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Loss and Reformation of Ruthenium Alkylidene: Connecting
Olefin Metathesis, Catalyst Deactivation, Regeneration, and
Isomerization.

Julien Engel,*™ Wietse Smit,"' Marco Foscato,"" Giovanni Occhipinti, * Karl W. Térnroos* and Vidar R.
Jensen™

YInstitute of Organic Chemistry RWTH Aachen University Landoltweg 1, 52074 Aachen, Germany
*Department of Chemistry, University of Bergen, Allégaten 41, N-5007 Bergen, Norway

ABSTRACT: Ruthenium-based olefin metathesis catalysts are used in laboratory-scale organic synthesis across chemistry, largely
thanks to their ease of handling and functional group tolerance. In spite of this robustness, these catalysts readily decompose, via
little-understood pathways, to species that promote double-bond migration (isomerization) in both the 1-alkene reagents and the
internal-alkene products. We have studied, using density functional theory (DFT), the reactivity of the Hoveyda-Grubbs second-
generation catalyst 2 with allylbenzene, and discovered a facile new decomposition pathway. In this pathway, the alkylidene ligand
is lost, via ring expansion of the metallacyclobutane intermediate, leading to the spin-triplet 12-electron complex (SIMes)RuCl,
(3R21, SIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene). DFT calculations predict *R21 to be a very active
alkene isomerization initiator, either operating as a catalyst itself, via a n’-allyl mechanism, or, after spin inversion to give R21 and
formation of a cyclometalated Ru-hydride complex, via a hydride mechanism. The calculations also suggest that the alkylidene-free
ruthenium complexes may regenerate alkylidene via dinuclear ruthenium activation of alkene. The predicted capacity to initiate
isomerization is confirmed in catalytic tests using p-cymene-stabilized R21 (5), which promotes isomerization in particular under
conditions favoring dissociation of p-cymene and disfavoring formation of aggregates of 5. The same qualitative trends in the rela-
tive metathesis and isomerization selectivities are observed in identical tests of 2, indicating that 5 and 2 share the same catalytic
cycles for both metathesis and isomerization, consistent with the calculated reaction network covering metathesis, alkylidene loss,
isomerization, and alkylidene regeneration.

INTRODUCTION

Olefin metathesis is the most versatile tool known for the
formation of carbon-carbon double bonds.' In particular the
ruthenium-based catalysts, such as the Grubbs second genera-
tion catalyst (1, Chart 1)2 and its phosphine-free congener
known as the Hoveyda-Grubbs second generation catalyst 2.’
have become widely used in organic synthesis' and are to an
increasing extent being adopted in industrial valorization of
renewable feedstocks and production of natural products and
pharmaceuticals.*’

Chart 1. Grubbs second generation 1 and Hoveyda-Grubbs
second generation 2 catalysts.
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These developments are striking in view of the low
productivities of the ruthenium catalysts. Even if exceptional
turnover numbers (TONSs, several hundred thousand) have
been reported with some highly reactive substrates and under
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cally deactivate after only a few thousand turnovers,”’ as
compared to TONs typically in the range of one to ten million
for industrial processes.” Even after 20 years of effort in aca-
demia and industry, these catalysts are possibly the least pro-
ductive of any class of commercial, industrially used catalysts.
The high catalyst loadings consequently required are the most
important factor limiting further industrial uptake. Loadings of
several mole percent are common in natural products synthe-
sis’ and can approach stoichiometric amounts for peptide mod-
ification reactions such as stapling.'” High catalyst loadings
are costly, unsustainable given the scarcity of ruthenium, and a
critical concern in pharma, where metal residues in drugs are
strictly limited.

In addition to the need for high catalyst loadings, catalyst
decomposition leads to species that promote olefin isomeriza-
tion in the form of double-bond migration. In some cases
isomerization may compete with, or even dominate over, me-
tathesis and thus seriously compromise both selectivity and
yield."""® Even if metathesis-related isomerization may some-
times be exploited for synthetic purposes,” this side reaction
is a symptom of catalyst decomposition and is usually an un-
wanted companion to metathesis.

Unfortunately, rational design of more stable catalysts has
so far been hampered by poor insight into the mechanism of
decomposition. Valuable insight could come from identifica-
tion of isomerization-active species, but the nature of these
decomposition products still remains elusive. Ruthenium hy-
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drides are widely thought to be responsible, but none of the
known metathesis-related hydrides'>'* appear to be sufficient-
ly isomerization active,"” or to form fast enough,'® to explain
the quantities of isomerization observed during metathesis."
Instead, in a recent contribution from Fogg and co-workers,
metathesis has been shown to lead to formation of ruthenium
nanoparticles estimated to account for ca. 50% of the substrate
isomerization."” The identification of the involvement of na-
noparticles is an important step forward. However, decompo-
sition reactions leading to both the isomerization-active mo-
lecular species and the nanoparticles are still unknown, which
makes it difficult to prevent catalyst decomposition and isom-
erization.

