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Abstract

This thesis describes the development and synthesis of phosphine-bearing first-
generation Z-selective olefin metathesis catalysts that give 70-95% of the Z-iso-
mer product in homocoupling of terminal alkenes such as allylbenzene, 1-octene,
allyl acetate, and 2-allyloxyethanol. Density functional theory (DFT) calculations
revealed the importance of sufficient steric interaction between the PR3 ligand
and the bulky 2,4,6-triphenylbenzenethiolate and showed that limiting rotation
around the P—Ru bond with chelating anionic phosphine ligands such as o-(di-
tert-butylphosphino)phenolate improves Z-selectivity. The most prolific catalyst,
[P(—6-O—CgHy)(*Bu)s](—S—2,4,6 - Ph—CgHy)Ru(=CH-0—OPrCgsHy) (37), per-
forms homocoupling metathesis with Z-selectivity > 80% with internal olefins
such as l-octene and allylbenzene, and > 90% with allylacetate. In addition,
while the catalysts described here are somewhat less active compared to their N-
heterocyclic carbene (NHC) bearing second-generation counterparts, they show
less substrate and product isomerization and thus higher yields.

The strategy described above was extended to prepare the first Z-selective
indenylidene-bearing ruthenium catalysts RuCl(NHC)(-S-2,4,6 - Ph—CgHz)(Py)-
(3-phenylindenylidene) (NHC = IMes = 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene (40) or SIMes = 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-y-
lidene (42)). Together with showing Z-selectivity, these catalysts were envisaged
to combine two additional desirable properties: improved thermal stability, via
substitution of the traditional benzylidene moiety for 3-phenylindenylidene; and
fast initiation of olefin metathesis, by using pyridine as stabilizing donor ligand.
Interestingly, the molecular structures obtained from X-ray diffraction show that
steric pressure resulting from the three bulky ligands (the NHC, the arylthiolate,
and the indenylidene) forces the thiolate ligand to position itself trans to the NHC
ligand, a configuration thought as being incompatible with Z-selectivity or high

catalytic activity. To our surprise, these new complexes turn out to initiate rapidly,

vii
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even at room temperature. Furthermore, they offer up to 80% Z-selectivity in ho-
mocoupling of a range of 1-alkenes and are relatively stable in catalysis (TONs up
to 2200). Unfortunately, despite the presence of the indenylidene ligand, thermal
stability is rather poor. DFT calculations show that pyridine dissociates easily,
explaining the fast initiating character. Furthermore, the 14-electron complex, ob-
tained after pyridine dissociation, isomerizes to yield the active species; in here,
the thiolate is, analogue to other monothiolate-based Z-selective catalysts, found
trans w.r.t. to CL

Catalyst decomposition, to species that promote double-bond migration of the
substrate and product, is responsible for undesired by-products observed in me-
tathesis experiments. Although this is an important problem, the pathways that
lead to catalyst decomposition are not well understood, especially those that orig-
inate in intermediates of the olefin metathesis catalytic cycle. Here, using DFT
calculations, the Hoveyda—Grubbs second-generation catalyst was decomposed
with allylbenzene via ring expansion of the metallacyclobutane intermediate. This
facile decomposition pathway leads to loss of the alkylidene ligand and formation
of spin-triplet 12-electron complex (SIMes)RuCly (3R21). DFT calculations pre-
dicted this to be a key species to double-bond migration: upon direct reaction with
the substrate, the n3-allyl mechanism is entered, while spin inversion to R21, fol-
lowed by formation of a cyclometalated Ru-hydride complex, activates the hydride
mechanism. Synthesis of p-cymene-stabilized R21 (44) allowed for experimen-
tal confirmation of the computational predictions. Catalytic testing showed that,
under conditions that promote dissociation of p-cymene, alkene isomerization is
favoured. Furthermore, trends in the selectivities towards metathesis and isomer-
ization are shared between Hoveyda—Grubbs second-generation catalyst and 44,
indicating that the same reaction network applies to both of them.

