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Ruthenium catalysts bearing a benzimidazol-

ylidene ligand for the metathetical ring-closure 

of tetrasubstituted cycloolefins 

Yannick Borguet,a Guillermo Zaragoza,b Albert Demonceaua and Lionel Delaude*a 

Deprotonation of 1,3-di(2-tolyl)benzimidazolium tetrafluoroborate with a strong base afforded 

1,3-di(2-tolyl)benzimidazol-2-ylidene (BTol), which dimerized progressively into the 

corresponding dibenzotetraazafulvalene. The complexes [RhCl(COD)(BTol)] (COD is 

1,5-cyclooctadiene) and cis-[RhCl(CO)2(BTol)] were synthesized to probe the steric and 

electronic parameters of BTol. Comparison of the percentage of buried volume (%VBur) and of 

the Tolman electronic parameter (TEP) of BTol with those determined previously for 

1,3-dimesitylbenzimidazol-2-ylidene (BMes) revealed that the two N-heterocyclic carbenes 

displayed similar electron donicities, yet the 2-tolyl substituents took a slightly greater share of 

the rhodium coordination sphere than the mesityl groups, due to a more pronounced tilt. The 

anti,anti conformation adopted by BTol in the molecular structure of [RhCl(COD)(BTol)] 

ensured nonetheless a remarkably unhindered access to the metal center, as evidenced by steric 

maps. Second-generation ruthenium–benzylidene and isopropoxybenzylidene complexes 

featuring the BTol ligand were obtained via phosphine exchange from the first generation 

Grubbs and Hoveyda–Grubbs catalysts, respectively. The atropisomerism of the 2-tolyl 

substituents within [RuCl2(=CHPh)(PCy3)(BTol)] was investigated by using variable 

temperature NMR spectroscopy, and the molecular structures of all four possible rotamers of 

[RuCl2(=CH-o-OiPrC6H4)(BTol)] were determined by X-ray crystallography. Both complexes 

were highly active at promoting the ring-closing metathesis (RCM) of model α,ω-dienes. The 

replacement of BMes with BTol was particularly beneficial to achieve the ring-closure of 

tetrasubstituted cycloalkenes. More specifically, the stable isopropoxybenzylidene chelate 

enabled an almost quantitative RCM of two challenging substrates, viz., diethyl 2,2-bis(2-

methylallyl)malonate and N,N-bis(2-methylallyl)tosylamide, within a few hours at 60 °C.  

 

Introduction 

Over the past two decades, olefin metathesis has become one of 

the most powerful tools for the formation of C=C double bonds 

in polymer chemistry and in organic synthesis.1,2 The rational 

design of well-defined molybdenum and ruthenium alkylidene 

complexes initiated by Schrock3 and Grubbs4 in the early 1990s 

was a crucial milestone in this organometallic success story.5 

Another major leap forward was achieved at the turn of the 

millennium with the introduction of N-heterocyclic carbene 

(NHC) ligands on ruthenium complexes.6 As a matter of fact, 

the so-called second-generation Grubbs (1)7 and Hoveyda–

Grubbs (2)8 catalysts stand nowadays as references owing to 

their high catalytic activity and increased stability compared to 

their phosphine-based, first-generation analogues (Chart 1).9 

 
Chart 1 Second-generation Grubbs and Hoveyda–Grubbs catalysts. 

Very recently, tireless catalytic engineering has led to 

significant advances to further improve the rate of olefin 

metathesis at low catalyst loading10 or to achieve high cis or Z 

selectivities.11,12 Despite these spectacular breakthroughs, there 

are still many hurdles to overcome in order to make olefin 

metathesis a truly universal catalytic process. In particular, the 

formation of tetrasubstituted cycloolefins via ring-closing 

metathesis (RCM) remains a challenging task for most second-
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generation catalysts such as 1 or 2.13 This is mainly due to the 

difficulty of coordinating a sterically hindered substrate to a 

ruthenium active species bearing a bulky NHC ligand such as 

1,3-dimesitylimidazolin-2-ylidene (known as SIMes). 

A key observation toward the development of efficient catalyst 

precursors for the RCM of tetrasubstituted cycloolefins was 

made by Grubbs and co-workers in 2006.14 During the 

desymmetrization of a triene in the presence of ruthenium 

complex 3 bearing a chiral NHC ligand (Chart 2), the 

unexpected formation of a tetrasubstituted cycloalkene 

byproduct took place. It was explained by the presence of only 

one ortho-substituent on each N-aryl group of the carbene 

ligand, which reduced the steric pressure around the metal 

center. Building on this hypothesis, Grubbs et al. designed 

several catalysts with low steric demand, which proved very 

active for the RCM of challenging tetrasubstituted olefins, but 

were also quite unstable.15 This lack of stability was attributed 

to the free rotation of mono-ortho or unsubstituted N-aryl 

moieties around the C–N exocyclic bonds of the NHC ligand, 

which brings C–H aryl bonds close to the ruthenium center and 

promotes their activation, ultimately leading to decomposition 

processes.16 This assumption was later confirmed by experi-

mental results17 and theoretical calculations.18 Subsequent 

research efforts aimed at optimizing the balance between 

activity and stability by modulating the various C and N 

substituents of the NHC ancillary ligand. Catalysts developed 

along these lines include the chiral ruthenium–benzylidene 

complex 4 reported by Grisi et al.19 and the chelated 

isopropoxybenzylidene complex 5 investigated by Grubbs and 

co-workers (Chart 2).15b Both compounds were highly efficient 

at promoting the RCM of tetrasubstituted olefins under mild 

reaction conditions. However, their synthesis required multiple, 

low-yielding steps and, in some instances, the use of not readily 

available optically active starting materials. 