Three guidelines may help guide the search for candidate
decomposition reactions: First, the relatively low TONs for
common metathesis catalysts™’ imply that decomposition typi-
cally should be three to four orders of magnitude slower than
metathesis, which (according to transition state theory) trans-
lates into a difference in rate-determining barriers amounting
to ca. 5 to 7 kilocalories per mole. Second, isomerization is a
symptom of catalyst decomposition, and a candidate decom-
position pathway should lead to highly active olefin isomeriza-
tion catalysts. A good portion of the decomposition must
therefore be substrate-triggered, as absence of 1-alkene sub-
strate leads to decomposition products mediating isomeriza-
tion with too low rates.'® Third, these catalysts should operate
with a mechanism consistent with the experimental observa-
tions, in particular the information derived from the deuterium
labeling study of Wagener and co-workers." Addition of deu-
terated allyl ethers to 1 led to both 1,2- and 1,3-deuterium
shifts. Whereas 1,2 shifts are inconsistent with a mechanism
involving an allyl-hydride generated by oxidative addition of
the substrate, both shifts are possible with a mechanism in-
volving a preformed ruthenium hydride. Indications as to the
nature of the ruthenium hydrides involved were obtained by
using an analogue of 1 bearing deuterated o-methyl groups on
the aromatic rings of the NHC ligand (3, Chart S1). Deuterium
from 3 was observed in the isomerization products, suggesting
that an unknown, active Ru-D species is formed via C-D acti-
vation of the CD; groups.' Activation of N-heterocyclic car-
bene (NHC) aryl C—H bonds of ruthenium olefin metathesis
catalysts is indeed a well-known catalyst deactivation reac-
tion,"*” but so far no such C—H activation products, hydride
or other, with appreciable isomerization activity have been
identified.

Identifying such isomerization-active decomposition
products and to establish a decomposition-isomerization reac-
tion sequence consistent with the above three guidelines was
the goal of this work. In particular, when looking for substrate-
triggered decomposition reactions (following Guideline 2), we
hypothesized that 1-alkenes might induce a 1,2 hydride shift
that leads to catalyst decomposition. In fact, a 1,2 hydride shift
is part of the only known and well-understood substrate-
triggered decomposition mechanism. The latter mechanism
involves breakdown of the unsubstituted metallacyclobutane
generated by cycloaddition of ethylene to ruthenium methyli-
dene, and proceeds via an allyl hydride to liberate
propene.21’22'24

Indeed, using allylbenzene as a model 1-alkene substrate
in density functional theory (DFT) explorations of decomposi-

tion mechanisms, we discovered a surprisingly facile (con-
sistent with Guideline 1), stepwise 1,2 shift leading to a break-
down of the metallacyclobutane and loss of methylidene anal-
ogous to that triggered by ethylene. The alkylidene-free ruthe-
nium complex is predicted to be a highly efficient initiator for
olefin isomerization (Guideline 2), including via a hydride-
based mechanism (Guideline 3). Finally, the isomerization-
activity of the alkylidene-free complex was confirmed by syn-
thesizing and testing a donor-stabilized version of this com-
pound.

RESULTS AND DISCUSSION

In the first subsection below we establish, using DFT, a
reference free energy and a corresponding overall barrier to
olefin metathesis. In subsequent subsections we compare this
barrier to those of decomposition reactions, before we move
on to study substrate isomerization.

Scheme 1. The mechanism of metathesis homocoupling of
allylbenzene and the rate-determining transition state,
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“Gibbs free energy, in kcal/mol, relative to precursor 2. After
initiation (to reach OMS5), alkene binding and dissociation reac-
tions are assumed to occur with low or no barrier on the potential
energy surface (PES),” and are unlikely to influence the kinetics
significantly.?®

The olefin metathesis reference reaction. The reference
state against which all free energies will be calculated, unless
otherwise stated, is that of catalyst precursor 2. From 2, homo-
coupling of a given substrate requires three metathesis events:
the first to initiate the catalyst by replacing the precursor al-
kylidene and another two to complete the productive coupling
between two substrate molecules. The rate of isomerization
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seems to be independent of the initiation rate,”’ and only the
barrier to productive metathesis is considered here in compari-
sons with barriers of candidate decomposition reactions. Con-
sistent with findings of computational mechanistic studies,”®
the transition state of cycloreversion (TSomsoms, Scheme 1)
has been taken to be rate determining for metathesis in the
present work. This means that, for our model substrate al-
lylbenzene, an olefin known to be prone to isomerization,” the
barrier to metathesis is determined by AG* = G(TSomsoms) —
G(2) = 23.5 kcal mol™. This and other barriers calculated rela-
tive to 2 will, in general, not be kinetically relevant absolute
barriers. However, differences between such barriers should
translate into differences in rate constants.

The allyl-hydride ruthenacyclobutane decomposition.
A summary of the computational checks as to whether the n’-
allyl mechanism might compete with olefin metathesis is giv-
en in the following; see SI for details. We first recalculated,
using the current computational model, the ethylene-triggered,
n’-allyl route to loss of methylidene, proposed by van Rens-
burg and co-workers™>** (Scheme S2), and found the key tran-
sition state for B-hydride transfer in the unsubstituted ruthena-
cyclobutane to form the more stable allyl-hydride to be of only
1.3 kcal mol™ higher free energy than that of self-metathesis of
allylbenzene (Scheme 1). This confirms the detrimental effects
of ethylene.”**

However, not even careful removal of ethylene during
metathesis and low catalyst loading to minimize decomposi-
tion via dinuclear ruthenium complexes'****" are enough to
stop catalyst decomposition.”> When searching for alternative
culprits, the fact that decomposition products generated in the
absence of an olefinic substrate are not isomerization-active
enough'® should be guiding. This is corroborated by our failed
attempts at finding facile pathways, without involvement of a
substrate, to ruthenium hydrides via activation of C—H bonds
of NHC mesityl methyl groups in both catalyst precursor 2 and
the corresponding methylidene analogue; see the SI.

