn-

E(100)-1q, which is associated with an increase between the syn

and anti isomer energy difference from 2.2 to 3.0 kcal mol�1,

but which does not change the coordination properties around

Re as evidenced by the calculated JC–H and nC–H. It is worth
mentioning that a change of the Re–O–Si angle from 1301 to

1751 modifies the total energy by no more than 1 kcal mol�1

showing considerable flexibility of the system through bending

at the siloxy oxygen of the grafting group. The inclusion of the

tBu groups produces a similar behaviour to that described for

the C(110) model. In summary, the cristobalite and edingtonite

models of the silica supported Re complex [(RSiO)Re

(RCtBu)(QCHtBu)(CH2tBu)] give almost identical geome-

trical features, a slight energy preference for the syn isomer

and similar spectroscopic information for the alkylidene C–H

bond. In consequence, the structure of the silica surface has

little influence on the coordination features of the Re fragment.

The Re� � �O secondary interaction

The EXAFS measurements suggest the presence of a second-

ary Re� � �O interaction with a remote oxygen, leading to

pentacoordinated rhenium.14 This is consistent with the elec-

tron deficiency at Re in these complexes. We have first tested

the ability of an oxygen of the silica surface to interact with the

rhenium atom without the geometrical constraints associated

with the model surface. This was modelled by setting a free

SiH3–O–SiH3 at a distance of 2.4 Å from the rhenium species

grafted on the cristobalite. After geometry optimization, the

Re� � �O value is 2.7 Å, indicating that SiH3–O–SiH3 is within

bonding distance of Re (Fig. 6). The rhenium complex distorts

to form a SiH3–O–SiH3 adduct; this adduct has a trigonal

bipyramidal geometry with apical disiloxy ether and ethyl

group. The geometry of this adduct is thus similar to the

ethylene adduct intermediate found on the reaction path of

olefin metathesis with analogous homogeneous Re catalysts.63

This coordination is athermic, showing that the Re� � �O inter-

action is weak, and that the rhenium complex is not really

stabilized by this interaction. The JC–H coupling constant for

the alkylidene C–H bond, which has been found to be a highly

sensitive reporter of the electronic properties of Re, was

calculated to be 108 Hz for the disiloxy ether adduct, which

only differs by 3 Hz from the value without disiloxy ether.

Table 1 Relative energies in kcal mol�1, stretching frequencies (nC–H)
in cm�1 and NMR coupling constants (JC–H) in Hz, for C2–H bonds
for Re(RCCH3)(QCHCH3)(CH2CH3)(OSiH3) (1Mq), Re(RCCH3)
(QCHCH3)(CH2CH3)2 (2Mq) and Re(RCtBu)(QCHtBu)(CH2tBu)
(OSiPh3) (1Mf)

Structurea
DE(calc)/
kcal mol�1

DE(exp)b/
kcal mol�1

nC–H
(calc)/
cm�1

JC–H
(calc)/
cm�1

JC–H
(exp)/
Hz

syn-1Mq-G
c 0.0 0.0 2861 111 116

anti-1Mq-G
c 1.1 1.4 3085 149 159

syn-2Mq-G
c 0.0 0.0 2883 112 113

anti-2Mq-G
c 2.1 1.4 3075 153 154

syn-1Mq 0.0 0.0 2878 110 116
anti-1Mq 1.2 1.4 3051 148 159
syn-2Mq 0.0 0.0 2874 113 113
anti-2Mq 2.5 1.4 3083 156 154
syn-1Mf 0.0 0.0 2879 116
anti-1Mf 1.0 1.4 3019 159

a See Fig. 2 and S1 (ESI). b Calculated from the syn/anti observed

ratio. c Calculated as an isolated molecule with GAUSSIAN03 package.

Fig. 3 Optimized structures of [(RSiO)Re(RCCH3)(QCHCH3)

(CH2CH3)] using cristobalite as surface model (C(110)-1q). See Scheme

3 for atom labelling. Distances in Å and angles in degrees.
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In a second set of calculations, the Re� � �O interaction was

searched between the grafted Re complex and an oxygen from

silica. No such interaction could be located because the Re

centre cannot approach the surface sufficiently. Therefore a

surface-OH group was included in the vicinity of the grafted

complex. This was done by cleaving an adjacent Si–O–Si

bridge with a water molecule (C(110)hydr) as shown in Fig. 7.