 

Chart 2 Second-generation ruthenium–alkylidene catalysts for the RCM of 

sterically hindered substrates. 

As part of our ongoing studies of benzimidazole-based NHCs, 

we recently assessed the ligand properties of 1,3-dimesityl-

benzimidazol-2-ylidene (known as BMes) in ruthenium-

catalyzed olefin metathesis reactions.20 In the benchmark 

cyclization of diethyl 2,2-diallylmalonate, the [RuCl2(PCy3)-

(BMes)(=CHPh)] complex 6 performed slightly better than the 

Grubbs second-generation catalyst 1 but gradually lost its 

catalytic efficiency when model di- and trisubstituted α,ω-

dienes were subjected to RCM. These results prompted us to 

launch further investigations on the 1,3-di(2-tolyl)benzimid-

azol-2-ylidene ligand (nicknamed BTol). We reasoned that the 

synergy between small aryl groups on the nitrogen atoms and a 

bulky fused aromatic ring on the backbone carbon atoms of the 

central imidazole core should provide an ideal framework for 

achieving high efficiencies in the RCM of sterically hindered 

substrates (Chart 3). In this contribution, we first discuss the 

preparation of suitable precursors for the new BTol ligand and 

we assess its steric and electronic properties using rhodium 

complexes. Then, we report on the synthesis of two second-

generation ruthenium–alkylidene complexes derived thereof 

and we probe their catalytic activity in the ring-closing 

metathesis of various benchmark substrates. 

 
Chart 3 Tuning of benzimidazole-based ruthenium catalyst 6 for the RCM of 

sterically hindered substrates. 

Results and discussion 

Synthesis of BTol ligand precursors 

Because NHCs are most commonly obtained by deprotonation 

of the corresponding azolium salts with a strong base,21 we 

began our investigations with the preparation of 1,3-di(2-tolyl)-

benzimidazolium tetrafluoroborate 7. Unlike 1,3-dimesityl-

benzimidazolium tetrafluoroborate, whose synthesis involved 

the unexpected formation of a dihydrophenazine intermediate,22 

compound 7 was isolated in high yield following the 

straightforward amination/cyclization path pioneered by 

Diver.23,24 This two-step procedure implied the Buchwald–

Hartwig amination of dibromobenzene with o-toluidine, 

followed by a classical formylative cyclization with triethyl 

orthoformate (Scheme 1). For the sake of convenience, the 

resulting hygroscopic benzimidazolium chloride was then 

converted into the corresponding tetrafluoroborate by anion 

exchange with aqueous tetrafluoroboric acid.25 
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Scheme 1 Synthesis of 1,3-di(2-tolyl)benzimidazolium tetrafluoroborate (7). 
Reaction conditions: (a) o-toluidine, Pd(OAc)2, P(t-Bu)3, NaO-t-Bu, PhCH3, 110 °C, 

overnight; (b) HCl, H2O; (c) HC(OEt)3, HCl, reflux, overnight; (d) HBF4, H2O. 

The deprotonation of salt 7 was carried out with potassium 

bis(trimethylsilyl)amide in toluene at room temperature. Within 

2 h, the initially pale yellow solution became progressively 

bright orange. This change of color was attributed to the 

formation of the highly conjugated dibenzotetraazafulvalene 8 

in solution (Scheme 2). This observation did not come as a 

surprise. The dimerization of benzimidazol-2-ylidenes bearing 

small substituents on their nitrogen atoms is far from 

unprecedented in the literature.26 Indeed, these benzannulated 

carbenes lose less of their aromatic stabilization than imidazol-

2-ylidenes when they dimerize. Hence, they exist as dimers at 

ambient temperature, unless bulky nitrogen substituents shift 

the equilibrium toward the monomeric NHCs.27 

 
Scheme 2 Synthesis of the BTol carbene dimer (8). Reaction conditions: 

KN(SiMe3)2, PhCH3, room temp., 2 h. 

At room temperature, the 1H NMR spectrum of the (BTol)2 

dimer 8 featured only poorly resolved signals, a likely 

indication that the 2-tolyl substituents rotated slowly on the 

NMR timescale. Warming the sample up to 60 °C led to sharper 

peaks with discernable coupling patterns between the aromatic 

protons of the fused benzene ring. 1H NMR spectroscopy also 

revealed the complete disappearance of the singlet originally 

present at 9.33 ppm in compound 7, assigned to the acidic 

proton of the azolium salt starting material. It is noteworthy that 

the 13C NMR spectrum recorded at room temperature displayed 

no resonance within the expected range of chemical shifts for 

the carbenic carbon of a benzimidazol-2-ylidene (ca. 220–230 

ppm).28 Thus, there was no evidence for the intervention of a 

“Wanzlick equilibrium” between the monomeric free carbene 

and its dimer,26b,29 although the poor sensitivity of 13C NMR for 

a carbenic carbon devoid of any hydrogen could also account 

for the lack of signal. 

Bright orange crystals of the (BTol)2 dimer 8 suitable for X-ray 

diffraction analysis were grown by slow evaporation of a 

saturated solution in toluene under argon. Determination of 

their molecular structure revealed that the asymmetric unit 

contained 2.5 molecules of solvent, 0.5 of them distorted 

around a symmetry element. Within the compound of interest, 

the C1–C1B distance of 1.347(4) Å between the two mono-

meric units was similar to those observed in other dibenzotetra-

azafulvalenes (1.33–1.35 Å).26b,26d,30 A strong N-pyramidali-

zation (average C–N–C angle: 107.5°) and a significant twist 

around the central N2C=CN2 double bond (average torsion 

angle: 14.4°) were noticed. These two distortions presumably 

minimize the steric repulsions between the 2-tolyl substituents. 