Instead, the above-described facile ethylene-triggered n’-
allyl-hydride decomposition mechanism led us to hypothesize
that 1-alkenes may trigger a similar loss of methylidene. To
follow the hypothesis we used allylbenzene as substrate in the
van Rensburg mechanism (Scheme S2) and found the overall
barrier to decomposition, via TSom7vr3a, to be 9.0 keal mol™
higher than the barrier to self-metathesis. This difference in
barriers is not far from the range (5-7 kcal mol™; see the Intro-
duction) required for candidate decomposition routes, suggest-
ing that this is a catalyst decomposition pathway worth pursu-
ing. The higher barrier to allylbenzene-triggered decomposi-
tion is reflected in a relatively late transition state for f3-
hydride transfer (Ru-Hg = 1.63 A compared to Ru-Hp = 1.79
A for ethylene). To reach the allylbenzene-triggered transition
state, a stronger Ru—H bond must be formed to compensate
for the weaker Ru-C, interactions (Ru-C, = 2.20 A compared
to Ru-C, = 2.13 A for ethylene) formed by the primary carbon
atom compared to the more symmetric and n’-allyl-like transi-
tion state of the ethylene-triggered reaction. The question is
whether 1-alkenes still can trigger methylidene loss by follow-
ing a different route for the 1,2-shift.

Alternative 1-alkene-triggered route to methylidene
loss. To build on the above-mentioned, established ethylene-
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triggered decomposition of the unsubstituted ruthenacyclobu-
tane, the exploration of new pathways for 1-alkene-triggered
decomposition will assume substrate binding and cycloaddi-
tion to the 14-electron ruthenium methylidene OMS (Scheme
1). This intermediate is not produced in metathesis of internal
alkenes, for which catalyst decomposition is much less pro-
nounced than for 1-alkenes,” and it is generally assumed that
methylidene intermediate OMS is implicated in catalyst de-
composition, while the catalyst precursor plays, if any, a very
minor role.'*'**

As shown in the complete 1-alkene-triggered decomposi-
tion pathway of Scheme S5 (see Scheme 2 for a summary),
coordination of the substrate allylbenzene to OMS gives the nt-
complex OM6 (14.7 kcal mol'l), from which cycloaddition,
leads to the metallacyclobutane OM?7 (2.7 kcal mol™). Look-
ing for alternatives to a direct 1,2-hydride shift in OM7, we
noted that ethylene trimerization and tetramerization catalysts
achieve excellent selectivity by expanding metallacycles (via
insertion of ethylene) until the rings reach sufficient flexibility
so as to undergo the 1-alkene-releasing B-hydride transfer.”*
We thus wondered whether expansion of the four-membered
ring of OM7 (Scheme 2) might facilitate the hydride shifts
leading to loss of methylidene. Indeed, from the trigonal bi-
pyramidal metallacyclopentane R8, which is less stable, by 4.2
kcal mol'l, than OM7, a 1,3-shift to the former methylidene
moiety, along with scission of the ruthenium—carbon bonds,
leads to a m-complex, R9 (13.0 kcal mol") with an agostic
bond between the terminal methyl group of B-ethylstyrene
(ES) and ruthenium. The reductive elimination via TSggre
(24.5 keal mol”', Scheme S5) is only 1.0 kcal/mol more costly
(relative to 2) than productive self-metathesis (Scheme 1).

The question is thus whether the starting point of this fac-
ile reductive elimination, the metallacyclopentane R8, can be
reached from the metallacyclobutane OM?7. A direct 1,2-
hydrogen shift, via TSom7rs, has a prohibitively high barrier
(39.6 kcal mol'l) relative to 2 (Scheme S5). Remarkably how-
ever, the barrier can be reduced to below 30 kcal mol™ by per-
forming the 1,2-shift in a stepwise manner. The rate determin-
ing of these steps is the formation of the agostic RS via
TSgraprs (29.5 kcal mol ™, optimized geometry in Figure S18).
In comparison, the subsequent formation of hydride complex-
es R6A and R6B and completion of the 1,2-shift to reach R8
involve relatively facile steps. In other words, ring expansion
of the metallacyclobutane intermediate OM7 gives the metal-
lacyclopentane R8 with an overall barrier, via TSg4prs (29.5
kcal mol™), only 6.0 kcal mol™ higher than that of the rate-
determining step of metathesis homocoupling of allylbenzene
(Scheme 1).

The subsequent rupture of the five-membered ring of R8
to form R9 (Scheme S5) is comparably fast, which means that
allylbenzene-induced methylidene loss from OM5 may occur
with an overall barrier in agreement with Guideline 1 (5-7 kcal
mol™) of the Introduction. Alternative pathways exist (see SI),
but none can compete with that of ring expansion to R8 and
rupture to give R9, which is favored by 3 kcal mol” compared
to the barrier defined by TSom7vrsa Of the van Rensburg
mechanism (Scheme S2). This energy difference is small but
confirmed using two different density functionals (PBE-D3BJ
and MO06; see Table S8).
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Scheme 2. 1-alkene-triggered metathesis catalyst decomposition starting from the metallacyclobutane OM7.”
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“Gibbs free energies (geometry optimization: ®B97XD/cc-pVDZ, single-point energies: PBE-D3BJ/cc-pVQZ; see SI for details), in kcal
mol ! relative to Hoveyda-Grubbs second-generation catalyst 2 (L = SIMes, see Scheme 1), are given in square brackets. See Scheme 1 for
the metathesis steps leading to the metallacyclobutane intermediate OM7 from 2, and see Scheme S5 (SI) for additional intermediates and
transition states. The Gibbs free energy of minimum energy crossing points (MECPs) has been estimated as described in ref *°. After cata-
lyst initiation, the alkene binding and dissociation reactions are assumed to involve low or no barrier on the PES,” and are unlikely to in-

fluence the kinetics significantly.?®

Finally, liberation of B-ethylstyrene from R9 is thermody-
namically favored and proceeds via a facile change of spin
state™ to the spin-triplet *R9, which is 17.5 kcal mol” more
stable than the singlet, followed by the alkene dissociation,
which can be assumed to occur without a barrier on the poten-
tial energy surface (PES).>>*® The resulting ruthenium species
is the three-coordinate, 12-electron dichloride *R21 that would
also result from dissociation of the alkene ligand from the final
complex of the van Rensburg mechanism (VR4 and VR4A in
Scheme S2). In other words, three distinct and relatively facile
routes lead to the 12-electron intermediate. Two of these
routes proceed via OM7, which is a key intermediate of me-
tathesis homocoupling. The most favored of the latter two
pathways requires only 6.0 kcal mol”' more activation (via
TSgrap/rs at 29.5 kcal mol™ relative to 2) than metathesis.