The optimized geometries with this model show no Re� � �OH

interaction (the Re–OZ distance remains larger than 4.9 Å).

Thus, it is clear that if such an interaction exists through for

instance the presence of surface inhomogeneity, it only brings

marginal extra stability to the surface complex. As a conse-

quence, the stability of the supported catalyst cannot be

attributed to this interaction. Additionally, it is also very likely

that this Re� � �O interaction has to disappear in the course of

the metathesis reaction and that the oxygen based ligand has

to be replaced by the entering olefin.63 In other words, the

Re� � �O secondary interaction suggested by the EXAFS ana-

lysis does not modify the electronic properties of the catalyst

but is evidence for the easy deformability of the rhenium

fragment, which is believed to be a key factor in term of the

reactivity because it prepares the catalyst to react.63

Effect of the type of siloxy ligands

The optimized geometries of the syn and anti isomers of 1Mq

and 1Pq molecular complexes are given in Fig. 2 and 8 (the

structures of the full systems are presented in Figs. S1 and

S3w). Tables 1 and 3 summarize the syn/anti relative energies

and selected spectroscopic values for these systems. Compar-

ing the results obtained for both syn and anti isomers of 1Mq

(Fig. 1) and 1Pq (Fig. 8) molecular analogues with those of the

models C(110)-1q (Fig. 3) and E(100)-1q (Fig. 5) of the supported

system shows that they all have identical structural features

around Re. The only difference is for the Si–O–Re angle whose

bending is facile (very small energy differences for different

SiORe angles, vide supra). They present the same overall

tetrahedral coordination at Re with a small angle between

the alkylidene and alkylidyne ligands of about 1001, the same

co-planar arrangement of the alkylidene and alkylidyne li-

gands, the same metal to ligand bond lengths, the same

Table 2 Relative energies in kcal mol�1, stretching frequencies (nC–H)
in cm�1 and NMR coupling constants (JC–H) in Hz for C2–H bonds
for [(RSiO)Re(RCCH3)(QCHCH3)(CH2CH3)] (1q) and [(RSiO)
Re(RCtBu)(QCHtBu)(CH2tBu)] (1f) using cristobalite (C(110)) and
edingtonite models (E(100))

Structurea

DE/
kcal
mol�1

DE(exp)b/
kcal mol�1

nC–H
(calc)/
cm�1

JC–H
(calc)/
cm�1

JC–H
(exp)/
Hz

syn-C(110)-1q 0.0 0.0 2879 111c 109
anti-C(110)-1q 2.2 0.5 3063 150c 159
syn-C(110)-1f 0.0 0.0 2840 109
anti-C(110)-1f 1.5 0.5 3032 159
syn-E(100)-1q 0.0 0.0 2875 111c 109
anti-E(100)-1q 3.0 0.5 3070 149c 159
syn-E(100)-1f 0.0 0.0 2845 109
anti-E(100)-1f 2.5 0.5 3029 159

a See Fig. 3, 5 and S2 (ESI). b Calculated from the syn/anti observed

ratio. c Calculated using a cluster (Cl-1) model (See text).

Fig. 4 NMR JC–H coupling constants (Hz) for C(110)-1q computed

using different clusters and the GAUSSIAN03 package.

Scheme 4 Newman projections along the Re–Calkyl bond for the
most stable conformation of syn and anti [(RSiO)Re(RCtBu)
(QCHtBu)(CH2tBu)] isomers grafted on a cristobalite model.

Fig. 5 Optimized structures of [(RSiO)Re(RCCH3)(QCHCH3)

(CH2CH3)] using edingtonite as a surface model (E(100)-1q). See

Scheme 3 for atom labelling. Distances in Å and angles in degrees.
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alkylidene C–H bond length (1.115–1.116 Å for syn, 1.096 Å

for anti) and the same differences of Re–C–H bond angles for

the syn and the anti isomers (o1081 for syn, >1261 for anti).

Moreover, the inclusion of the full set of ligands maintains the

similarities between 1M, 1P and 1.

The preference for the syn isomer is obtained in all cases.