 
Fig. 1 ORTEP representation of dibenzotetraazafulvalene 8 with thermal 

ellipsoids drawn at the 50% probability level. Hydrogen atoms and solvent 

molecules were removed for clarity. Selected bond length (Å) and angles (°): C1–

C1B 1.347(4), N1–C1 1.430(4), N2–C1 1.428(4), N1B–C1B 1.430(4), N2B–C1B 

1.435(4); N1–C1–N2 107.4(2), N1B–C1B–N2B 107.6(2), C1–N1–C2 107.0(2), C1B–

N1B–C2B 107.1(2), C1–N2–C7 107.4(2), C1B–N2B–C7B 106.9(2). 

Evaluation of the steric and electronic properties of BTol 

Among the various complexes that were used to determine the 

steric and electronic properties of NHC ligands,31 rhodium 

derivatives with the generic formulas [RhCl(COD)(NHC)] 

(COD is 1,5-cyclooctadiene) and cis-[RhCl(CO)2(NHC)] are 

probably the most convenient probes, owing to their 

straightforward preparation, high stability, and low toxicity.32 

Hence, we first synthesized [RhCl(COD)(BTol)] (9) by 

deprotonating benzimidazolium salt 7 with potassium tert-

butoxide in the presence of the [RhCl(COD)]2 dimer (Scheme 

3). The desired product was isolated as a microcrystalline 

yellow powder in 82% yield after purification by column 

chromatography. 

N

N

Tol

Tol

H

Tol = 2-methylphenyl (2-tolyl) 7 (78%)

NH2
+Cl–

NH2
+Cl–

Tol

Tol

Br

Br

a, b c, d

BF4
–

N

N

Tol

Tol

Tol = 2-methylphenyl (2-tolyl) 8 (90%)

N

N

Tol

Tol

7

BF4
–

N

N

Tol

Tol

N

N

Tol

Tol

0.5

Page 3 of 14 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

02
/0

3/
20

15
 0

9:
19

:0
0.

 

View Article Online
DOI: 10.1039/C5DT00433K

http://dx.doi.org/10.1039/c5dt00433k


ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Scheme 3 Synthesis of [RhCl(COD)(BTol)] (9) and cis-[RhCl(CO)2(BTol)] (10). 

Reaction conditions: (a) KO-t-Bu, [RhCl(COD)]2, THF, room temp., overnight; (b) 

CO, CH2Cl2, room temp., 15 min. 

1H NMR analysis of [RhCl(COD)(BTol)] (9) in CD2Cl2 at 25 

°C showed the presence of three different sets of signals for the 

o-methyl groups of the tolyl substituents (Fig. 2). This is a 

likely consequence of a restricted rotation around the Rh–NHC 

and N–Ar bonds.33 Indeed, there are four possible rotamers for 

complex 9, two of them being enantiomers (Chart 4). Based on 

the X-ray crystal structure discussed below and the relative 

integrals, we assigned the strongest resonance at 2.02 ppm to 

the least sterically hindered anti,anti-rotamer 9b and the 

weakest resonance at 2.29 ppm to the related symmetrical 

syn,syn-rotamer 9a. The two lines of similar intensities at 2.11 

and 2.25 ppm arose from the unsymmetrical syn,anti and 

anti,syn pair of enantiomers 9c,d and the ratios 9a:9c,d:9b were 

of the order of 5:39:56. In the 13C{1H} NMR spectrum of 

complex 11, only two doublets at 197.9 (1JRh–C = 51.1 Hz) and 

198.4 ppm (1JRh–C = 50.6 Hz) featured a chemical shift and a 

multiplicity compatible with a carbenic carbon coordinated to a 

rhodium center. They were assigned to the major rotamers 

observed on 1H NMR spectroscopy. The signal due to 9a was 

not detected, probably because of its low intensity or an 

accidental overlap. 

 
Fig. 2 1H NMR resonances observed for the o-methyl groups of [RhCl(COD)(BTol)] 

(9) in CD2Cl2 at 298 K (see Chart 4 for the structures of the four possible 

rotamers). 

 
Chart 4 Possible rotamers of the [RhCl(COD)(BTol)] complex (9) (Ra and Sa 

absolute configurations refer to the axial chirality of the two exocyclic C–N 

bonds, syn and anti descriptors refer to the relative orientations of each methyl 

group with respect to the chlorido ligand). 

Bright yellow crystals of [RhCl(COD)(BTol)] (9) suitable for 

X-ray diffraction analysis were grown by slow evaporation of a 

concentrated solution in dichloromethane. Only the least 

sterically hindered anti,anti-rotamer 9b was observed in the 

solid-state structure, together with one molecule of co-

crystallized solvent (Fig. 3). As expected, the ligands adopted a 

square-planar disposition around the metal center, with the 

NCN plane of the carbene almost perpendicular to the 

coordination plane of rhodium. Altogether, the various bond 

lengths and angles were similar to those reported previously for 

other complexes of the same family.20,34 Yet, the tilt angle of 

the two o-tolyl rings in compound 9b (average value 20°) was 

significantly more pronounced than the one recorded for 

mesityl groups in the analogous [RhCl(COD)(BMes)] complex 

(ca. 5°)20 (Fig. 4). Translated to ruthenium, this should provide 

an easier access to the metal center, which would be beneficial 

to the RCM of tetrasubstituted cycloolefins.35 

N

N

Tol

Tol

H

BF4
–

7

Rh
Cl

N

N

Tol

Tol

9 (82%)

Rh
Cl

OC

OC

N

N

Tol

Tol

10 (71%)

a b

9a

(Ra,Sa)

(syn,syn)

Rh

Cl

N N

9b

(Sa,Ra)

(anti,anti)

Rh

Cl

N N

9c

(Ra,Ra)

(syn,anti)

Rh

Cl

N N

9d

(Sa,Sa)

(anti,syn)

Rh

Cl

N N

Page 4 of 14Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

02
/0

3/
20

15
 0

9:
19

:0
0.