This implies (from transition state theory) that decomposi-
tion to form *R21 is three orders of magnitude slower than
metathesis, and that one catalyst molecule is lost for every
1000 metathesis turnovers or so, suggesting that our calculated
route to “R21 could be a significant cause of metathesis cata-
lyst decomposition. In fact, pyridine-adducts (with three coor-
dinated pyridine molecules, presumably a spin-singlet com-
plex) of this 12-electron compound have been isolated as me-
tathesis catalyst decomposition products.”

In comparison, *R21 itself is only a short-lived intermedi-
ate. Still, it is, in fact, more stable than the 14-electron methyl-
idene OMS, as judged from the lower calculated free energy
of *R21. The latter, even if being a 12-electron complex, in-
creases its stability by occupying the same number (seven) of
molecular orbitals as OMS.

The allylic isomerization cycle. Allylbenzene binding to
*R21 leads, via *R22 (3.9 kcal mol”, Scheme S6) and facile
spin crossover,35 to the singlet R22, at —8.4 kcal mol™. From
R22, hydride transfer to ruthenium to reach the n3-allyl com-
plex R23 is facile. The subsequent rotation of the substrate via
TSr23/r24 1S, consistent with earlier s‘[udies,36 associated with a
comparably high free energy (8.3 kcal mol™) and results in the
relatively stable n’-allyl hydride R24.

From R24, a facile second hydride transfer generates the
isomerized B-methylstyrene coordinated to ruthenium, R25. A
second spin crossover brings the system back to the spin-
triplet PES, but at an overall cost (5-9 kcal mol‘l)35 likely to
contribute to determining the efficiency of the allylic isomeri-
zation cycle. Finally, R25 liberates the B-methylstyrene isom-

erization product and regenerates “R21, at -9.7 kcal mol” and
thus 5.3 kcal mol™ lower than at the start of the cycle, reflect-
ing the reaction exergonicity (see Scheme 3).

A similar n’-allyl hydride isomerization mechanism, albe-
it without consideration of spin crossover, was originally sug-
gested as a catalyst decomposition pathway”* but has also been
explored computationally in isomerization of propene.”**®

The efficiency of the allylic mechanism is largely deter-
mined by the two relatively stable intermediates with =-
coordinated olefin (R22) or allyl (R24). The effective barriers
to allyl formation from R22 (R22 > TSgarz4) and to spin
inversion in the product internal olefin complex from R24
(R24 > MECPg,;s) are in the same range (16-17 kcal mol'l)
and both can be expected to contribute to determining the rate
of isomerization for most relevant substrate concentrations;
see the energetic span models® of the SI. Assuming no com-
peting reactions or deactivation from the allylic cycle and a
spin-change barrier for MECPg,s in the middle of the range
(5-9 keal mol™), the turnover frequency (TOF) is estimated to
be in the range 1-1.5 s and to fall below 1 s only for very
low substrate concentrations (< 1 mM), for which the olefin-
free *R21 takes over from R22 as a rate-relevant intermediate.

C-H activation and hydride-mechanism isomerization.
In addition to mediating the above n’-allyl-type isomerization,
the 12-electron spin-triplet *R21 may initiate intramolecular
C-H activation and hydride-mechanism isomerization. How-
ever, this requires spin pairing, which costs 11-15 kcal mol
relative to 2. The resulting spin-singlet R21 is electron defi-
cient, very reactive, and may insert into a NHC o-methyl C-H
bond to form the ruthenium hydride R27 without activation
barriers.” Coordination of allylbenzene to R27 is slightly en-
dergonic and results in m-complex R28 (2.1 kcal mol™), from
which the substrate inserts into the ruthenium hydride bond.
The hydride formed initially (R29A) rearranges to the more
stable R29B, from which a B-hydrogen may be eliminated
with a barrier (via TSgyepr3e) 7.6 kcal mol” above R29B.
From the resulting t-complex hydride R30, the subsequent 3-
methylstyrene dissociation is exergonic by more than 12 kcal
mol™, and the alkene-free hydride (R31) may isomerize to
R27, from which another isomerization cycle may begin.