The loss of the alkylidene moiety was presumed to be irreversible; yet, when
alkylidene-free 44 or its congeners are reacted with olefins, metathesis products are
observed. With the alkylidene being a prerequisite to perform olefin metathesis,
in situ regeneration is implied. DFT calculations suggest dinuclear ruthenium
activation of alkene as a viable pathway. Moreover, we experimentally prove that

ruthenium alkylidenes can be generated from 44 and catalyst poison ethene.
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Chapter 1

Introduction

The ability to form carbon—carbon double bonds is of utmost importance in or-
ganic and polymer chemistry. However, traditional methods for the preparation
of unsaturated compounds used in organic synthesis, such as the Wittig, Corey—
Winter, Ramberg-Béacklund, Julia—Lythgoe, and Peterson olefination reactions,
frequently require the presence of specific functional groups. Moreover, toxic and
highly-reactive reagents (Na/Hg, CClyS, KH, Buli, etc.) need to be used. These
classical methods involve multiple steps and require tedious workup to obtain the
end-product; this generates an excessive amount of waste, containing organic and
inorganic P, S, Si, and Hg compounds.

Olefin metathesis provides us with the ability to form C=C bonds in a rela-
tively clean and efficient way, releasing only ethene or other olefins and allowing
the construction of complex organic molecules. This makes olefin metathesis a
powerful and irreplaceable tool in the synthesis of natural products!® that are
often supposed to be medicinally active in battling cancers, neurological diseases,

45 are synthesized with olefin

and infections. Furthermore, many different polymers
metathesis, and the reaction has also found its niche in oleochemistry.® Application
in the synthesis of insect sex pheromones yields green, nontoxic and environmen-
tally friendly pesticides.”

Although technically regarded as one single chemical reaction, olefin metathesis
can generally be divided into different subreactions (Scheme 1). For instance, ring-
closing metathesis (RCM) is an essential step in the synthesis of biologically active
spirocyclic isoindoles that have been identified as neuroprotective and anticancer
agents.® Going in the reverse direction, ring-opening metathesis (ROM) converts
cyclic alkenes back into linear dienes.*!" Electro-active polymer networks, used in

sensors, flexible electronics and in applications where electrochromism is desired,
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Scheme 1: Different subtypes of the olefin metathesis reaction.”
[cat] cat] Xy Z™R
U O e () o
- CoHy - C2H4

— [Cat] A = [Cat]
e (O) ——=T T o —on- "
- L2ll4

- CoHy Re
“a. ring-closing metathesis (RCM), b. ring-opening metathesis (ROM), c. ring-opening
metathesis polymerization (ROMP), d. acyclic diene metathesis (ADMET), e. homocou-
pling (HC)/self-metathesis (Ry = Ry), cross-metathesis (Rq # Ra).
can be obtained through ring-opening metathesis polymerization (ROMP) of un-
saturated ring systems.!"'2 Moreover, this type of reaction is commercially used
to produce large amounts of polymers such as Vestenamer®, Norsorex®, Telene®,
Pentam®, Zeonex® and Metton®.!3

Products such as polymers and macrocycles can also be obtained from linear
dienes through acyclic diene metathesis (ADMET).'* 17 Cross-metathesis (CM),
the coupling of two different linear alkenes, has been used in the synthesis of (+)-
aspicilin, a natural product found in lichen from the Lecanoraceae family;'® in
addition, carbon—carbon coupling of two equivalents of the same linear alkene is
known as homocoupling (HC) or self-metathesis. In ethenolysis an internal alkene
is reacted with ethene to obtain primary alkenes; for instance, in the production

of neohexene, an intermediate in the synthesis of synthetic musk.'3

Other industrial processes in which olefin metathesis plays an important role
are: the Shell higher olefins process (SHOP), yielding C1;—Cy4 internal alkenes
from ethene via a combination of oligomerization, double-bond isomerization and
olefin metathesis; the OCT process, in which ethene and 2-butene are converted to
propene; and the Phillips triolefin process, essentially the OCT process in reverse

direction.!3

1.1 Aim of the Thesis

The purpose of this thesis is to explore whether the design of Z-selective ruthe-

nium-based olefin metathesis catalysts, developed by Jensen and co-workers,'??

