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ABSTRACT: A series of neutral molybdenum imido alkylidene
N-heterocyclic carbene (NHC) bistriflate and monotriflate
monoalkoxide complexes as well as cationic molybdenum imido
alkylidene triflate complexes have been subjected to NMR
spectroscopic, X-ray crystallographic, and reaction kinetic
measurements in order to gain a comprehensive understanding
about the underlying mechanism in olefin metathesis of this
new type of catalysts. On the basis of experimental evidence and
on DFT calculations (BP86/def2-TZVP/D3/cosmo) for the
entire mechanism, olefinic substrates coordinate trans to the
NHC of neutral 16-electron complexes via an associative
mechanism, followed by dissociation of an anionic ligand (e.g.,
triflate) and formation of an intermediary molybdacyclobutane trans to the NHC. Formation of a cationic complex is crucial in
order to become olefin metathesis active. Variations in the NHC, the imido, the alkoxide, and the noncoordinating anion
revealed their influence on reactivity. The reaction of neutral 16-electron complexes with 2-methoxystyrene is faster for catalysts
bearing one triflate and one fluorinated alkoxide than for catalysts bearing two triflate ligands. This is also reflected by the Gibbs
free energy values for the transition states, ΔG‡

303, which are significantly lower for catalysts bearing only one triflate than for
the corresponding bistriflate complexes. Reaction of a solvent-stabilized cationic molybdenum imido alkylidene N-heterocyclic
carbene (NHC) monotriflate complex with 2-methoxystyrene proceeded via an associative mechanism too. Reaction rates of
both solvent-free and solvent-stabilized cationic Mo imido alkylidene NHC catalysts with 2-methoxystyrene are controlled by
the cross-metathesis step but not by adduct formation.

■ INTRODUCTION

Olefin metathesis with well-defined metal alkylidenes has long
been dominated by Schrock- and Grubbs-type catalysts,1−7

mostly because of their most favorable properties in terms of
regio-, chemo-, and stereoselectivity8−22 and often specificity in
many olefin metathesis reactions including those related to
polymer chemistry.23−25 Aiming at ionic olefin metathesis
catalysts for use in biphasic reactions, we recently reported on a
new class of neutral and cationic molybdenum imido, tungsten
imido, and tungsten oxo alkylidene N-heterocyclic carbene
(NHC) complexes as a new family of group 6 olefin metathesis
catalysts and successfully carried out substantial variations in
both the imido and the NHC ligand.26−35 While molybdenum
imido alkylidene NHC bistriflate complexes display substantial
activity and functional group tolerance both in the cyclo-
polymerization of α,ω-diynes and in ring-opening metathesis
polymerization (ROMP), particularly cationic molybdenum
imido, tungsten imido, and tungsten oxo alkylidene NHC
complexes and their silica-supported versions show high activity
and productivity in ring-closing metathesis (RCM), cross-
metathesis (CM), and homometathesis (HM), reaching turn-

over numbers > 1 200 000.27,36,37 We found that molybdenum
imido alkylidene NHC bistriflate complexes possess a
coalescence temperature, Tc, for the two triflates and that
there is a correlation between Tc and both productivity and
activity at a given temperature.27,33 Further important findings
were that neutral complexes containing at least one triflate are
activated by the release of triflate. The propensity of the
precatalyst to form an olefin metathesis-active, cationic species
strongly depends on the imido ligand, the nature of the second
anionic ligand, the σ-donor propensity of theNHCused, and the
spatial arrangement of the ligands.27,33 Further stabilization is
achieved by introduction of a second, chelating ligand and allows
for the synthesis of air-stable 18-electron progenitors. In the case
of molybdenum imido alkylidene NHC bistriflate complexes,
this particular feature has been used to create fully room-
temperature-latent precatalysts, e.g., for the ROMP of
dicyclopentadiene (DCPD).38,39 In view of the discovery that
dissociation of one triflate ligand from a neutral 16-electron
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complex is a crucial step, we started a detailed mechanistic study
on the reaction mechanism using complexes 1−10 as
representatives of neutral Mo imido alkylidene NHC bistriflate
and monotriflate monoalkoxide and cationic Mo imido
alkylidene triflate complexes (Chart 1). Experimental inves-
tigations were corroborated by extensive DFT studies of the
entire reaction mechanism. Here we report our results.

■ RESULTS AND DISCUSSION
Coalescence Temperatures of Neutral 16-Electron Mo

Imido Alkylidene NHC (OTf)(OR) Complexes (R = Tf,
alkyl, aryl). On the basis of the observation that bis(triflate)
complexes show a coalescence temperature for the two triflate
groups, an activation mechanism based on a Berry-type
pseudorotation, i.e., interconversion between trigonal biyrami-

dal (TBP) configuration through a square pyramidal (SP)
configuration, was proposed. Activation of the catalysts through
the release of one triflate (thermally induced) in the SP
configuration is in full accordance with the observed reactivity of
both neutral and cationic Mo−imido alkylidene NHC
complexes and with 19F NMR.40 In principle, an olefin
metathesis reaction starting from neutral, pentacoordinated
16-electronMo/W imido or oxo alkylideneNHC complexes can
occur in a dissociative fashion, with one triflate leaving the
complex, thereby generating a cationic 14-electron species,
followed by coordination of substrate. Alternatively, the reaction
can proceed in an associative fashion where substrate
coordination is followed by the dissociation of triflate (Scheme
1). In principle, depending on the reaction mechanism, the
individual steps can be described by a series of rate constants, k1,
k−1, k1′, k−1′, etc. These, however, cannot be assessed
individually by experiment but eventually by quantum chemical
investigations. To render the overall reaction irreversible, we
chose the reaction of complexes 1−10 with excess (10 equiv) 2-
methoxystyrene. This particular set of catalysts was selected
because it represents a variety of modifications in the imido,
alkoxide, and NHC ligand. In fact, complexes 1−10 undergo
quantitative and irreversible CM reaction. In the case of the
pentacoordinated starting compounds, octahedral complexes
are formed, which are all stabilized by the coordination of
oxygen (Scheme 1). To the best of our knowledge, the
observation of olefin adducts for other molybdenum meta-
thesis-based catalysts has not been stated so far. Indeed, it was
proposed that in solvent-containing Mo-based Schrock catalysts
the solvent first has to dissociate from the complex prior to olefin
coordination.41,42

Complex 2a (Figure 1) served as representative example and
is formed via the reaction of 2 with 2-methoxystyrene in
quantitative yield. It crystallizes in the orthorhombic space
group Pna21, a = 1910.70(14) pm, b = 1214.69(8) pm, c =
1739.38(11) pm, α = β = γ = 90°, Z = 4, which is a chiral space
group and contains both enantiomers. Relevant bond lengths
and angles are summarized in Figure 1.
In the solid state, 2a adopts a distorted octahedral (Oh)

configuration in which the alkylidene is in the anti configuration,
also visible in the coupling constant of the satellites in 1H NMR
(1JCH = 150Hz)

43 and in line with the DFT-optimized structure.
The methoxy group is coordinating trans to the imido ligand
(161.49°) with a comparably long Mo−O distance (Mo(1)−
O(7) = 243.7(2) pm). The bond lengths of the Mo−triflates are
comparable to those in complexes 1 and 2.27 The analogous

Chart 1. Structure of Catalysts 1−13a

aMes = 2,4,6-(CH3)3C6H2, OTf = CF3SO3, B(Ar
F)4 = B(3,5-(CF3)2-

C6H3)4.