(Tables 1–3) The anti isomer is always close in energy, the

energy difference ranging from 0.3 to 3.0 kcal mol�1. In

general, the surface increases slightly the preference for the

syn isomer. The calculated stretching nC–H frequencies are

marginally influenced by the nature of the siloxy group, and

the frequency difference between syn and anti isomers is

roughly the same (ca. 200 cm�1) for all systems. The calculated

JC–H values for 1Mq and 1Pq are in very good agreement with

experimental data (Tables 1 and 3). Therefore, comparison

between the values calculated for 1M and 1P and those

obtained for C(110)-1 and E(100)-1 shows that the nature of

the siloxy ligand does not alter the spectroscopic properties of

the Cene–H bond.

The similarities in geometries around the rhenium centre

and the equal spectroscopic values, characterizing the electro-

nic environment of the alkylidene C–H bond in all studied

siloxy systems, suggest that the rhenium atom has identical

electronic structure in all cases. This is further supported by an

analysis of the density of states (DOS) projected on the

rhenium 5d orbitals (Fig. 9). For all systems, including syn-

2Mq, the DOS appears as sharp peaks as expected from the

molecular nature of the metal fragments even when grafted on

the silica surface. There is no dispersion in the d-bands, which

behave then like molecular orbitals, and will therefore be

called orbitals. Although rhenium is formally a d0 metal

centre, an important d-contribution of Re orbitals is observed

both in the orbitals below and above the Fermi level. For syn-

[(X3SiO)Re(RCR)(QCHR)(CH2R)] species (Fig. 9a), four

orbitals with significant metal d contribution are present below

the Fermi level, the three higher in energy being associated

with the Re–C p-bonds (Fig. S4w). The energy and the

rhenium contribution for these four orbitals are essentially

identical for the molecular systems, syn-1Mq and syn-1Pq, and

the grafted species syn-C(110)-1q as shown in Fig. 9a. The same

situation is observed for the lowest empty bands: they appear

at similar energies, and they have similar metal contributions.

Overall, all orbitals with significant rhenium 5d metal con-

tribution appear at almost the same energy and with similar

Fig. 6 Optimized structure for [(RSiO)Re(RCCH3)(QCHCH3)

(CH2CH3)] in the presence of (H3Si)2O molecule (left-hand side).

The C(110)-1q optimized structure (right-hand side) is included for

comparison. Distances in Å and angles in degrees.

Fig. 7 Optimized structure of [(RSiO)Re(RCCH3)(QCHCH3)

(CH2CH3)] in a partially hydrated cristobalite model. Distances in Å

and angles in degrees.

Table 3 Relative energies in kcal mol�1, stretching frequencies (nC–H)
in cm�1 and NMR coupling constants (JC–H) in Hz for C2–H bond for
[(Me)7Si7O12SiO–Re(RCCH3)(QCHCH3)(CH2CH3)] (1Pq) and
[(Me)7Si7O12SiO–Re(RCtBu)(QCH tBu)(CH2tBu)] (1Pf)

Structurea
DE(calc)/
kcal mol�1

DE(exp)b/
kcal mol�1

nC–H
(calc)/cm�1

JC–H
(calc)/Hz

JC–H
(exp)/Hz

syn-1Pq 0.0 0.0 2895 111c 116
anti-1Pq 1.5 1.4 3069 149c 159
syn-1Pf 0.0 0.0 2836 116
anti-1Pf 0.3 1.4 3032 159

a See Figs. 8 and S3 (ESI). b Calculated from the syn/anti observed

ratio. c Calculated using a cluster (Cl-1) model (See text).

Fig. 8 Optimized structures of [(Me)7Si7O12SiO–Re(RCCH3)

(QCHCH3)(CH2CH3)] (1Pq) computed as a periodic array of mole-

cules with VASP package. See Scheme 3 for atom labelling. Distances

in Å and angles in degrees.
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metal weights, which indicates that the electronic structure

around the rhenium centre is very close for syn-1Mq, syn-1Pq

and syn-C(110)-1q.