can be expanded successfully: in Paper I the possibility of obtaining Z-selective
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first-generation catalysts is investigated. Up to that point, practically all known
ruthenium-based Z-selective catalysts were derived from second-generation par-
ents; regrettably, because first-generation catalysts have the advantage of be-
ing less prone to double-bond migration (DBM) and secondary metathesis re-
actions.?1?2 This, and the possibility to obtain additional insight into the factors
that determine selectivity and other catalyst properties, were key motivators for
this paper.

The higher thermal stability of Ru-indenylidene catalysts, compared to those
based on benzylidene,?? stimulated us to use the same technique, i.e. exchanging
one of the anionic ligands for a large aryl thiolate, to obtain a novel branch of
Z-selective catalysts. This work, represented by Paper IV, also investigates the
influence of pyridine on the selectivity and uses calculations to explain why the
remarkable solid-state structures of the catalysts are Z-selective at all.

Catalyst decomposition leads to ruthenium species that promote double-bond
migration (isomerization) which may compete with olefin metathesis, compromis-
ing selectivity and yield. In addition, Z/FE isomerization strongly diminishes the
yield of Z-olefin in reactions with Z-selective catalysts. Possible culprits, such
as ruthenium hydrides and nanoparticles, give only a partial explanation: ruthe-
nium hydrides were found to be of only low isomerization activity and ruthe-
nium nanoparticles seem at best to account for only 50% of the total substrate
isomerization during olefin metathesis.?"?* Moreover, the pathways that lead to
the formation of these nanoparticles and to the isomerization-active molecular
species remained unknown. In Paper II, the lack of a proper explanation for the
observed double-bond migration activity stimulated exploration of new substrate-
induced catalyst decomposition pathways, which resulted in elucidation of sub-
strate isomerization mechanisms and identification of isomerization-active molec-
ular species.

Observation of olefin metathesis activity with compounds that do not possess
the minimum requirements for catalysts that normally perform this reaction in-
spired the work in Paper III. More importantly, the possibility that decomposed
catalyst could be resurrected by ethene, a known olefin metathesis catalyst poison,

was a key motivator for this paper.
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1.2 Outline of the Thesis

Chapter 2 gives an overview of the discovery and historical development of olefin
metathesis, from the earliest observation of this reaction and postulation of the
Hérisson—Chauvin mechanism, to well-defined catalysts. Henceforth, after a short
discussion of the tungsten- and molybdenum-based systems developed by Schrock,
this chapter focuses on the characteristics and mechanistic aspects of Grubbs-type
ruthenium-based olefin metathesis catalysts. The development of olefin metathe-
sis catalysts that display selectivity towards the Z-product olefin is discussed in
Chapter 3. In addition, theoretical studies are used to explain the origin of Z-
selectivity. In Chapter 4, the problem involving catalyst decomposition and dou-
ble bond migration are explored, including different suspects such as ruthenium
hydrides and ruthenium nanoparticles. Nonstandard experimental methods used
to obtain the results in Paper I-Paper IV are found in Chapter 5.

Following this, Chapters 6-9 contain a summary of the main results: the de-
velopment of Z-selective first-generation catalysts (Paper I) in Chapter 6; the
novel Z-selective ruthenium-indenylidene catalysts (Paper IV) in Chapter 7, ru-
thenium alkylidene loss and isomerization (Paper II) in Chapter 8; and finally
Chapter 9 describes ruthenium alkylidene regeneration (Paper II and Paper
I11).

Discussion of the papers is followed by general Conclusions and an Outlook to
the Future. After the References, the Papers used in this manuscript are attached,

together with their respective Supporting Information.