Scheme 1. Possible Reaction Mechanisms with Mo−Imido Alkylidene NHC Complexes
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complex 6a is formed via the reaction of 6 with 2-
methoxystyrene in 87% isolated yield (Figure S101, SI). The
coalescence temperatures, Tc, for the two triflates in the
bistriflate complexes 1, 2, and 5 were measured via 19F NMR
in 1,2-dichlorobenzene-d4; those of complexes 3 and 4 were
measured in dichloromethane-d2. The Tc of the monotriflate
complexes 6−8 was determined by adding 1 equiv of
tetrabutylammonium triflate (TBAT) with respect to the
catalyst to a solution of the corresponding catalyst in 1,2-
dichlorobenzene-d4. Depending on the structure, the Tc values
varied between −30 and 100 °C. Notably, addition of 1 equiv of
TBAT to 1 in 1,2-dichlorobenzene-d4 revealed a second Tc at 90
°C. This finding clearly illustrates distinct differences between a
thermally induced triflate dissociation and a substrate-induced
triflate dissociation, referred to as “associative”, both outlined in
Scheme 1. In fact, additional triflate or any nucleophile or olefin
has been already proposed to interact by coordinating first trans
to the NHC followed by dissociation of triflate and ligand
rearrangement.27,32,33 This is in line with calculations on
tetracoordinated 14-electron Schrock catalysts, which also
propose a trans approach of substrate to the strongest σ-
donor.44,45 In the case of pentacoordinated 16-electron
complexes discussed here, addition of triflate is proposed to
yield (intermediary) anionic complexes, which was deemed
reasonable since such an anionic complex was found to be stable
in a DFT structure optimization (Figure S134, SI). In view of the
dianionic W imido alkylidene N-heterocyclic olefin (NHO)46

and anionic molybdenum imido alkylidene bisamido monotri-
flate complexes reported earlier,31 such an anionic intermediate
seems viable. For spectroscopic evidence for this proposal, see
the Supporting Information.
Compound 8, obtained via the reaction of 2 with 1 equiv of Li

tert-butoxide, has a Tc in the presence of TBAT below −60 °C.
An accurate value could not be detected due to technical
limitations in cooling. Accordingly, in the 19F NMR spectrum of
8 recorded at 25 °C the triflate signal at δ = −78.97 ppm points
toward a cationic metal center. However, complex 8 showed no

reactivity for 2-methoxystyrene at all, even at 90 °C. This is at a
first glance contradictory since at 90 °C 8 must be cationic with
virtually no bonding of triflate to the metal center. However, its
metathetical inactivity can be attributed to a stabilization of the
positive charge at the cationic metal center by both the tert-
butoxide and the NHC ligand (Figure S7, SI). This stabilization
substantially reduces the electrophilic character of the cationic
metal center and is in turn also responsible for OTf dissociation
even at very low temperature. Similar results have already been
reported for, e.g., cationic tungsten imido alkylidene NHC
complexes;30 all together, they illustrate the effectiveness of
charge stabilization by the NHC and an electron-donating
alkoxide. On a final note, it should also be mentioned that the Tc
of 4 in toluene-d8 is 60 °C and thus 90 °C higher than that in
CH2Cl2 (Tc =−30 °C).2 This pronounced dependence of Tc on
the polarity of the solvent further supports the involvement of
highly polar if not ionic intermediates and/or transition states.
From the Tc values one can estimate the Gibbs free activation

energy, ΔG‡
Tc, for the underlying process. Thus, the rate

constant, kc, of the dynamic exchange at Tc was estimated
according to eq 1, where Δϑ is the difference in resonance
frequencies determined in the slow exchange limit, NA is
Avogadro’s constant, and h is Planck’s constant. Applying eq 2,47

ΔGTc
‡ was calculated.

π= Δϑk
2c (1)

π
Δ = ·

· · Δϑ
‡G RT

RT
N h

ln
2

T c
c

A
c (2)

ΔGTc
‡ values of the bistriflate and monotriflate monophenoxide

complexes 1−7were in the range of 46−69 kJ·mol−1. The lowest
values were found for 3 and 4 based on the 3,5-
dimethylphenylimido ligand. By contrast, the ΔGTc

‡ values
were not strongly influenced by the nature of the anionic ligands,
i.e., triflate vs pentafluorophenoxide. This points toward steric
rather than electronic effects on Tc and in due consequence on
ΔGTc

‡ ; nonetheless, in order to come up with a comprehensive
picture, further investigations need to be carried out on that
issue.

Reaction Kinetics. Reactions of catalysts 1−10 with 2-
methoxystyrene were followed by 1H NMR spectroscopy at 30
°C.48 Quantification of the reaction kinetics of the cationic
complexes 11 and 13 based on the B(ArF)4

− anion was initially
hampered by the formation of polymer. In line with 1H NMR
experiments, which showed that a mixture of tris-
(pentafluorophenyl)borane or anilinium tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate with 2-methoxystyrene pro-
duced polymer (Figure S70, SI), reactions of catalysts 11−13
containing the B(ArF)4

− anion (Chart 1) with 2-methoxystyrene
predominantly also induced the polymerization of 2-methox-
ystyrene, attributable to a cationic polymerization of a
phenylogous vinyl ether. However, 1H NMR measurements
with NaBPh4 and 2-methoxystyrene revealed no polymerization
within 8 h. We therefore synthesized the acetonitrile-containing
cationic complex 9 containing tetraphenylborate49−52 as
counteranion and successfully monitored its reaction with 2-
methoxystyrene.
In situ 1H and 19F NMR spectroscopy on the reaction of 1

with 3 equiv of 2-methoxystyrene revealed formation of an
adduct, which was then converted into the final 18-electron
complex. In the case where the reaction was carried out at 30 °C
in CD2Cl2, broad signals for both triflates at δ = −75.67 and