In neat allylbenzene the rearrangement R31 - TSgsira7
(10.8 kcal mol™ in standard-state conditions; see SI) is to a
large extent rate determining, while the corresponding energy
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Scheme 3. Isomerization and alkylidene regeneration initiated by ’R21.°

Ru-alkylidene
formation

ph 7

Clo, \ L= R * Ri=
p-cymene “CI / cl’ _\—Ph cl’
/ \ /
OM1 + OM5 |-2.8]
TSsiomi+oms [1.7]
TSVARsR21
[17.5

Ph ¥

r.c r.c

TSRr21/R26A Moo N/\\ : C-H activation
ol 78] ¢ fN
p-cymene c’ v Ru@\ TSRF;‘;’TZGB
/ .
R21 [13.1] (7.8) cl \
cl, \ R26A [5.2]
L—Ru—0 -
u\ AV TSVARR21/r22 N N
Cl 117.5] TSr31r27 Mes™ 76
2 0.0] [4 0] CI—Rux
TSraBIRS 2 H
[20.5] 9:®\ R27 [-1.3 | (-6.6)
N "Nph A
MECPRZZ C' R31 [-6.8 |
%x Ph\/\
Ph-/
3R21 [ 4.4)(-9.7) 7
hydrid i
Ph\/\ Z (I;Ilee Ph\/:
| cl Y y R28 [2.1]
c n3-allyl Y
Ph/}\/ cycle cl : Ph R0 [5:3] TSrosiR20A
8.1
3R25[-7.0] R22 [-8.4] TSr2oe/R30 [81]
[6.8]
\\ / Mes;NﬁN 5
MECP = .
st C|VRU TSr23/R24 Ph\/ﬁu\/
8.3] cr & R29A [8.2]
R24 [ 9.2| Ro9B |05 TSr29a/R298

[8.9]

“Gibbs free energies (geometry optimization: ®B97XD/cc-pVDZ, single-point energies: PBE-D3BJ/cc-pVQZ; see SI for details), in kcal
mol™ relative to precursor 2 and allylbenzene, are given in square brackets (L = SIMes, see Scheme 1). Each allylbenzene isomerization
cycle is exergonic by 5.3 kcal mol™. The exergonicity is indicated by the relative free energies, given in parenthesis, for the species to
which allylbenzene is coordinated to initiate a new isomerization turnover. These energies thus reflect that one isomerization cycle has
been completed. See Scheme S6 (SI) for additional intermediates, transition states, and disfavored reaction pathways. The Gibbs free ener-
gy of minimum energy crossing points (MECPs) has been estimated as described in ref **. The Gibbs free energy of variational transition
states (TSVAR) of diffusion-limited bimolecular reactions lacking transition states on the PES has been estimated as described in ref 2.

span R31 2 TSgyoaraes (10.4 kcal mol'l) is the most im-
portant for lower substrate concentrations. The latter barrier
envelopes allylbenzene coordination, and the rate is therefore
predicted to be dependent on the substrate concentration, but
with a TOF significantly higher (e.g., 1300 s at a allylben-
zene concentration of 0.02 M; see SI) than that of the above
allylic cycle for all relevant concentrations.

Regeneration of ruthenium alkylidene. Arene-stabilized
R21 and analogues thereof are known as olefin metathesis

catalysts,”*" and should therefore be expected to form ruthe-

nium alkylidene in situ. Using DFT, Buchmeiser and co-
workers investigated alkylidene formation from p-cymene-
stabilized R21 and functionalized norbornene substrates.*’
Their results indicate that the energy differences between the
most stable ruthenium-norbornene n-complexes and the transi-
tion state for the alkylidene-forming hydrogen shift between
the two carbon atoms of the alkene bond are very high (> 40
kcal mol™). Instead, inspired by the relatively stable olefin and
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n’-allyl complexes of the allylic mechanism, we have studied
two other substrate-induced routes to alkylidene, the details of
which are given in the SL.

The first of these pathways is essentially the reverse of the
alkylidene-loss reaction of van Rensburg (Scheme S2) and
starts from allyl hydride R23. The second starts by oxidative
addition of two substrate molecules followed by ring contrac-
tion. Both involve rate-determining transition states with a free
energy 26-27 kcal mol” above that of R22, the most stable
pre-barrier intermediate. These barriers are much higher than
that of isomerization itself and the two alkylidene-formation
pathways starting from the n’-allyl cycle cannot be expected to
be very efficient.

In the search for a more favorable pathway we noted that
bimolecular coupling of metathesis catalyst molecules leading
to loss of alkylidene is a known decomposition reaction.>"'
Although no molecular-level calculations have been reported
for this reaction and few mechanistic details are known, the
key transition state of bond-breaking and formation should be
that of coupling of two alkylidenes to form an alkene mole-
cule. The reverse reaction, here termed alkylidene formation
via dinuclear ruthenium alkene activation, should proceed via
the same transition state. This transition state (TSsomi+oms
Scheme 3) is of remarkably low energy (1.7 kcal mol™ relative
to 2). Thus, the facile interconversion between alkylidene and
alkene implied by the energy of TSsomi+oms strongly suggest
that the metathesis activity observed for arene-stabilized R21
and analogues thereof*”*" is due to dinuclear ruthenium alkene
activation. The detailed reaction mechanism leading to this
transition state via coupling of ruthenium complexes and bind-
ing of alkene is the subject of a future study. However, the
much higher barrier (at 17.5 kcal mol™, via TSVARGsg,,) for
dissociation of p-cymene from 5 compared to that of the al-
kene scission to give alkylidene (TSsomi+oms), makes p-
cymene dissociation stand out as the most likely rate-
determining step of the alkylidene formation from 5.

Predicted overall reactivity of the 12-electron com-
pound and its 18-electron adducts. DFT-calculations predict
’R21 to be a key catalyst decomposition intermediate that re-
acts readily with alkene substrates. In particular, according to
the calculations, this intermediate can initiate efficient double-
bond migration via two different mechanisms. To validate the
predicted isomerization activity, one should ideally test the
catalytic properties of *R21 itself, but preparing and testing a
12-electron Ru(Il) compound is very challenging. Thus, as
will be detailed below, the synthetic target for experimental
follow-up is complex 5, which is stabilized by a p-cymene
molecule (Scheme 3). Dissociation of p-cymene generates the
12-electron compound. However, unlike the 12-electron com-
pound, which has a spin-triplet ground state, the 18-electron p-
cymene adduct has a spin-singlet ground state, with the triplet
being more than 15 kcal mol less stable and requiring a cost-
ly spin inversion if it is to be generated from 5. Thus, instead
of reaching the 12-electron compound via the triplet 5, p-
cymene is predicted to dissociate from 5 to give the bent (Cl-
Ru-Cl = 124.7°), spin-singlet R21. At high concentrations of
p-cymene, little R21 will be liberated. In fact, a similar effect
should be expected for other arenes, such as benzene and tolu-
ene. The latter has a calculated binding free energy (16.3 kcal
mol‘l) to R21 only 2 kcal mol™ lower than that of p-cymene.