 

View Article Online
DOI: 10.1039/C5DT00433K

http://dx.doi.org/10.1039/c5dt00433k


Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

 
Fig. 3 ORTEP representation of [RhCl(COD)(BTol)] (9b) with thermal ellipsoids 

drawn at the 50% probability level. Hydrogen atoms and a solvent molecule 

were removed for clarity. Selected bond length (Å) and angles (°): Rh1–C1 

2.003(2), Rh1–Cl1 2.3989(8), Rh1–C22 2.101(3), Rh1–C23 2.112(2), Rh1–C26 

2.185(2), Rh1–C27 2.220(2), C1–Rh1–Cl1 90.32(7), N1–C1–N2 105.6(2), C1–N1–

C8–C9 111.9(3), C1–N2–C15–C16 −107.5(3). 

 
Fig. 4 Superposition of the molecular structures of [RhCl(COD)(BMes)] (blue) and 

[RhCl(COD)(BTol)] (9b) (yellow). 

In order to quantify the steric demand of the BTol ligand, we 

have extracted its percentage of buried volume (%VBur) from 

the XRD structure of complex 9b. This parameter defined by 

Cavallo and Nolan gives a measure of the space occupied by a 

ligand in the first coordination sphere of a metal center.36 It was 

computed using the web-based application SambVca.37 The 

default processing parameters were kept unchanged (sphere 

radius: 3.5 Å, distance from the center of the sphere: 2.10 Å, 

mesh spacing: 0.05 Å, Bondi radii scaled by 1.17, hydrogen 

atoms omitted). Under these conditions, the BTol ligand 

exhibited a slightly greater demand than its BMes predecessor, 

with a %VBur value of 32.1 vs. 30.0.20 This counterintuitive 

result can be ascribed to the rotation of the 2-tolyl substituent 

unhindered side toward the rhodium atom, whereas the mesityl 

groups are almost perpendicular to the benzimidazole ring and 

therefore more distant from the metal center (cf. Fig. 4). 

Steric maps generated using a modified version of the SambVca 

program,35,38 courtesy of Prof. L. Cavallo, provided a more 

accurate topology of the BMes and BTol ligands in 

[RhCl(COD)(NHC)] complexes than the %VBur descriptor. To 

build the contour plots depicted in Figure 5, the rhodium atom 

was placed at the origin of a Cartesian coordinate system with 

the z axis corresponding to the Rh–NHC bond and the 

wingspan of the NHC aligned along the x axis. Atom 

coordinates were extracted from the molecular structures 

represented in Figures 3 and 4. Positive values of the isocontour 

lines refer to the top half coordination sphere of the metal 

center, while the bulk of the NHC ligand resides in the bottom 

half. Using these conventions, the northern and southern poles 

of the map computed for the BMes ligand are both strongly 

shielded by the mesityl groups. Contrastingly, access to the 

metal via the southern pole is remarkably unhindered with the 

anti,anti conformation adopted by BTol in the solid state 

structure of [RhCl(COD)(BTol)] (9b). Of course, this analysis 

does not take into account the chlorido and cyclooctadiene 

ligands, which were removed for the calculations. 

 
Fig. 5 %VBur maps of [RhCl(COD)(BMes)] (left) and [RhCl(COD)(BTol)] (9b) (right) 

with the color scale used to display the isocontour levels (in Å). 

Bubbling carbon monoxide into a dichloromethane solution of 

[RhCl(COD)(BTol)] (9) for 15 min at room temperature 

induced the displacement of the η4-diene ligand and afforded 

the cis-dicarbonyl complex 10 in 71% yield (Scheme 3). This 

product was dissolved again in CH2Cl2 to record its IR 

spectrum between NaCl plates. The Tolman electronic 

parameter (TEP) of BTol was then computed from the average 

stretching vibration wavenumber of the carbonyl ligands (νCO = 

2039.5 cm–1) using the linear regression proposed by Dröge and 

Glorius to correlate data obtained from rhodium complexes 

with the standard nickel-based TEP scale.39 This led to a 

corrected value of 2051.8 cm–1 for BTol, whereas it was 2052.2 

cm–1 for BMes.20 Thus, the electron-donating properties of both 

N,N'-diarylbenzimidazolylidene species were identical within 

the experimental error range (1 cm–1). This result is not 

surprising, considering that an almost perpendicular orientation 

of the aryl substituents with respect to the central heterocycle 

should restrain the transmission of electronic effects from the 

side-rings to the carbene center. Electrochemical measurements 

could help better discriminate the two NHCs in terms of 

electron-donor ability, as they are often more sensitive than IR-
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based analyses,31f,40 but we did not further investigate this 

option. 