Figure 1. Single-crystal X-ray structure of 2a. Relevant bond lengths
(pm) and angles (deg): Mo(1)−N(3) 171.4(2), Mo(1)−C(34)
196.4(3), Mo(1)−O(4) 221.0(2), Mo(1)−O(1) 213.73(18),
Mo(1)−C(1) 222.1(3), Mo(1)−O(7) 243.7(2), N(3)−Mo(1)−
C(30) 93.70(14), N(3)−Mo(1)−O(1) 94.17(9), N(3)−Mo(1)−
O(7) 161.49(11), C(30)−Mo(1)−O(1) 100.58(10), N(3)−
Mo(1)−O(4) 117.01(12), C(30)−Mo(1)−O(4) 149.29(11),
O(4)−Mo(1)−O(1) 78.74(7), N(3)−Mo(1)−C(1) 94.62(11),
C(30)−Mo(1)−C(1) 97.53(12), O(4)−Mo(1)−C(1) 80.55(9),
O(1)−Mo(1)−C(1) 159.28(9).
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−77.58 ppmwere observed in the 19F NMR spectra (Figure S10,
SI). By comparing the relative ratios of these signals with those
of the alkylidene signals of 1 and the product, 1a, in 1H NMR
(Figure S9, SI), these signals can be clearly assigned to an adduct
that contains two triflates and coordinated 2-methoxystyrene
(Scheme 1, Figure 2), which was corroborated by DFT

calculations, where such a stable neutral adduct was localized
for 2 (vide infra). Notably, such an associate mechanism is in
stark contrast to the dissociate pathway that was proposed for
solvent-stabilized 16-electron Schrock catalysts, for which
tetracoordinate, solvent-free species were proposed to represent
the active species.41,42 The structure of this adduct was further
confirmed by signals in the 1H NMR at δ = 8.23 ppm for the Hα

of the benzylic proton in 2-methoxystyrene and at δ = 6.69 ppm,
which show the terminal olefinic protons of 2-methoxystyrene in
the 16-electron complex (Figure S9, SI). In the 19F NMR
spectrum, next to the product signals at δ = −76.91 and −78.54
ppm, additionally free triflate was observed at −79.06 ppm
(Figure S12, SI). In view of the peak half widths of all signals
(Figure S10, SI), a fast triflate exchange can be accounted for the
adduct but neither for 1 nor for the product. This rapid triflate
exchange was observed for complexes 1−7, 9, and 10 with 2-
methoxystyrene and points toward a cationic species.
DFT calculations support this finding. Thus, a very low barrier

was found for the dissociation of triflate in 2 (ΔErel
‡ = 12.9 kJ·

mol−1/ΔGrel
‡ = 5.9 kJ·mol−1). All adducts were reactive but

sufficiently stable, so their conversion into the final 18-electron
complex could be followed by 1HNMR. Scheme 2 illustrates the
simplified reaction scheme of the starting complex with 2-
methoxystyrene including adduct and product formation.
Instead of the rate constants k1, k−1, k2, k−2, k3, k−3, and k4,
which cannot be assessed individually, the overall rate constants
ka (rate constant for olefin coordination) and kb (rate constant

Figure 2. 1H NMR spectrum (alkylidene region) of the reaction of
catalyst 1 with 2-methoxystyrene (1,2-dichloroethane-d4).

Scheme 2. Associative Reaction Mechanism of Bistriflate, Monoalkoxide Monotriflate (top), Cationic Catalyst with Stabilizing
Solvent (middle), and Cationic Catalyst without Stabilizing Solvent (bottom)a

aIndeed, DFT calculations predicted a very stable adduct (Figure S.131, SI) (vide infra). In line with that, the rate constants for the solvent-f ree
catalyst 10 could not be determined at 30 °C due to a very fast reaction with 2-methoxystyrene. However, low-temperature measurements carried
out at −10 °C showed a reaction rate of 1.0 L·mol−1. min−1 as well as the lowest Gibbs free activation energy for adduct formation of all complexes
examined here (ΔG‡

303 = 69.5 kJ·mol−1), which reflects the high reactivity of this compound in CM.
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for cross metathesis) can be estimated (Scheme 2). Figure 3
shows representative kinetics for the reaction of 2 with 2-

methoxystyrene; the kinetics for all other complexes are
summarized in Figures S36−S69, SI

[ ] = [ ] · −
· − ·

−

− −i

k
jjjjj

y

{
zzzzzC A

k e k e
k k

1
k t k t

0
b a

b a

a b

(3)

[ ] = [ ] · − ≫−C A e k k(1 )k t
0 b a

a (4)

[ ] = [ ] · − ≫−C A e k k(1 )k t
0 a b

b (5)

Values of ka were determined directly from the first-order
decrease in catalyst concentration (Figures S36−69, SI), and
those for kb were obtained via numerical calculation from eqs 3
and 5,53,54 which were used to fit the concentration profiles
(Figure 3, Figures S17−S34, SI). These describe the
concentration profiles of a product [C] formed via two
consecutive, irreversible reactions in which either kb ≫ ka or
ka≫ kb (Table 1, Table S1, SI). Except for 10 (R

2 = 0.89) and 6
(R2 = 0.79), all other R2 values were 0.98−0.99, see SI. All values
were measured in triplicate for each catalyst (Table 1).
Gibbs free activation energies at 303 K, ΔG‡

303 (Table 1), for
adduct formation were determined by measuring ka at different
temperatures and by calculating the entropy and enthalpy
according to the Eyring equation (Table 1, Table S3, SI).55,56

They describe the cumulative barriers from the parent 16-
electron complex to the adduct according to either an associative
or a dissociative mechanism as outlined in Scheme 1. By
contrast, the above-discussed ΔG‡

Tc for complexes 1−5 (vide
supra) describes the dissociative process of a thermally induced
triflate abstraction from the 16-electron progenitor in the
absence of substrate to yield the cationic complex (Scheme 1,
top), while for complexes 6 and 7 it describes again the
associative reaction of the 16-electron progenitor with triflate,
followed by triflate-induced release of another triflate and
reformation of the starting complex (Scheme 1, bottom).
In view of the proposed associate mechanism it is not

surprising that for complexes 6 and 7 ΔG‡
303 and ΔG‡

Tc are
almost identical. The small differences can be attributed to the
different substrates (triflate vs 2-methoxystyrene). It has to be
stressed that in a polar solvent (1,2-dichlorobenzene-d4)
complexes 6 and 7 must indeed both be considered cationic
as suggested by the chemical shifts of the triflate anions in the 19F
NMR at δ = −77.80 ppm, which in comparison to the chemical
shift in TBAT at δ = −77.20 ppm indicate the existence of free
triflate (Figure S5, SI). Even in the solid state, the triflate in 6 is
only weakly bound to the metal as indicated by the comparably
long Mo−O distance (216.1(4) pm).11 Surprisingly, the Gibbs
free activation energy of 9 bearing a coordinating solvent
(ΔG‡

303 = 80.8 kJ·mol−1) was very comparable to that of
catalysts 1−5 bearing two triflate ligands. Thus, theΔG‡

303 value
of this cationicMo catalyst must be governed by the dissociation
of the coordinated solvent, which stabilizes the complex.
For the bistriflate complexes 1−3, ka > kb applied. In these

complexes, the rate-determining step is the CM, which is in line
with DFT investigations of 2, where formation of the
metallacyclobutane is the rate-determining reaction step and
coordination of the substrate has a lower (free) energy barrier.
By contrast, for the bistriflate complexes 4 and 5 kb > ka

applied. There, coordination of the substrate is the rate-
determining step and eq 4 applies. Compared to 1−5, the
reactive intermediates of the monoalkoxide monotriflate
complexes 6 and 7 were short lived but detectable via NMR at
low temperatures (0 or −20 °C). In fact, it could be shown that
at both temperatures kb > ka and in both complexes,
coordination of substrate is the rate-determining step while
CM proceeds fast. Table 1 summarizes the values for ka and kb.