In other words, the observed isomerization activity of 5 as

well as 2 and other metathesis catalysts should be higher in
. 6 . .

solvents that do not contain n’-coordinating arenes or other

groups able to saturate R21.

From the high-energy R21, at least three different routes
require little or no activation: (i) the complex may undergo
spin inversion to reach *R21, (i) it may form a relatively sta-
ble spin-singlet olefin adduct R22 and thus enter the allylic
isomerization cycle, and (iii) the electron-deficient ruthenium
atom may insert into a methyl C—H bond of the mesityl and
thus enter the hydride isomerization cycle. As the C—H activa-
tion step depends on the unsaturated ruthenium center, en-
trance into the hydride cycle (iif) will be disfavored by high
concentration of the alkene substrate. In neat substrate, sub-
strate binding to reach R22 will not be limited by diffusion®
and will be barrierless. The resulting R22 and other complexes
of the allylic cycle are thermodynamically more stable than
the hydride-cycle counterparts, which will limit the population
of the latter. But even under conditions favoring species of the
allylic cycle, the hydride cycle will contribute to isomerization
as it is much more efficient. In general, both cycles will thus
be responsible for the observed isomerization, and it may be
difficult to establish their relative importance.

In addition to the above three facile pathways (i)—(iii)
starting from R21, alkylidene formation via dinuclear rutheni-
um alkene activation also appears to be possible and involves
dissociation of p-cymene from 5 and coupling of two different
ruthenium complexes and a substrate, although the mechanis-
tic details will have to be left for a future study.

Synthesis of predicted isomerization catalyst precur-
sor. 18-electron adducts such as the p-cymene-stabilized com-
plex 5 (Scheme 4), are known.******** In fact, 5 and ana-
logues based on unsaturated NHC ligands (e.g., IMes = 1,3-
bis(2,4,6-trimethylphenyl)imidazol-2-ylidene and IDipp = 1,3-
bis(2,6-diisopropylphenylimidazol-2-ylidene) have been stud-
ied as olefin metathesis catalysts.”>™ Thus, complex 5 is a
realistic synthetic target and will generate the isomerization-
active 12-electron compound on dissociation of the p-cymene
ligand. Still, 5 itself has so far only been synthesized in situ.**
For example, whereas (IMes)(n’-p-cymene)RuCl, was easily
prepared by reacting (p-cymene)RuCl, dimer 4 with two
equivalents of IMes, corresponding attempts at reaching 5
mainly gave undefined hydridic decomposition products.*
Modifying these procedures to ensure excess p-cymene by
performing the reaction in a mixture of THF and p-cymene
resulted in a simple protocol for the synthesis of 5; see
Scheme 4.

Scheme 4. Synthesis of compound 5.

L

cL, |

Ru

CNIAND 2L o

Ru Ru 2 @
Q\CI/ “al THF/p-cymene

5 (26%
4 I\ (26%)

L= Mes/N‘\v_/’N‘Mes

Mes = mesityl
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After the reaction, most of the THF was removed in vac-
uo, and, at low temperature (—32°C), small red crystals suita-
ble for synchrotron-radiation X-ray structure analysis (Figure
S6) were obtained from the resulting concentrated solution.
Compound 5 can be described as a distorted octahedral com-
plex with an axial carbene ligand (SIMes), two cis-positioned
equatorial chloride ligands, and the n°-bound p-cymene ligand
occupying distorted axial and equatorial positions. The bond
distances and angles are comparable to those of the IMes-
coordinated analogue of 5.%

Complex 5 as isomerization catalyst. Initially, 5 was
tested in neat allylbenzene, using elevated temperatures (80-
100°C) and low catalyst loadings (1-100 ppm) to promote
dissociation of the n’-bound p-cymene; see Scheme 5 and
Table 1.

Firstly, consistent with computational prediction, S pre-
dominantly catalyzes alkene double-bond migration. Although
the isomerization is usually accompanied by olefin metathesis,
5 has a much higher selectivity for isomerization than the
Hoveyda-Grubbs second generation catalyst 2 under similar
conditions; see entries 1 and 7, and 4 and 8 in Table 1. It
should be noted that, when olefin metathesis operates along
with double-bond migration, in addition to self-metathesis (7)
and isomerization (8) of the substrate, other, secondary isom-
erization products may be generated from the transformation
of the latter compounds.*® Thus, to evaluate the selectivities of
the catalyst toward isomerization, the combined yields of the
primary (8) and secondary isomerization products (together
labeled ISO) have been compared to the total yields that also
include the self-metathesis product 7;*” see Scheme 5 and SI.