Synthesis of ruthenium complexes 

Well-defined metathesis initiators analogous to the second-

generation Grubbs (1)7 and Hoveyda–Grubbs (2)8 complexes 

(cf. Chart 1) featuring the BTol ligand were obtained from the 

corresponding first-generation catalyst precursors via ligand 

exchange of one tricyclohexylphosphine with a slight excess of 

NHC generated in situ by deprotonation of 1,3-di(2-tolyl)benz-

imidazolium tetrafluoroborate (7) with potassium bis(trimethyl-

silyl)amide in toluene (Scheme 4). The synthesis of [RuCl2-

(=CHPh)(PCy3)(BTol)] (11) was carried out at room 

temperature in order to minimize unwanted thermal 

degradations in solution. Indeed, a rapid decomposition of this 

ruthenium–benzylidene complex occurred upon heating to 50 

°C in toluene. At 20–25 °C, side-reactions were limited and 

completion was reached within 16 h (overnight). Contrastingly, 

the synthesis of the more stable isopropoxy-tethered 

[RuCl2(=CH-o-OiPrC6H4)(BTol)] complex (12) could be 

achieved within 3 h at 60 °C without noticeable thermal 

decomposition. In this case, copper(I) chloride was added to the 

reaction mixture after 1 h to further speed up the 

transformation.41 

 
Scheme 4 Synthesis of second-generation ruthenium–alkylidene complexes 11 

and 12. Reaction conditions: (a) KN(SiMe3)2, [RuCl2(=CHPh)(PCy3)2], PhCH3, room 

temp., overnight; (b) KN(SiMe3)2, [RuCl2(=CH-o-OiPrC6H4)(PCy3)], PhCH3, 60 °C, 1 h 

then CuCl, 60 °C, 2 h. 

The enhanced stability of complex 12 compared to 11 was also 

evidenced during the work-up of the reactions. Purification of 

the yellow-green chelate 12 by column chromatography on 

silica gel could be performed with no particular precautions 

under a normal atmosphere. On the other hand, the red-brown 

compound 11 could only be isolated with a satisfactory yield 

when elution was carried out under an inert atmosphere with 

dry and degassed solvents. 

The identity and the purity of [RuCl2(=CHPh)(PCy3)(BTol)] 

(11) were established by various analytical techniques. It 

should be pointed out that there are eight possible rotamers for 

this complex, divided into two groups of four diastereoisomers, 

which are non superimposable mirror images of each other 

(Chart 5). They arise from the restricted rotation of the 2-tolyl 

substituents within the BTol ligand in conjunction with the 

asymmetric nature of the Ru=CHPh fragment. Only two sets of 

signals were visible in the multinuclear NMR spectra recorded 

in CD2Cl2 at 25 °C. Thus, on 1H NMR spectroscopy, the 

benzylidene protons of complex 11 resonated as two singlets 

centered at 19.26 and 19.22 ppm in a 6:4 ratio (Fig. 6, left). In 

line with this observation, two signals in a 4:6 ratio were also 

present at 29.23 and 26.22 ppm in the 31P{1H} NMR spectrum 

acquired at the same temperature (Fig. 7, left), while the 
13C{1H} spectrum featured two highly deshielded absorptions 

for the benzylidene carbenic carbons at 297.3 and 294.5 ppm, 

respectively. All these assignments were confirmed by using 

standard COSY, DEPT, HMBC and HSQC sequences, but we 

did not further investigate through-space interactions between 

the various stereogenic units of complex 11 via 2D-NOESY or 

other advanced NMR techniques. 

 
Chart 5 Possible rotamers of the [RuCl2(=CHPh)(PCy3)(BTol)] complex (11) (Ra and 

Sa absolute configurations refer to the axial chirality of the two exocyclic C–N 

N N
TolTol

H BF4
–

711 (68%)

Ru

Cl

Cl

PhPCy3

N N
TolTol

ba

12 (65%)

Ru

Cl

Cl

N N
TolTol

O

i-Pr

11a

(Ra,Sa)

(syn,syn)

Ru

Cl

Cl

PhPCy3

N N

11a'

(Ra,Sa)

(syn,syn)

Ru

Cl

Cl

Ph Cy3P

NN

11b

(Sa,Ra)

(anti,anti)

Ru

Cl

Cl

PhPCy3

N N

11b'

(Sa,Ra)

(anti,anti)

Ru

Cl

Cl

Ph Cy3P

NN

11c

(Ra,Ra)

(syn,anti)

Ru

Cl

Cl

PhPCy3

N N

11c'

(Sa,Sa)

(anti,syn)

Ru

Cl

Cl

Ph Cy3P

NN

11d

(Sa,Sa)

(anti,syn)

Ru

Cl

Cl

PhPCy3

N N

11d'

(Ra,Ra)

(syn,anti)

Ru

Cl

Cl

Ph Cy3P

NN
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bonds, syn and anti descriptors refer to the relative orientations of each methyl 

group with respect to the benzylidene unit). 

 
Fig. 6 1H NMR resonances of the benzylidene proton in [RuCl2(=CHPh)(PCy3)-

(BTol)] (11) dissolved in CD2Cl2 at 298 K (left) and 223 K (right). 

 
Fig. 7 31P{1H} NMR resonances of the PCy3 ligand in [RuCl2(=CHPh)(PCy3)(BTol)] 

(11) dissolved in CD2Cl2 at 298 K (left) and 223 K (right).  

We tentatively assume that the rotation of the 2-tolyl 

substituent located above the benzylidene fragment should be 

hindered, while the other N-aryl substituent could rotate freely 

at 25 °C, thereby leading to the two observed conformations. 