Figure 3. Reaction kinetics for the CM of catalyst 2 with 2-
methoxystyrene.

Table 1. Rate Constants, ka and kb, for the Reaction of Catalysts 1−7, 9, and 10 with 2-Methoxystyrene at 30 °CAsDetermined by
1H NMR Spectroscopy

cat. Tc [°C] ΔG‡
Tc [kJ·mol−1] ka [L·mol−1·min−1] kb [L·mol−1· min−1] T [°C] ΔG‡

303 [kJ·mol−1] ΔH‡ [kJ·mol−1.K−1] ΔS‡[J·mol−1.K−1]

1 100 ± 1b 69 ± 0.2e 0.164 ± 0.006a 0.05 ± 0.001f 30 78.6 ± 0.1a 62.2 ± 2.5 −54.5 ± 8.4
90 ± 1d

2 85 ± 1b 67 ± 0.2 0.092 ± 0.002a 0.05 ± 0.001 30 80.7 ± 0.2a 65.6 ± 6.8 −50.0 ± 22.0
3 −3 ± 1c 51 ± 0.2 0.161 ± 0.004b 0.138 ± 0.011 30 78.3 ± 0.1c 92.3 ± 5.3 46.1 ± 17.5
4 −30 ± 1c 46 ± 0.2 0.115 ± 0.032b 0.356 ± 0.028 30 80.1 ± 0.1c 55.0 ± 6.0 −82.8 ± 19.9
5 79 ± 1a 66 ± 0.2 0.142 ± 0.037a 0.513 ± 0.09 30 78.3 ± 0.1a 68.1 ± 5.4 −33.8 ± 18.2
6 82 ± 1b,d 69 ± 0.2 1.016 ± 0.155a 30 74.1 ± 0.2a 51.9 ± 1.5 −73.3 ± 4.6
6 0.11 0.494 ± 0.086 0
7 82 ± 1b,d 69 ± 0.2 2.244 ± 0.326a 30 71.7 ± 1.0a 49.6 ± 10.0 −72.8 ± 36.5
7 0.038 0.438 ± 0.081 −20
9 0.085 ± 0.035a 0.063 ± 0.002f 30 80.8 ± 0.1a 13.4 ± 4.5 −222.5 ± 15.0
10 1.0c −10 69.5 ± 0.5c,g 27.8 ± 2.7 −137.4 ± 10.5
10 0.38 0.1 ± 0.006f −30

aIn ClCD2CD2Cl.
b1,2-Dichlorobenzene-d4.

33 cIn CD2Cl2.
dWith 1 equiv of TBAT. eOn the basis of the Tc of 100 °C in the absence of additional

triflate. fEquation 5 for ka ≫ kb was used.
gΔG‡

263.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.9b02092
J. Am. Chem. Soc. 2019, 141, 8264−8276

8268

http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b02092/suppl_file/ja9b02092_si_004.pdf
http://dx.doi.org/10.1021/jacs.9b02092


For the cationic, solvent-stabilized catalyst 9, again a reactive 16-
electron intermediate was observed by 1H NMR (ka > kb, Table
1, Figures S31−S32, SI) with 2-methoxystyrene coordinated to
the metal and coordinated acetonitrile. Clearly, in 9 CM
represents the rate-determining step (ka > kb, Scheme 2, Table
1). Notably, variable-temperature 1H NMR measurements of 9
carried out in 1,2-dichloroethane-d4 up to 65 °C revealed
persistent coordination of acetonitrile to the metal; no free
CH3CN was observed (Figure S35, SI). This is in line with DFT
studies, where the formed adduct clearly shows acetonitrile
coordination (Figure S131, SI). Moreover, the calculated adduct
of 9 is by ∼25−30 kJ·mol−1 more stable than the analogous
species of 2 (91: ΔErel = −2.8 kJ·mol−1, ΔG303 = 29.2 kJ·mol−1.
21: ΔErel = 19.2·kJ·mol−1, ΔG303 = 52.6 kJ) mol−1, and the
dissociation of solvent in 9 has a significantly higher barrier
(ΔErel

‡ = 38.0 kJ·mol−1/ΔG‡
303 = 36.6 kJ·mol−1) compared to

dissociation of the second triflate in 2 (ΔErel
‡ = 12.9 kJ·mol−1/

ΔG‡
303 = 5.9 kJ·mol−1) (see also Figure S132, SI). Thus,

substrate must coordinate first; then the solvent can dissociate,
at least at 30 °C. This again confirms the proposed associative
mechanism. Preliminary studies suggest a low energy barrier
(ΔErel

‡) for the coordination of 2-methoxystyrene at larger
distances (between 3.7 and 3.8 Å) to Mo for 9 than found for 2.
In line with that, for the solvent-free cationic complex 10,
coordination of the substrate is fast too, and the subsequent CM
is again the rate-determining step, even at −30 °C.
Most important, the value of ΔS‡ provides unambiguous

information about the molecularity of the rate-determining step
in a reaction. Positive ΔS‡ values suggest that entropy increases
in the transition state and are indicative of a dissociative
mechanism, in which the triflate in the activated complex is
either only loosely bound to or even fully dissociated from the
metal. Negative values forΔS‡ indicate that entropy decreases at
the transition state. Negative ΔS‡ values were observed for
complexes 1, 2, and 4−10, thus pointing toward an associative
mechanism in which two reaction partners form a single
activated complex from which triflate then dissociates forming
an ion pair. In fact, calculations suggest that triflate sticks to the
metal in a distance around 4−5 Å forming an ion pair. We
observed a lower energy and free energy for these ion pairs in our
calculations, which indicate that it is indeed energetically
favorable to keep triflate “nearby”. However, we were not able to
reliably determine the “correct”, i.e., most favorable, position of
the triflate because it is hard, if not impossible, to
comprehensively sample the complete phase space. We
therefore only tested certain positions of the triflate and picked
the one that gave the lowest energy. Overall, the electrostatic
influence of triflate is rather consistent; it lowers the relative
electronic energy by around 50 kJ·mol−1 (vide infra). The
extremely high negative values for ΔS‡ of both 9 and 10 (ΔS‡ =
−222.5 and −137.4 J·mol−1.K−1, respectively) clearly point
toward an associative reaction mechanism, which seems to be
particularly favored in electron-deficient cationic complexes that
have the lowest propensity to release any ligand.
In contrast to all other complexes investigated, catalyst 3 had a