The selectivity toward isomerization increases with de-
creasing catalyst loading (Figure 1 and entries 1-4 and 6), with
8 being the sole product detected when using only 1 ppm of
complex 5 (entry 1), and high temperature also favors isomeri-
zation (entries 4 and 5). This suggests that alkylidene for-
mation via dinuclear ruthenium alkene activation (Scheme 3)
may compete with isomerization. Since dissociation of p-
cymene appears to be rate limiting (see above), the rate of the
dinuclear ruthenium alkene activation to give alkylidene is
expected to be first order in 5 at elevated catalyst concentra-
tions, but should approach the second order at very low con-
centrations of 5. Accordingly, the rate of alkylidene formation
should be at its maximum at the start of the experiment, and
fall as the concentration of 5 drops. This is consistent with the
observed falling metathesis activity with the progress of the
reaction (Figure 2) and at lower loading of 5 (Figure 1).

Scheme 5. Conversion of allylbenzene into metathesis and
isomerization products with 2 and 5.

cat. ther
Ph 0
\/\Ph > @Ph + wPh + isomerization
products
6 7 8 y
N
ISO

Table 1: Conversion of neat allylbenzene and selectivity
toward the isomerization products (ISO).

entry cat. cat load. T t (h) Conv. ISO

Journal of the American Chemical Society

(ppm) (°C) %) (%)
1 5 1 80 1 1 100”
20 4 100°
2 5 3 80 1 3 73?
5 5 80 1 4 67"
4 5 10 80 1 8 63"
4 17 79?
5 5 10 100 1 12 75?
4 28 86”
6 5 100 80 1 47 51
7 2 1 80 1 10 22°
4 11 32?
8 2 10 80 1 83 8
4 93 14
9 - - 80 4 0 -

“Combined yields of the primary (8) and secondary isomerization
products (together labeled ISO)* compared to total yields also
including the self-metathesis product 7, as determined by 'H
NMR and GC analysis. “Compound 8 was the only observed
isomerization product.

100} @
90+
x 80r
o
12} °
701
@
®
601
500 ‘ ‘ . »
1510 20 40 60 80 100

catalyst loading of 5, ppm

Figure 1. Percentage of isomerization products (ISO (%)) in the
converted allylbenzene at increasing loading of S, after one hour
and at 80°C. See Table 1, entries 1-4 and 6.

The above-described barrierless entry, via route (i), into
the hydride-mechanism isomerization cycle suggests that hy-
drides such as R27 might form in the absence of alkene. In-
deed, higher isomerization activity and selectivity were ob-
served in experiments in which 5 was preheated in toluene in
the absence of substrate; see Table S2. Variable-temperature
'H NMR studies indicate that this additional isomerization, at
least partly, could be caused by a ruthenium hydride; see Fig-
ure S2. However, mercury-poisoning experiments'’ indicate
that heating 5 in the absence of substrate also generates isom-
erization-active ruthenium nanoparticles; see Table S2. Simi-
lar signs of ruthenium nanoparticles are not observed in ordi-
nary catalytic tests without preheating of 5.
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70t concentration of 5
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® 5ppm
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651
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L L

60—
1 4 24

time, h
Figure 2. The percentage of isomerization products (ISO /%) with
time during conversion of neat allylbenzene with 5 at 80°C. See
entries 2-4 of Table S2 in the SI.

The above considerations and observations suggest that
more weakly coordinating solvents, without the possibility to
stabilize R21 by n’-coordination, in combination with low
catalyst and substrate concentrations should promote genera-
tion of ruthenium hydrides and thus isomerization. In addition,
polar solvents are expected to disfavor formation of the dinu-
clear ruthenium complexes of the alkylidene formation path-
way (Scheme 3). This means that non-polar and
n’~coordinating solvents like toluene and p-cymene should
favor olefin metathesis, while non-coordinating and more po-
lar solvents such as tetrahydrofuran and dichloromethane
should promote olefin isomerization. Indeed, tests of 5 in a
solution of allylbenzene in pentane, including 10% of di-
chlorometane (here termed a P/D mixture) to fully dissolve the
complex, confirm the isomerization-boosting effect; see Table
2. For example, at room temperature, almost all the allylben-
zene is converted to the isomerization product 8 in just one
hour (entry 1), which is very different from that obtained in
toluene solution (entry 9). The catalytic potency of 5 is per-
haps best illustrated by the fact that, in the P/D mixture, turno-
ver frequencies (TOFs) and numbers (TONs), essentially stay
intact even in dilution (0.25 puM, entry 6) typical of solvent
impurities.® And remarkably, not even traces of the self-
metathesis product 7 or other secondary isomerization prod-
ucts could be detected in any of the catalytic tests of 5 in
weakly coordinating solvents (P/D mixture or THF) in Table
2. In other words, the proposed catalyst decomposition product
*R21/R21, which here is liberated upon dissociation of p-
cymene from 5, may affect the outcome of metathesis experi-
ments even when present in tiny concentrations. Moreover, the
catalytic activity of 5 only decreases moderately with the sub-
strate dilution (Figure 3), consistent with the computational
predictions for both the allyl and the hydride cycle.

In striking contrast with the above perfect selectivity for
isomerization, self-metathesis dominates in identical concen-
trations of 5 in toluene (entry 9). This is expected from the
above-discussed thermodynamic stability of 18-electron tolu-
ene-analogues of 5 in such conditions, and the suggested ten-
dency of such complexes to form alkylidene via dinuclear

ruthenium alkene activation. In fact, similar results, albeit with
a somewhat higher selectivity for olefin metathesis, were rec-
orded under identical conditions using the Hoveyda-Grubbs
second-generation catalyst 2 (entry 10), suggesting that, under
these conditions, 5 is partly converted to alkylidene at the start
of the experiment.