Alternatively, a rotation of the BTol ligand around the Ru–

NHC axis could also justify the observation of two sets of 

NMR signals, as it would equilibrate the (syn,syn) and 

(anti,anti) atropisomers on one hand, and their (syn,anti) and 

(anti,syn) counterparts on the other hand. All the variable 

temperature NMR investigations carried out so far to determine 

rotational barriers within second-generation complexes of type 

1 concluded, however, to an easier interconversion of two 

rotational isomers around a N–aryl bond than around the Ru–

NHC axis.42 

When the temperature was lowered to –50 °C, all the rotation 

modes could be frozen and four sets of signals became clearly 

visible in the 1H and 31P{1H} NMR spectra of complex 11. 

Indeed, the two resonances originally detected at 19.26 and 

19.22 ppm for the benzylidene protons were further split into 

four singlets and slightly shifted to lower field upon cooling 

(Fig. 6, right). Hence, their chemical shifts were 19.11, 19.03, 

18.96 and 18.81 ppm and the integral ratios were 5:1:3:1. 

Likewise, the 31P{1H} NMR spectrum of [RuCl2(=CHPh)-

(PCy3)(BTol)] (11) recorded at –50 °C featured four separate 

singlets for the phosphine ligand at 30.97, 29.62, 27.17, and 

24.20 ppm with the proportions 3:1:5:1 (Fig. 7, right). These 

data provide unambiguous experimental evidence for the 

formation of racemic mixtures containing two major and two 

minor rotamers, but a more specific assignment of each 

resonance to structures 11a–d/11a'–d' was not carried out. 

Despite numerous attempts, we were not able to isolate crystals 

of the ruthenium-benzylidene complex 11 suitable for X-ray 

diffraction analysis. This is most likely due to the limited 

stability of this compound in solution. In the case of chelated 

species 12, on the other hand, we were very pleased to observe 

the formation of two distinct types of crystals during a slow 

recrystallization process at room temperature. Crystals of type 

A were found to contain the (Sa,Ra) and (Sa,Sa)-rotamers 12b 

and 12d co-crystallized in the same unit cell in a 6:4 ratio. 

Conversely, crystals of type B mostly consisted of the (Ra,Ra)-

rotamer 12c with a 20% disorder due to the joint presence of 

the (Ra,Sa)-conformer 12a (Fig. 8). Thus, we were able to 

determine the molecular structure of all four possible 

stereoisomers of [RuCl2(=CH-o-OiPrC6H4)(BTol)] (12). It 

should be pointed out that crystals A and B were not true 

enantiomers, because the two diastereoisomers in each of them 

were not in the same proportions. Yet, there might exist other 

crystals in the sample with different diastereoisomeric ratios. 

As a matter of fact, both crystals A and B were monoclinic and 

belonged to similar space groups that are interchangeable by a 

slight metric adaptation (P21/c and P21/n, respectively). 

Page 7 of 14 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

02
/0

3/
20

15
 0

9:
19

:0
0.

 

View Article Online
DOI: 10.1039/C5DT00433K

http://dx.doi.org/10.1039/c5dt00433k


ARTICLE Journal Name 

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Fig. 8 Molecular structures of [RuCl2(=CH-o-OiPrC6H4)(BTol)] (12) derived from 

the two types of crystals obtained (Ra and Sa absolute configurations refer to the 

axial chirality of the two exocyclic C–N bonds). 

In both crystal forms, the 2-tolyl substituent located above the 

isopropoxybenzylidene unit could adopt two distinct 

orientations, whereas the other N-aryl group was well-refined in 

a single position. Strong intramolecular hydrogen bonds with 

the chlorine atoms might explain this lock. Conversely, when 

the aromatic ring of the 2-tolyl substituent is located above the 

benzylidene proton, there is a competition between the 

formation of H…Cl bonds and C–H…π interactions (see ESI for 

details). The ruthenium atom was pentacoordinated and 

displayed a distorted square-pyramidal geometry. As expected, 

the two chlorine atoms were located trans to each other in the 

basal plane, while the two other mutual trans positions were 

occupied by the chelating oxygen of the isopropoxy group and 

the carbenic carbon of the BTol ligand. The benzylidene unit 

took up the apical position and its aromatic part was almost 

coplanar with the benzimidazole fused rings. Bond lengths and 

angles were in line with those reported previously for various 

other second-generation Hoveyda–Grubbs catalysts.16,19a,43 

A key structural feature is that the 2-tolyl group located below 

the basal plane was significantly more tilted than the one above 

the apical benzylidene unit for obvious steric reasons. Thus, the 

average deviations from perpendicularity to the benzimidazole 

ring were, respectively, 24° and 3° in 12a and 12c, 31° and 9° 

in 12d, and 31° and 23° in 12b. The discrepancy between the 

values measured for the last two diastereoisomers in crystal A 

is reminiscent of a similar case reported by Grubbs et al. when 

they determined the molecular structure of [RuCl2(=CH-o-

OiPrC6H4)(SITol)] (5) (SITol is 1,3-di(2-tolyl)imidazolin-2-

ylidene).15b,43d The single crystal of this compound featured two 

conformers analogous to 12b and 12d in a 91:9 ratio. In the 

major syn rotamer, the 2-tolyl substituent below the basal plane 

was rotated 35° away from being orthogonal to the NHC plane, 

while the other one lay within 5° of perpendicularity. In the 

minor anti rotamer, these angles became 35° and 16°, 

respectively. Of note, the tilt of the mesityl groups in the 

original second-generation Hoveyda–Grubbs catalyst (2) were 

6° and 9°.8 Both complexes 5 and 12 should therefore provide 

additional space near the ruthenium center to accommodate 

large incoming substrates. 