positive ΔS‡ value and deserves special consideration. The
positiveΔS‡ value of 3 can only be understood together with its
Tc value of−3 °C. At 30 °C in solution, the transition state for 3
with 2-methoxystyrene binding to the metal must be such that
OTf dissociates to a maximum extent, thereby increasing
entropy. This is in contrast to 4, which has a Tc of −30 °C
(CH2Cl2, Figure S1, SI). At 30 °C, OTf is already fully
dissociated even in the absence of substrate and entropy

decreases via associative adduct formation as also found for 1, 2,
and 5−7.
Subtle differences in ΔG‡

303 also reflect the influence of the
NHC ligand on triflate dissociation. Thus, for complexes 1 and 3
bearing the 1,3-dimesitylimidazolidin-2-ylidene (IMesH2)
ligand, the ΔG‡

303 values were around 78 kJ·mol−1, while the
corresponding analogues 2 and 4 based on the 1,3-
dimesitylimidazol-2-ylidene (IMes) ligand showed a slightly
higher energy barrier around 80 kJ·mol−1. This finding correlates
with the stronger electron-donor propensity of the IMesH2
ligand compared to the IMes ligand, which is also reflected by
the differences in their pKa values (21.3 vs 20.8)

57 and Tolman
electronic parameters (2052.0 vs 2050.8 cm−1),58 respectively.
Interestingly, replacement of the 2,6-Me2- or 3,5-Me2-phenyl-
imido ligand in 2 and 4, respectively, by the 2-tBu-phenylimido
ligand (catalyst 5) resulted in no significant differences in the
ΔG‡

303 values. However, exchange of one triflate ligand by a
pentafluorophenoxide ligand further reduces ΔG‡

303 in 6 and 7
to 74.1 and 71.7 kJ·mol−1, respectively. This decrease in ΔG‡

303
is in line with the reported higher productivity and activity of
Mo−imido alkylidene monoalkoxy monotriflate NHC com-
plexes compared to their bistriflate progenitors.27,29,31,33,38

Quantum Chemical Investigation of the Reaction
Mechanism for the CM of 2 To Form 2a. For the
investigation of the reaction mechanism, the X-ray crystal
structures of 2 and 2a served as starting structures. To reduce
stereochemical complexity, the alkylidene moiety was modified
to neopentylidene to determine the reaction coordinates
involved. All reported electronic energies were calculated with
the BP86 density functional,59,60 the def2-TZVP basis set,61

empirical dispersion corrections of the Grimme type,62,63 and
implicit solvent interactions modeled with the conductor-like
screening model (COSMO) with ε = 9.0 to account for 1,2-
dichloroethane64 as single points on the fully optimized BP86/
def2-SV(P)61/COSMO(ε = 9.0) structures. To account for the
potential influence of dissociated triflate on the cationic
structures, the effect of triflate at various positions was tested.
It has a minor influence on the structure and the energies
between the conformers with both triflates present differ
typically around 10−15 kJ·mol−1. In the studied case, the
cationic catalyst and the triflate form an ion pair requiring
explicit treatment of the second triflate, which lowers the relative
energies of each species by ∼50 kJ·mol−1 and which was
necessary to obtain energies comparable to experiment. At the
same time this makes a reliable assignment of free energies very
challenging because it would require a complete reoptimization
of each cationic structure and transition state of 2 in the presence
of the second triflate and an adequate accounting for its
conformational degrees of freedom. However, if we assume that
in such an ion pair the translational entropy of the triflate is
negligible and its rotation is significantly hindered due to its
electrostatic interaction with the cationic catalyst, we do not
have to account for these entropic contributions of the triflate.
Rather, we could apply the quasi-harmonic rigid rotator/
harmonic oscillator approximation to calculate thermal
corrections and entropic contributions of the whole electrostatic
encounter complex (ion pair). Of course, this is an
approximation, but it is deemed reasonable, even more so
since rotational and translational degrees of freedom are
expected to be quenched in the solution phase.65 Thermal and
entropic corrections to the electronic energies were obtained at
the BP86/def2-SV(P)61/COSMO(ε = 9.0) level.
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To calculate reliable reaction free energies at 303 K, the
following measures were taken: Obtained vibrational modes
were scaled with a factor of 1.0207,66 low frequencies below 50
cm−1 were shifted to 50 cm−1 to minimize artifacts due to the
harmonic-oscillator approximation, and conversion of the
standard state from 1 atm to 1 mol L−1 was accounted for.
The complete reaction mechanism from 2 to 2a is depicted in

Scheme 3, and the corresponding relative free energies ΔG303
are shown in Figure 4; relative electronic energiesΔErel are listed
in italic. Only the anti conformation of the alkylidene in 2 was
considered (see Figure S104, SI), pointing away from theN-aryl
as opposed to pointing toward the N-aryl in the syn isomer,
because previous studies found a preference for the anti
isomer.26,35 Also, the adduct structure was by ∼20 kJ·mol−1

more stable if the alkylidene adopted an anti conformation.
As already outlined, in the predominant mechanism, 2

coordinates the substrate in an associative pathway to form the
neutral adduct 21 (see Figure 6). Adduct 21 has a relative
stability of 19.2 kJ·mol−1 (ΔG303 = 52.6 kJ·mol−1), passing a
transition state TS(2−21) with a free energy barrier ofΔG‡

303 =
72.8 kJ·mol−1 (ΔE‡

rel = 42.8 kJ·mol−1) as depicted in Figure
S115, SI. Although there is more space to coordinate 2-
methoxystyrene trans to the alkylidene group, all attempts to
converge such a conformation failed. Instead, coordination of 2-
methoxystyrene trans to NHC under deformation of the Mo
coordination sphere was found to be the stable species as shown
in Figure 6. The depicted conformer was the only stable

structure that could be converged; all other orientations of 2-
methoxystyrene did not converge to a stable adduct structure. In
the obtained conformer the trigonal pyramidal coordination
sphere of the free catalyst is modified; the triflate−Mo−
alkylidene angle increases, so that a square-pyramidal coordina-
tion sphere is formed in the adduct bringing the two phenyl rings
in closer vicinity and allowing for some π−π stacking. The

Scheme 3. Detailed Associative Reaction Mechanism of 2 To Form 2aa

aBlack: Main proposed reaction pathway. Red: Alternative reassociative activation mechanism with fast recombination to adduct 21. Blue:
Alternative ring-closing mechanism with both triflates coordinated. Green: Alternative ring-opening mechanism. Please note that 2a crystallizes in a
chiral space group containing both enantiomers, and calculations were done for the enantiomer depicted.