Table 2: Conversion and selectivity toward isomerization
(ISO) of allylbenzene at high substrate dilution and room
temperature (22 °C).

entry cat. cat. sol- [S] t conv. ISO
load.  ventS vy M (%" (%)
(mol%)

1 5 1 P/D* 20 1 96 100°
4 100 100°

2 2 1 P/D* 20 1 52 13
4 63 33

3 5 1 P/D* 10 1 94 100°
4 100 100°

4 5 1 P/D* 5 1 81 100°
4 100 100°

5 5 1 P/D* 0.25 1 49 100¢
4 93 100°

6 5 0.1 P/D* 0.25 1 3 100°
4 9 100°

26 25 100°

7 5 1 THF 20 1 91 100¢
4 98 100°

8¢ 2 1 THF 20 1 44 37
4 83 64

9 5 1 C,Hg 20 1 51 22
4 70 36

10° 2 1 CHg 20 1 52 13
4 75 25

“y-Pentane/dichloromethane (9:1). *Combined yields of the pri-
mary (8) and secondary isomerization products (together labeled
ISO)* compared to total yields also including the self-metathesis
product 7, as determined by '"H NMR and GC analysis. ‘Com-
pound 8 was the only observed product.
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Figure 3. Conversion of allylbenzene to 8 at different substrate
concentrations in one hour, using 1 mol% of 5 in P/D solvent
mixture at room temperature. See entries 1 and 3-5 of Table 2.

The above considerations can also help explain the cata-
lytic outcome when using the Hoveyda-Grubbs second-
generation catalyst 2 in different solvents. Early in the experi-
ment, the P/D mixture (entry 2) and toluene (entry 10) give
similar efficiencies for the self-metathesis reaction, but the
metathesis efficiency drops faster with time in P/D than in
toluene, and is accompanied by more isomerization. This is
consistent with the fact that the P/D solvent mixture promotes
isomerization when using 5, while toluene lowers the observed
isomerization rate and instead seems to promote formation of
alkylidene from 5. In other words, *R21 generated by decom-
position of 2 will tend to form 18-electron analogues of 5 in
toluene, leading to dinuclear ruthenium reformation of metath-
esis-active alkylidenes. In contrast, *R21 generated by catalyst
decomposition in weakly coordinating and more polar solvents
such as P/D will to a larger extent enter the allyl and hydride
isomerization cycles of Scheme 3 and thereby reduce the me-
tathesis efficiency.

CONCLUSIONS

Our computational and experimental results point at the
spin-triplet 12-electron compound SIMes(Cl),Ru (3R21) as an
important contributor to alkene isomerization when using se-
cond-generation catalysts such as 2 in olefin metathesis, add-
ing to known sources of metathesis-related isomerization, such
as ruthenium nanoparticles.'” Except for some computational
exploration,”**® the capacity of compounds such as
SIMes(Cl),Ru to initiate isomerization appears to have been
overlooked so far. Still these electron-deficient compounds are
likely to result from a range of different routes to loss of al-
kylidene, among them established ones such as bimolecular
coupling”™*' and ethylene-triggered break-down of unsubsti-
tuted metallacyclobutane.”****

Here, molecular-level calculations have shown how al-
kylidene loss may be triggered from within the regular olefin
metathesis cycles of 2 (and thus also any other ruthenium-
based catalyst sharing the active species and olefin metathesis
mechanism with 2), either by ethylene, via a known mecha-
nism,”"**?* or by l-alkenes via a novel mechanism involving

Journal of the American Chemical Society

expansion of the ruthenacyclobutane ring (Scheme 2). The
overall barrier associated with this decomposition, located in
the ring-expansion step, is only 6 kcal mol™ above that of al-
lylbenzene self-metathesis, consistent with Guideline 1 of the
Introduction.

Importantly, the new catalyst decomposition pathway ex-
plains why the presence of substrate is required to reach com-
pounds of sufficient isomerization activity,"™ thereby fulfilling
Guideline 2. *R21 may initiate isomerization following both
an allylic mechanism, or, after formation of a cyclometalated
Ru-hydride complex, via a hydride mechanism (Scheme 3).
The latter mechanism offers the first explanation for the deu-
terium of a labeled catalyst (3) being found in isomerization
products,'® thereby fulfilling Guideline 3.

Whereas the spin crossover at the end of the catalyst de-
composition, to give the alkene complex *R9 before liberating
*R21, is facile compared to the rate-determining ring expan-
sion, change of spin state is predicted to be part of the bottle-
neck of the allylic isomerization cycle. In contrast, spin inver-
sion is not part of the hydride cycle, but change of spin state
from *R21 to R21 constitutes the barrier to enter this, the
isomerization cycle predicted to be the most efficient.

The calculations also suggest that two alkylidene-free ru-
thenium complexes may regenerate alkylidene by activating
an alkene, the reverse of the known bimolecular loss of alkyli-
dene. ™"

The computationally predicted isomerization-initiating
capacity of *R21 and its spin-singlet congener R21 was con-
firmed by synthesizing and testing the p-cymene-stabilized
R21 (5). The isomerization activity of 5 is particularly high
under conditions favoring liberation of R21 by dissociation of
p-cymene at the same time as hampering the formation of di-
nuclear aggregates, whereas a nonpolar solvent capable of 1’
coordination (toluene) dampens isomerization.

Identical catalytic tests of 2 show the same isomerization-
dampening effect of toluene, indicating that 5 and 2 share
catalytic isomerization cycles. As 2, 5 can, under the right
conditions, also promote olefin metathesis, and the two com-
pounds display the same qualitative trends in the relative me-
tathesis and isomerization selectivities. This suggests that 5
and 2 also share the catalytic metathesis cycle; consistent with
a calculated reaction network that connects metathesis, alkyli-
dene loss, isomerization, and alkylidene regeneration.
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comparable, and entry 8, where the conversion is high.
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