In order to investigate more thoroughly the steric requirements 

of BTol, we have extracted its %VBur parameter from the 

molecular structures of 12b and 12c. In these two major 

conformers, the relative orientation of the ortho-methyl groups 

(syn or anti, cf. Fig. 8) did not seem to have any influence on 

%VBur and led to values of 30.3 and 30.2, respectively, down 

from 32.1 in rhodium complex 9b. These variations 

demonstrate once again the structural flexibility of NHCs and 

their ability to fit with the crowding around a metal center.35,36d 

A more informative comparison was made with the original 

Hoveyda–Grubbs catalyst 2, in which the SIMes ligand 

occupied 31.78a or 31.8%44 of the ruthenium coordination 

sphere, depending on the crystal structure used to perform the 

calculations. Of course, all these tilt angles and buried volumes 

may overestimate actual angle compressions in a solution, 

which is free of crystal packing forces. 

Catalytic tests 

Complexes 11 and 12 were tested as catalyst precursors for the 

RCM of four model α,ω-dienes. Standard benchmark 

conditions defined by Grubbs and co-workers were applied to 

ease the comparison with various other second-generation 

catalysts featuring mesityl-substituted NHC ligands.45 We first 

investigated the RCM of diethyl diallylmalonate (DEDAM, 13) 

in CD2Cl2 at 30 °C (Scheme 5). Reactions were carried out 

using 1 mol% of ruthenium initiator and monitored by 1H NMR 

spectroscopy. Under these conditions, an almost quantitative 

conversion of the substrate into cyclopentene diester 14 

occurred within 40 min with [RuCl2(PCy3)(BMes)(=CHPh)] (6) 

(Fig. 9). Previous work had already established that this BMes-

based initiator and the original Grubbs second-generation 

catalyst 1 displayed similar reactivities in the RCM of the 

model disubstituted cycloolefin under examination.20 

Replacement of BMes or SIMes with BTol on the ruthenium–

benzylidene scaffold led to a slight rate enhancement. 

Conversely, 2 h were needed to reach completion with the 

isopropoxybenzylidene complex 12, whereas the Hoveyda–

Grubbs catalyst 2 was reported to keep an almost unchanged 

activity compared to 1.45,46 
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Scheme 5 Ruthenium-catalyzed RCM of diethyl 2,2-diallylmalonate (13) and 

diethyl 2-allyl-2-(2-methylallyl)malonate (15). 

 
Fig. 9 Time course of the RCM of diethyl 2,2-diallylmalonate (13) catalyzed by 

[RuCl2(PCy3)(BMes)(=CHPh)] (6), [RuCl2(PCy3)(BTol)(=CHPh)] (11), and [RuCl2(=CH-

o-OiPrC6H4)(BTol)] (12) (1 mol% in CD2Cl2 at 30 °C). 

The reduced initiation efficiency of chelate 12 compared to the 

mixed phosphine/NHC complexes 6 and 11 became even more 

obvious when the RCM of diethyl 2-allyl-2-(methylallyl)-

malonate (15) was carried out in CD2Cl2 at 30 °C (Scheme 5 

and Fig. 10). When 1 mol% of benzylidene catalyst 11 was 

added to the reaction mixture, conversion climbed to 90% 

within an hour, but then started to level off and ultimately 

stopped at 95% after 2 h. Complex 6, on the other hand, 

remained active for a longer period of time and afforded a 

quantitative yield of trisubstituted cycloolefin 16 within 3 h. A 

different pattern was observed with chelate 12, which suggested 

a short induction period at the onset of the reaction, followed by 

a slow, albeit steady, progress that led to a 74% conversion 

after 2 h. The 90% threshold was reached after 3.5 h and no 

sign of deactivation was detected at that point. Yet, the 

experiment was not prolonged to reach full conversion. 

 
Fig. 10 Time course of the RCM of diethyl 2-allyl-2-(2-methylallyl)malonate (15) 

catalyzed by [RuCl2(PCy3)(BMes)(=CHPh)] (6), [RuCl2(PCy3)(BTol)(=CHPh)] (11), 

and [RuCl2(=CH-o-OiPrC6H4)(BTol)] (12) (1 mol% in CD2Cl2 at 30 °C). 

Next, we examined the RCM of the two sterically demanding 

α,ω-dienes 17 and 19 derived from diethyl malonate and 

tosylamide, respectively (Scheme 6). Standard benchmark 

conditions for these challenging substrates implied the recourse 

to 5 mol% of catalyst.45 Previous assessment of [RuCl2(PCy3)-

(BMes)(=CHPh)] (6) in toluene-d8 at 80 °C had shown that the 

BMes-benzylidene complex was largely inefficient at 

promoting the RCM of tetrasubstituted cycloalkenes.20 Despite 

a strong thermal activation, it did not afford satisfactory yields 

of cycloproducts 18 and 20 and was completely deactivated in 

less than 10 min (Figures 11 and 12). Very gratifyingly, its 

BTol analogue 11 was much more effective for inducing the 

same transformations in CD2Cl2 at 30 °C. With this catalyst 

precursor, conversion reached 84% after 2 h with the 

dimethallylmalonate 17 and 90% with the slightly more 

reactive tosylamide 19. Extending the reaction time did not 

further increase the yield of 18 and brought the conversion to a 

final value of 93% within 3 h in the case of 20. To further 

improve these results, we decided to test the chelated 

isopropoxybenzylidene complex 12 in benzene-d6 at 60 °C. We 

reasoned that a thermal activation would compensate for the 

slow initiation tendency displayed by this chelate in the RCM 

of diesters 13 and 14. Indeed, the temperature increase 

combined with the reduced steric bulk of the BTol ligand 

compared to BMes or SIMes allowed to fully convert substrate 

19 into cyclic product 20 in less than 2 h, thereby 

demonstrating the validity of our approach. In the case of 

diester 17, a short induction period of about 15 min was 

observed before the reaction took off and a 84% conversion 

was recorded after 2 h. it kept slowly increasing and product 18 

was eventually obtained in 96% yield after 4 h. 