Figure 4. Detailed proposed reaction mechanism for the CM of 2 to
form 2a: (black) predominant reaction pathway with an associative
initiation reaction; (red) alternative reassociative reaction mechanism;
(blue) alternative ring-closing mechanism with both triflates coordi-
nated; (green) alternative ring-opening mechanism. Relative Gibbs free
energies (in kJ·mol−1) were obtained with BP86/def2-TZVP/D3 using
1,2-dichloroethane as implicit solvent (ε = 9). Relative electronic
energies are listed in italic.
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calculated distance of the Mo to the β-carbon of the vinyl group
is 2.5 Å, while it is 3.1 Å for the α-carbon. Additionally, the two
hydrogen atoms at the β-carbon are moved out of the planar
arrangement, suggesting η1-coordination to Mo through the β-
carbon. Alternatively, 21 may be formed in a reassociative
pathway (TS(2−22)) as depicted in red in Scheme 3 and Figure
4, where a cationic species 22 is formed under initial dissociation
of triflate in the first reaction step, which then undergoes fast
recombination with triflate to form the neutral adduct 21 (see
Figures S107 and S116). While the activation energy barrier of
this reassociative mechanism is 58.0 kJ·mol−1, somewhat higher
for the rate-determining step than for the associative pathway,
the activation free energy barriers are quite similar, ΔG‡

303 =
76.8 kJ·mol−1 (reassociative) vs ΔG‡

303 = 72.8 kJ·mol−1

(associative), which results in an energy difference of the two
transition states ofΔΔErel ≈ 16 kJ·mol−1 and aΔΔG‡

303 ≈ 4 kJ·
mol−1. To further elucidate this finding, we performed BP86/D3
as well as domain-based local pair-natural orbital coupled cluster
(DLPNO-CCSD(T))67,68 single-point calculations on the
converged TS structures, which revealed a ΔΔErel of ∼40
(BP86/D3) and∼44 kJ·mol−1 (DLPNO-CCSD(T)) in favor of
the associative pathway in the gas phase. Thus, the reassociative
mechanism benefits from solvent stabilization, which may open
a route for further catalyst development. As solvent effects are
onlymodeled by the standard conductor-like screeningmodel, it
may affect the accuracy of the description and the energies
obtained. Still, based on the calculated results the reassociative
mechanism may not be ruled out. A third potential reaction
mechanism comprises the (thermally induced) dissociation of
triflate forming the 14-electron cationic catalyst species. While
the activation energy barrier is somewhat higher than for the two

previously discussed mechanisms (ΔE‡ = 71.5 kJ·mol−1), the
activation free energy barrier is ΔG‡

303 = 71.4 kJ·mol−1, even
slightly lower than for the associative pathway. However, this TS
benefits evenmore from solvent stabilization withΔΔErel of∼74
(BP86/D3) and∼65 kJ·mol−1 (DLPNO−CCSD(T)) in the gas
phase, and again the approximative description of the solvent in
the calculations may compromise the accuracy of the calculated
(free) energies. Moreover, here, the complex formed between
the decoordinated solvent and the cationic catalyst is energeti-
cally not favorable. In fact, with our computational methodology
we find that the ion pair is by 5 kJ·mol−1 less stable in free energy
than the TS, which may point to inadequacies in the calculation
of thermal and entropic corrections or insufficient sampling of
the triflate space. On the basis of these considerations, we wish
to exclude this reaction pathway, since it is not in line with
experimental findings, which did not reveal formation of any free
triflate.
Once the adduct 21 is formed, one triflate can dissociate with a

relative energy of the TS(21−22) of 32.1 kJ·mol−1 and a relative
free energy of 58.5 kJ·mol−1 (barrier height ΔErel

‡ = 12.9 kJ·
mol−1 and ΔG‡

303 = 5.9 kJ·mol−1) forming a stable cationic
intermediate 22 (Erel = 10.0 kJ·mol−1 and ΔG303 = 24.2 kJ·
mol−1). 19F NMR spectroscopy (Figure S13) suggests a mixture
of the two species, which is reasonable considering the relative
energies of the two species 21 and 22. The cationic intermediate
22 is proposed to be the reactive species and can undergo ring
closing, surpassing a transition state TS(22−23) with a relative
energy of 76.0 kJ·mol−1 (ΔG303 = 115.0 kJ·mol−1) and a barrier
height ofΔErel

‡ = 66.0 kJ·mol−1 andΔG‡
303 = 90.8 kJ·mol−1 (see

Figure 7) to form the metallacyclobutane 23 (Figure S109, SI).

Alternatively, the neutral adduct 21 may directly undergo ring
closing to form the neutral metallacyclobutane 23a, in which
both triflates are fully coordinated to Mo. However, the
corresponding transition state TS(21−23a) (Figure S119, SI)
is with ΔErel = 126.9 kJ·mol−1 and ΔG303 = 163.9 kJ·mol−1

(barrier height ΔErel
‡ = 107.7 kJ·mol−1 and ΔG‡

303 = 111.3 kJ·
mol−1) rather high in energy, which renders this pathway quite
unlikely. Likewise, the neutral metallacyclobutane 23a (Figure
S110, SI) has also a rather high relative energy of 77.0 kJ·mol−1

and ΔG303 = 119.1 kJ·mol−1, whereas the cationic metal-
lacyclobutane 23 is rather stable (ΔErel = −1.3 kJ·mol−1 and
ΔG303 = 36.1 kJ·mol−1).
To form the transition state for ring closing, the NHC−Mo−

alkylidene angle increases and the 2-methoxystyrene is rotating
anticlockwise, so the two alkylidene units are nearly parallel to
each other (Figure 7). The conformation of the adduct 21, which
was found to be the only stable one, also dictates the
conformation of the metallacyclobutane 23. For cycloreversion
and product formation, the 2-methoxyphenyl moiety has to

Figure 5. Detailed proposed reaction mechanism for the CM of 2
starting from the catalytically active cationic species 22 in the absence of
the decoordinated triflate: (black) predominant reaction pathway;
(green) alternative ring-opening reaction mechanism. Energy of 22 was
arbitrarily set to zero. Relative Gibbs free energies in (kJ·mol−1) were
obtained with BP86/def2-TZVP/D3 using 1,2-dichloroethane as
implicit solvent (ε = 9). Relative electronic energies are given in italic.

Figure 6. Quantum chemically determined adduct structure 21. There
2-methoxystyrene is coordinated trans to the NHC.