Chapter 2

Discovery and Initial Development

Throughout the 1950s and 1960s several independent groups observed an un-
known chemical reaction: olefinic products both of higher and lower molecular
weight were observed when asymmetric unsaturated hydrocarbons were led over
molybdenum on alumina.?>26 Shortly thereafter, a similar conversion was ob-
tained under homogeneous conditions.?” Formation of these products can only
be explained if one imagines the C=C bond in substrate olefins being “cut-in-
half”, followed by scrambling of the resulting fragments before they are “glued”
together again; subsequently, this reaction was dubbed “olefin metathesis” (Gr.
peTéfeots = to transpose), and efforts to elucidate its reaction mechanism soon
commenced.

Through careful analysis of the products obtained with several different sub-

28,29

strate combinations, combined with deuterium and carbon-14 labeling of the

3032 3 “quasi-cyclobutane” species was suggested to be the key interme-

substrate,
diate in the reaction mechanism. While this explained the distribution of isotope
labels and the obtained products, existence of this intermediate was difficult to
comprehend, since it would imply a [2 + 2] cycloaddition of two olefins, which
is forbidden according to the Woodward—Hoffmann rules. Thus, to make this re-
action allowed, the “quasi-cyclobutane” would somehow have to be coordinated
to the metal;3®33 however, cyclobutane does not have any free valences available
to achieve this. In addition, cyclobutane was absent in the reaction mixtures of
metathesis experiments, and it is not accepted as substrate either;3* moreover, the
product distribution and kinetics observed in ROM remained unexplained.?433
Eventually, based on existing literature,25263” Chauvin and Hérisson postulated
that a metal-carbene, or more specifically a metal-alkylidene, plays a key role in

olefin metathesis.?*
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2.1 Hérisson—Chauvin Mechanism

Hérisson and Chauvin proposed a mechanism based on the [2 + 2] cycloaddition
between an alkene and metal-alkylidene.?* Today, this essentially constitutes the
generally accepted mechanism for olefin metathesis: first, reaction of an initial
metal-methylidene complex (a., Scheme 2) with a molecule of substrate gives
a monosubstituted metallacyclobutane (MCB, b.); subsequently, this MCB col-
lapses via a [2 4 2] retro-addition forming a metal-alkylidene and releasing ethene
(c.). Following this, reaction with an additional equivalent of substrate affords
disubstituted MCB d.; the ensuing MCB collapse releases the product olefin and
regenerates the initial metal-methylidene complex (a.).

Because two new C=C bonds are formed at the cost of breaking two other
C=C bonds, the olefin metathesis reaction is essentially thermoneutral, with the
exception of ROM(P) and RCM of highly strained substrates: for instance, in

ROMP of norbornene, a bridged cyclic alkene, energy is released through relieve

Scheme 2: The Hérisson—Chauvin mechanism for olefin metathesis.®

%a. initial metal-methylidene complex, b. monosubstituted MCB formed after reaction
with substrate, c. new metal-alkylidene complex formed together with the release of
ethene, d. disubstituted MCB formed after reaction with an additional equivalent of
substrate, followed by product release and regeneration of the initial metal-methylidene
complex.
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of ring strain.®® In addition, incorporation of ring strain in RCM demands the
use of high substrate dilution to make the reaction kinetically favored over other
metathesis reactions, such as CM/HC. In general, the driving force of the olefin
metathesis reaction is the increase of entropy obtained through the release of

small, often gaseous, alkenes such as ethene or propene.