CO2EtEtO2C

Ru cat. (1 mol%)

CD2Cl2, 30 °C
+    C2H4

13: R = H
15: R = Me

14: R = H
16: R = Me

R

R

CO2EtEtO2C

Page 9 of 14 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 2
4 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

02
/0

3/
20

15
 0

9:
19

:0
0.

 

View Article Online
DOI: 10.1039/C5DT00433K

http://dx.doi.org/10.1039/c5dt00433k


ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 
Scheme 6 Ruthenium-catalyzed RCM of diethyl 2,2-bis(2-methylallyl)malonate 

(17) and N,N-bis(2-methylallyl)tosylamide (19). 

 
Fig. 11 Time course of the RCM of diethyl 2,2-bis(2-methylallyl)malonate (17) 

catalyzed by [RuCl2(PCy3)(BMes)(=CHPh)] (6) (5 mol% in C6D5CD3 at 80 °C), 

[RuCl2(PCy3)(BTol)(=CHPh)] (11) (5 mol% in CD2Cl2 at 30 °C), and [RuCl2(=CH-o-

OiPrC6H4)(BTol)] (12) (5 mol% in C6D6 at 60 °C). 

 
Fig. 12 Time course of the RCM of N,N-bis(2-methylallyl)tosylamide (19) 

catalyzed by [RuCl2(PCy3)(BMes)(=CHPh)] (6) (5 mol% in C6D5CD3 at 80 °C), 

[RuCl2(PCy3)(BTol)(=CHPh)] (11) (5 mol% in CD2Cl2 at 30 °C), and [RuCl2(=CH-o-

OiPrC6H4)(BTol)] (12) (5 mol% in C6D6 at 60 °C). 

Conclusion and perspectives 

1,3-Di(2-tolyl)benzimidazolium tetrafluoroborate 7 was easily 

obtained via the amination/cyclization of 1,2-dibromobenzene. 

Deprotonation of this benzimidazolium salt with a strong base 

afforded the new N-heterocyclic carbene BTol, which was 

found to dimerize progressively into the corresponding 

dibenzotetraazafulvalene 8. Coordination of BTol to rhodium or 

ruthenium further led to a small, albeit representative, set of 

new organometallic products. Comparison of the %VBur and 

TEP values computed for BTol in [RhCl(COD)(BTol)] (9) and 

cis-[RhCl(CO)2(BTol)] (10), respectively, with those 

determined previously from the analogous rhodium complexes 

of BMes revealed that the two NHCs displayed similar electron 

donicities. Yet, the 2-tolyl substituents took a slightly greater 

share of the rhodium coordination sphere than the mesityl 

groups, due to a more pronounced tilt. The anti,anti 

conformation adopted by BTol in the molecular structure of 

complex 9b ensured nonetheless a remarkably unhindered 

access to the metal center, as evidenced by the examination of 

steric maps. 

Second-generation ruthenium–benzylidene and ruthenium–

isopropoxybenzylidene complexes 11 and 12 featuring the new 

BTol ligand were synthesized via phosphine exchange from the 

first generation Grubbs and Hoveyda–Grubbs catalysts, 

respectively. The atropisomerism of the 2-tolyl substituents 

within the [RuCl2(=CHPh)(PCy3)(BTol)] complex (11) was 

investigated by using variable temperature 1H and 31P NMR 

spectroscopies, and the molecular structures of all four possible 

rotamers of [RuCl2(=CH-o-OiPrC6H4)(BTol)] (12) were 

determined by X-ray crystallography. Both complexes were 

highly active at promoting the RCM of model α,ω-dienes. In 

line with our expectations, the replacement of BMes with BTol 

was particularly beneficial to achieve the ring-closure of 

tetrasubstituted cycloalkenes. More specifically, the stable 

chelate 12 enabled an almost quantitative RCM of two 

challenging substrates, viz., diethyl dimethallylmalonate (17) 

and N,N-dimethallyltosylamide (19), within a few hours at 60 

°C. 

To sum up, we have demonstrated that 1,3-di(2-tolyl)benz-

imidazol-2-ylidene (BTol) was a very suitable NHC ligand for 

achieving the RCM of tetrasubstituted cycloolefins using 

second-generation ruthenium–alkylidene catalysts. Further-

more, the synthesis of this new ancillary ligand proceeded with 

remarkable ease, as it required only three steps, among which 

one was catalytic, from widely available starting materials. 

Further investigations are in progress to evaluate more 

thoroughly the efficiency of complexes 11 and 12 in the RCM 

of a wide range of α,ω-dienes, and to compare their activities 

and stabilities with those of commercially available catalysts 

such as 5. Details of these experiments will be reported in due 

course. 
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X
Ru cat. (5 mol%)

+    C2H4

17: X = C(CO2Et)2

19: X = NTs

18: R = C(CO2Et)2

20: X = NTs

X

30–80 °C
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Second-generation ruthenium–alkylidene complexes featuring the 1,3-di(2-tolyl)imidazol-2-

ylidene ligand (BTol) are highly efficient catalysts for the synthesis of tetrasubstituted 

cycloolefins via ring-closing metathesis (RCM). 
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