It is thus of interest to compare the DOS of the siloxy and

the molecular bis-alkyl species, syn-Re(RCCH3)(QCHCH3)

(CH2CH3)2 (syn-2Mq) (Fig. 9b). The DOS has the same

number of metal based orbitals around the Fermi level, but

the rhenium contribution to these orbitals as well as the energy

gap between all orbitals is different from those found in the

siloxy systems. The weight of Re in the occupied orbitals for

syn-2Mq is higher than for the siloxy systems. Similarly, the

empty orbitals in syn-1Mq, syn-1Pq and syn-C(110)-1q have a

higher contribution of Re 5d orbitals. Since there is formally

no d electron on the metal centre for any of these systems, the

metal contribution in the occupied bands comes only from

mixing ligand and metal 5d orbitals. Because carbon is less

electronegative than oxygen, its atomic orbitals are closer in

energy to those of the metal, hence the metal contribution is

larger in the occupied bands of bis-alkyl 2Mq than in the siloxy

species 1. These results also account for the more ionic

metal–ligand interactions as revealed by the NBO analysis

on homologous molecular systems.16

From all these results on molecular species with one siloxy

group, molecular species grafted on a cage with a well-defined

number of SiO2 groups and molecular species grafted on an

infinite silica surface, only one conclusion can be drawn: the

number of SiO2 groups in the siloxy type ligand has no

influence on the rhenium structural and electronic properties.

One siloxy group acts almost as a silica surface, which

indicates that the siloxy group of the first coordination sphere

of the metal determines the electronic environment at Re. The

only noticeable difference is the slightly more accentuated

preference for the syn isomer in the case for the grafted species.

This is associated with a larger steric repulsion between the

surface and alkylidene substituents, which point toward the

surface, in the anti isomer. In other words, the surface acts as a

large siloxy ligand.

Conclusions

Plane wave periodic DFT calculations of models of the Re-

based olefin metathesis catalyst, [(RSiO)Re(RCtBu)

(QCHtBu)(CH2tBu)], show that the coordination around

Re (distorted tetrahedron and metal–ligand distances for the

first coordination sphere around Re) is not much affected by

the nature of the siloxy group, from the simplest OSiH3 to the

more elaborate polyoligomeric silsesquioxane or even for a

slab of silica (cristobalite or edingtonite). The experimental

characteristic data for the key alkylidene group are well

reproduced and nearly identical in all calculated molecular

and surface systems. In the syn isomers, the alkylidene C–H

bond is relatively long (about 1.12 Å) and the Re–C–H angle is

small (about 1051), suggesting a C–H a-agostic interaction,

which is also evidenced by the calculated low nC–H frequencies

and low JC–H coupling constants. In the anti isomer, all

calculated data are consistent with the absence of an a-agostic
C–H bond. In all systems, there is a small energy preference

for the syn isomer by less than 3 kcal mol�1 as observed

experimentally. Consequently, the surface siloxy groups of

silica can be considered as a large siloxy ligand.64,65

The secondary interaction between the metal and a remote

O from the surface, suggested from EXAFS measurement,

does not stabilize the Re fragment and thus cannot be

responsible for the stability of the surface complex. However,

the Re� � �O secondary interaction, even if it does not lower the

total energy, changes significantly the coordination at Re by

turning on a new coordination site. This is additional proof of

the ease of distortion of the rhenium fragment, which has been

found to be a key for the high reactivity of the surface rhenium

complex.

From this study, the major differences between homoge-

neous and surface catalysts are not associated with the in-

trinsic electronic difference between molecular and surface

siloxy ligands. Although the transition states for olefin

metathesis may be more sensitive to the nature of the siloxy

ligand (molecular or surface), the higher reactivity of

[(RSiO)Re(RCtBu)(QCHtBu)(CH2tBu)] is more likely

due to the stabilization of highly reactive intermediates

through site isolation, avoiding dimerization pathways, as

recently suggested experimentally for isoelectronic Mo imido

complexes.66,67
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Fig. 9 DOS curves (in eV) projected to Re d orbitals for (a) syn-1Mq

(green), syn-1Pq (blue) syn-C(110)-1q (black) and (b) syn-2Mq (red) and

syn-C(110)-1q (black). The Fermi level of each system is used as the

origin for energies.
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12 M. Chabanas, C. Copéret and J.-M. Basset, Chem.-Eur. J., 2003, 9,

971–975.
13 M. Chabanas, A. Baudouin, C. Copéret and J.-M. Basset, J. Am.
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Chem. Soc., 2005, 127, 14015–14025.
64 D. G. H. Ballard, Adv. Catal., 1973, 23, 263–325.
65 L. Lefort, M. Chabanas, O. Maury, D. Meunier, C. Copéret, J.
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