2.2 Well-Defined Olefin Metathesis Catalysts

Initially, olefin metathesis was performed with ill-defined mixtures containing
salts or complexes of molybdenum (MoQOj), tungsten (WClg, WOCIy) and rhe-
nium (ReyO7) used either homogeneously or heterogeneously (adsorbed on alu-
mina or silica).25273% These reactions were performed under harsh conditions and
gave mixed results; the yield was often heavily dependent on the use of Lewis
acids/alkylating agents as additives (BuySn, EtAlCls, etc.) that were supposed to
function as co-catalysts. Therefore, synthesis and isolation of an alkyl-substituted
metal-carbene, and thus a well-defined olefin metathesis catalyst, was required
in order to obtain control over the reaction;® after all, such compounds were

proposed by Hérisson and Chauvin as the olefin metathesis initiating species.

2.2.1 From Free to Metal-Bound Carbenes

Carbenes are compounds that possess a neutral divalent sp>hybridized (methy-
lene) carbon atom with six electrons in its valence shell.® Two ground state
carbenes exist: singlet and triplet, each having a different electronic structure at
the methylene C-atom. Loss of small, stable molecules from precursors is often the
driving force behind carbene formation: for instance, through a-elimination of HCI
from chloroform,*! thermal decarboxylation of alkali trichloroacetates (COs),*?
and via photolysis of the C—N bond in diazo compounds (liberating nitrogen gas,
Scheme 3).40

The singlet carbene has two valence electrons paired up in a nonbonding sp2—
orbital; the remaining p-orbital remains empty and is available for w-overlap with
lone-pairs on substituents (a., Figure 1).404! This, and inductive electron with-
drawal from the sp®-orbital by electronegative a-substituents, stabilize the singlet
carbene; therefore, they are generally found when heteroatoms are present at the
a-position, such as with —X, ~OR, ~SR, ~SR3, ~NRs, — PRy, etc.”0 When the
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Scheme 3: Example of carbene synthesis through photolysis or thermolysis of diazo
compounds.

R

.
->—NEN %»
R e R

methylene carbon is, for instance, bearing a-alkyl or phenyl groups, the stabiliza-
tion described above is greatly reduced, and a triplet carbene is obtained, with one
electron located on a sp>-orbital and another on the p-orbital (b., Figure 1).404!

Due to this biradical nature, the triplet carbene is much more reactive and
difficult to isolate; in addition, larger R—C—R bond angles (130-150°) are observed
when compared to singlet carbenes (100-110°): repulsion of the a-substituents
from a sp”-orbital filled with two electrons is larger than when the electrons are
located on different orbitals; thus, the a-substituents are forced closer together in
the former than in the latter.*! Furthermore, a difference in reactivity is observed
when carbenes with different spin states are reacted with olefins: singlet carbenes
react in a concerted fashion and propagate the alkene geometry into product
cyclopropane (stereospecific reaction). However, C—C bond rotation, in the two-
step reaction observed with triplet carbenes, scrambles product stereochemistry.*!

Most free carbenes are of relatively low stability: therefore, they readily re-
act with organometallic compounds to form carbene complexes with L, M=CRjy
as general formula.** Generally, coordinated carbenes tend to fall somewhere be-
tween two extreme types: the Fischer and Schrock carbene (c. and d. in Figure 1
respectively); even though these carbene complexes are different entities, there are
analogies to free carbenes that can be used in describing the properties of their
coordination chemistry.

The Fischer carbene, derived from the singlet carbene, is regarded as L-type

ligand: the lone-pair in the sp>-orbital of the singlet carbene is an excellent neutral

d0§nM A /
SN (O AN

Figure 1: Electronic configuration of the singlet (a.), triplet (b.), Fischer (c.) and Schrock
(d.) carbene.
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two-electron o-donor; in addition, the empty p-orbital is a m-acceptor which allows
stabilization through m-donation from 7-donor a-substituents (—OR, —NRjy, etc.)
and through a small amount of M(d7)—L back-donation.*3 Since middle-to-late
transition metals of low oxidation state are suitable for M(dn)—L back-donation,
the Fischer carbene is generally found with Cr(0), Mo(0), W(0), Mn(0), Fe(0),
Co(0), etc.; these metals are commonly associated with strong m-acceptor ligands,
thus explaining why CO is very often found filling up the remaining coordination
numbers in Fischer carbene complexes. In conclusion, the L—M(do) is much
stronger than the M(dr)—L. The electron depleted C-atom in the Fisher carbene
is regarded as electrophilic.