Figure 7. Optimized geometry of the transition state for ring-closing
TS(22−23). 2-Methoxystyrene is rotated such that the two alkylidene
groups are almost parallel.
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rotate by ∼180° to allow chelate formation as found in the
crystal structure of 2a. Two potential pathways are possible: The
first entails cycloreversion of 23 to form 24 via a transition state
for ring-opening TS(23-24) with a relative energy of Erel = 32.8
kJ·mol−1 and ΔG303 = 65.9 kJ·mol−1, while the barrier height
amounts to Erel

‡ = 34.1 kJ·mol−1 and ΔG‡
303 = 29.8 kJ·mol−1

(Figure 8). In the transition state, the NHC−Mo−alkylidene

angle increases to almost 180°. The Mo−C bond weakens and
elongates due to the trans effect of NHC, and simultaneously the
C−C bond of 2-methoxystyrene weakens, eventually releasing
RCHCH2. The obtained species 24 (Figure S113, SI), where
the ejected RCHCH2 is treated at infinite distance, is only
stabilized by entropic effects releasing 20 kJ·mol−1 upon
formation (ΔG303 = 45.9 kJ·mol−1). By rotation of the 2-
methoxyphenyl moiety 24′ is obtained (Erel = 2.3 kJ·mol−1 and
ΔG303 = −1.3 kJ·mol−1) (Figure S112, SI). However, due to the
bulkiness of the methoxyphenyl group, its reorientation is rather
hindered with a high-lying transition state TS(24−24’) ofΔErel =
98.0 kJ·mol−1 (ΔG303 = 90.0 kJ·mol−1) and a barrier to rotation
ofΔErel

‡ = 37.4 kJ·mol−1 andΔG‡
303 = 44.1 kJ·mol−1 (Figure 9).

The final product 2a is formed by recombination with the
second triflate and shows the lowest relative energy Erel = −86.9
kJ·mol−1 (ΔG303 = −82.9 kJ·mol−1) of all reaction species.
In an alternative pathway, depicted in green in Scheme 3,

Figures 4 and 5, rotation of the 2-methoxyphenyl unit to form
the ring conformer 23′ occurs (Figure S111, SI). It has almost the
same stability as 23 in terms of energy (Erel = 6.1 kJ·mol−1) and
free energy (ΔG303 = 49.3 kJ·mol−1). For this process, a
transition state with a relative energy of 18.4 kJ·mol−1 (ΔG303 =
57.1 kJ·mol−1) and a barrier of rotation ofΔErel

‡ = 19.7 kJ·mol−1

(ΔG‡
303 = 21.0 kJ·mol−1) was found (Figure S120, SI). This is

followed by a transition state for ring opening TS(23′−24’), for
which a relative energy of ΔErel = 67.8 kJ·mol−1 and ΔG303 =
104.6 kJ·mol−1 (barrier heightΔErel

‡ = 61.7 kJ·mol−1 andΔG‡
303

= 55.3 kJ·mol−1) was determined (Figure S122. SI) to form the
cationic product 24′, which ultimately undergoes recombination
with the second triflate to form the product 2a. While this

reaction pathway is favored in terms of relative electronic energy,
entropic effects render this pathway less favorable, making the
cycloreversion followed by 2-methoxystyrene rotation the
predominant pathway.
Even in the cationic species the triflate stays in proximity to

the Mo center; a distance of 4−5 Å is energetically preferred.
However, the sampling of the conformational space to find the
energy minimum of the triflate turned out to be very challenging.
To access the energetic and structural influence of the weakly
bound triflate, the cationic species 23, 23′, 24, 24′, and the
corresponding transition states were (partially) reoptimized
with various positions of the free triflate. Of course, this does by
no means sample the required phase space; however, results
were very consistent. For all structures and transition states, the
explicit incorporation decreased the relative energy compared to
a triflate at infinite distance to theMo complex by approximately
50 kJ·mol−1 and also decreased free energies, though to a smaller
amount. Almost the same extent of stabilization was found in
case no dispersion interaction was included in the calculation,
suggesting this effect is mainly due to long-range electrostatic
stabilization. Incorporation of a weakly bound triflate forms an
ion pair in the form of a super molecule and made calculation
necessary to obtain the electronic energies as well as free
energies that were comparable along the reaction pathway. In
case the decoordinated triflate was to be treated at infinite
distance to the Mo, energy barriers would have been obtained,
which are way too high compared to experiment. However, we
could compare the relative reaction energies and barriers of the
ion pair with the fully cationic species when starting from the
catalytically active species 22, for which the relative energy was
taken as reference and arbitrarily set to zero and the
decoordinated triflate was treated at infinite distance.
Calculated relative energies and free energies of the cationic

species when starting from 22 (Figure 5) are consistent with
those obtained for the ion pair. Considering the relative energy
differences with respect to 22, both the cationic (in the absence
of the second triflate) and the previously discussed reaction path
with the second triflate present accounted for as an ion pair
complex yield very similar energies (compare Figures 4 and 5).
In both cases, the transition state for ring-closing TS(22−23)
had a barrier of approximately 75 kJ·mol−1 corresponding to an
activation free energy of ΔG‡

303 = 95 kJ·mol−1 (cationic) and
ΔG‡

303 = 90.8 kJ·mol−1 (ion pair complex). The ring-opening
mechanism has a low-lying transition state TS(23-24) with a
relative energy of ΔErel = 29.6 kJ·mol−1 and a free energy of
ΔG303 = 50.7 kJ·mol−1 (barrier heightΔErel

‡ = 32.7 kJ·mol−1 and
ΔG‡

303 = 29.4 kJ·mol−1) yielding 24 with a relative energy of
ΔErel = 28.0 kJ·mol−1 and ΔG303 = 37.0 kJ·mol−1 as shown by
black bars in Figure 5. Rotation of the 2-methoxyphenyl
substituent results in a rather high relative energy of the
transitions state TS(24−24′) with a barrier height of ΔErel

‡ =
65.3 kJ·mol−1, but entropic and thermal effects decrease this to
ΔG‡

303 = 30.4 kJ·mol−1. For the resulting species 24′ a relative
energy of −0.8 kJ·mol−1 is found, whereas ΔG303 = −15.9 kJ·
mol−1. Similarly, as shown in Figure 5 (green structures), the
barrier of rotation for the 2-methoxyphenyl substituent to form
23′ is rather low ΔErel

‡ = 29.1 kJ·mol−1 and ΔG‡
303 = 31.5 kJ·

mol−1 compared toΔErel
‡ = 19.7 kJ·mol−1 andΔG‡

303 = 21.0 kJ·
mol−1 obtained when the second triflate was incorporated in an
ion complex pair calculation. The following ring-opening
transition state TS(23′−24’) has a relative energy and a barrier
height of 61.7 kJ·mol−1 (ΔG303 = 85.9 kJ·mol−1) for the fully
cationic pathway as indicated by the green bars in Figure 5.

Figure 8. Optimized geometry of the ring-opening transition state
TS(23−24).

Figure 9. Optimized geometry of the transition state for methox-
yphenyl rotation TS(24−24′).
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While this alternative pathway is favored in electronic energy,
entropic effects and thermal corrections make it less favorable
compared to the former (black bars in Figure 5). Differences in
free energy between the ion pair complex and the analogous
cationic species, where the decoordinated second triflate is
treated at infinite distance, may arise due to insufficient sampling
of the triflate space or to an incorrect description of the entropic
contributions.
Considering the complete reaction pathway based on the

predicted energies as depicted in Scheme 3 and Figures 4 and 5,
the predominant mechanism with the lowest relative energies of
the transition states comprises the direct formation of the
neutral adduct 21, where the substrate is coordinated to the
neutral catalyst. What follows is dissociation of one triflate, a
transition state for ring closing, TS(22−23), which has the
highest relative energy and is predicted to be the rate-
determining step, a transition state for ring opening (cyclo-
reversion), which has a low barrier, and a rotation of the 2-
methoxyphenyl substituent, which has a somewhat higher
barrier than cycloreversion. Obtained free energies are in line
with experimental findings as summarized in Table 1, where a
free energy of ΔG‡

303 = 80.7 kJ·mol−1 is found for the rate-
determining associative adduct formation step, whereas
calculations predict a value of ΔG‡

303 = 72.8 kJ·mol−1. In
agreement with experiment, the direct association of the
substrate has a significantly lower barrier than the transition
state for ring closing and is not rate determining. On the basis of
the predicted energies, an alternative reassociative mechanism
(shown in red in Figure 4) seems less likely but may not
completely be ruled out, especially because it is very similar in
free energy to the associative mechanism. By contrast, the
alternative neutral ring-closing mechanism (depicted in blue in
Figure 4) is energetically less favorable and thus unlikely to
occur.
Adduct Stability for Various Substrates. To test the

effect of stabilization caused by dispersive π−π stacking
interactions between the N-aryl group of 2 and the phenyl
group of 2-methoxystyrene in 21, a number of substrates were
investigated. Table 2 shows the relative energies with respect to

the free catalysts and substrates investigated. When modifying
the substrate to 2,2-dimethylpent-4-ene the stability of the
adduct decreased by∼12 kJ·mol−1, suggesting a stabilizing effect
of the dispersive π−π stacking interactions. However, even for
ethylene, a stable adduct, although energetically less favorable
(ΔErel = 52.2 kJ·mol−1), was found. If, however, t-Bu-ethylene
was used as a substrate, no stable adduct conformation could be
converged. This can be understood by the steric hindrance of the
t-Bu group, which pushes the substrate away from the Mo
center. To further shed light on this, we also tested a
hypothetical catalyst, 2-N-methyl, in which the Mo(N-aryl)
group is replaced by Mo(N−CH3). The relative stability of

the 2-methoxystyrene adduct decreased only marginally by ca. 5
kJ·mol−1. An adduct comparable in stability was also found for
2,2-dimethylpent-4-ene. Remarkably, it is 7 kJ·mol−1 more
stable than its analogous structure with 2. Again, the t-Bu-
ethylene substrate did not yield a stable adduct, while for
ethylene a stable adduct was converged. In line with the results
for 2,2-dimethylpent-4-ene, this structure was ∼10 kJ·mol−1

more stable than the analogous adduct with 2. Thus, dispersive
π−π stacking interactions do play a role in the stability of the
adduct 21, but they are not the only factor that determine the
formation of this species. Rather, the deformation of the planar
substrate geometry of the ethylene group, which is found for all
species, is indicative of an increasing sp3 character of the carbon
that is closest to Mo and η1-coordination. Bulky substituents at
the ethylene, most prominently, t-Bu, encounter closed-shell
repulsion with the N-aryl group and thus increase the Mo−
ethylene distance, preventing stabilizing interactions. In the case
of 2,2-dimethylpent-4-ene, this destabilizing steric effect is less
pronounced because the t-Bu group points away from theN-aryl
group.

■ CONCLUSIONS

In summary, our combined experimental and theoretical studies
provide strong evidence for an associative mechanism for both
neutral and solvent-stabilized cationic 16-electron Mo imido
alkylidene NHC complexes. Such an associative mechanism is in
stark contrast to the dissociative pathway that was proposed for
solvent-stabilized 16-electron Schrock catalysts, for which
tetracoordinate, solvent-free species were proposed to represent
the active species. In Mo imido alkylidene NHC complexes,
substrate coordinates to the catalyst prior to the release of triflate
or solvent. Indeed, the predominant mechanism for neutral 16-
electron complexes with the lowest relative energies of the
transition states comprises the direct formation of an adduct, in
which the substrate is coordinated to the catalyst. A similar result
was observed for solvent-stabilized cationic 16-electron
complexes; preliminary calculations also suggest a low barrier
for substrate coordination and adduct formation. Detailed
quantum chemical investigations on 2 to form 2a are in line with
experimental findings, where the rate-determining reaction step
is not the initial coordination of substrate to the pentacoordi-
nated (pre-) catalyst but the concomitant CM. Similar to 14-
electron Schrock-type catalysts, the quantum chemically
determined most stable conformation of 21 revealed coordina-
tion of the substrate trans to the NHC. Generally, in Mo imido
alkylidene NHC bistriflate complexes, both adduct formation
and CM can be rate determining, depending on the substitution
pattern of the (pre-) catalyst. For solvent-stabilized catalyst 9, a
very stable adduct was found and the reaction barrier for
acetonitrile dissociation was significantly higher than for triflate
dissociation in 2. Whether this means acetonitrile remains
bound to the catalyst or needs to dissociate before CM is
speculative and requires further investigation. In Mo imido
alkylidene NHC monoalkoxide monotriflate complexes, adduct
formation is slower up to a factor of 11 compared to CM and
thus represents the rate-determining step. By contrast, both in
solvent-stabilized cationic Mo imido alkylidene NHC monotri-
flate and in solvent-free, cationic 14-electron Mo imido
alkylidene NHC monotriflate complexes, CM represents the
rate-determining step. In summary, this study provides a clear
direction for continuing efforts in catalyst elaboration for these
highly promising catalysts for olefinmetathesis. This is especially

Table 2. Relative Stabilities of Various 6-Fold-Coordinated
Adducts with 2 and the Modified Catalyst 2-N-Methyla

substrate/catalyst 2 2-N-methyl

2-methoxystyrene 19.2 24.0
2,2-dimethylpent-4-ene 31.4 24.3
t-Bu-ethylene not stable not stable
ethylene 52.2 40.3

aRelative electronic energies with respect to the free catalyst and
substrate are given in kJ·mol−1.
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true for the design of fully latent, high-Tc precatalysts as well as
for both supported and unsupported cationic catalysts.
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