While the M—C bond in the Fisher carbene is of a dative nature, that of the
Schrock carbene is generally regarded as more covalent: the alkyl substituents
on the a-position, analogue to the triplet carbene, are not capable of m-donation.
Furthermore, the use of early transition metals with high oxidation states (Ta(V),
W(VI), Ti(IV), etc.) in parallel with non-7-donor ligands, such as alkyl and cyclo-
pentadienyl, polarizes the bonds towards the nucleophilic carbene carbon-atom.
With the above in mind, the Schrock carbene is generally regarded as two X -

ligands.

2.2.2 Schrock-Type Olefin Metathesis Catalysts

When Hérisson and Chauvin proposed the reaction mechanism in Scheme 2, only
Fischer carbene complexes were known.?0 While some of these well-defined com-
pounds show activity in olefin metathesis, the actual active species remained
ill-defined;** other Fischer carbene complexes showed formation of cyclopropane
derivatives instead of metathesis upon reaction with olefins.?

The first Schrock carbene, a thermally stable neopentylidene complex of tan-
talum [Ta(— CHy'Bu)s(=CH'Bu)], does not readily catalyze olefin metathesis: to
obtain an active catalyst, strong m-donors such as tert-butoxy or oxo ligands
are required, making complexes such as 1 and 2 (Chart 1) the first well-defined
olefin metathesis catalysts.?%4" Eventually, further development led to a large fam-
ily of highly active molybdenum- and tungsten-based olefin metathesis catalysts
(3).1851

Especially the molybdenum-based catalysts are able to perform metathesis on

olefins containing a wide range of functional groups, such as (thio)ethers, esters,
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Chart 1: Olefin metathesis catalysts developed by Schrock.

f Pr Pr
Bu R
Gl || .wO'BU [ wPEts N
AM» Cl—W=0 \‘“._M:\
800 “PMe;  EtP” | RO o
cl RO
1 M=Ta,Nb 2 R=Me, Et, Bu,Ph 3 M=Mo, W

R = 'Bu, CMe(CF3),, efc.

epoxides, acetals, lactames, lactones, nitriles, substituted silanes, carbamates, sul-
fides, disulfides, and phosphanes.?® In addition, free alcohols and tertiary amines
can be used when the heteroatom is sufficiently shielded by the steric bulk of the
substituents; other unsaturated alcohols, amines, and amides usually require a pro-
tecting group. Unfortunately, molybdenum and tungsten possess a very high ox-
ophylicity, being early transition metals. Therefore, special techniques and equip-
ment are required to be able to synthesize, manipulate and store these catalysts
under inert atmosphere, excluding oxygen and moisture at any cost. Similarly, in-
compatibility towards olefins with functional groups such as aldehydes, carboxylic
acids, (primary) amines, and most free alcohols often requires thorough purifica-

tion of the substrate and solvent used.

2.2.3 Grubbs-Type Olefin Metathesis Catalysts

Experiments with ruthenium salts and complexes showed promising results in
ROMP of highly strained substrates;*> %" moreover, in situ use of a carbene pre-
cursor enabled ROMP with less-strained substrates.?® Isolable and well-defined
ruthenium-based olefin metathesis catalysts 4 and 6 (Scheme 4) were obtained

59762 Catalytic activity

through addition of carbene precursors to RuCly(PPhg)s
correlates with the basicity of the phosphine ligands (PPhy < P™Prs < PCys): ex-
change of triphenylphosphine for the more basic tricyclohexylphosphine afforded
much more active catalysts 5 and G-I. The latter, the most active catalyst from
this family, is known for its stability in air and its tolerance to a large spectrum of
functional groups, and is commercially available as Grubbs first-generation cata-

lyst.
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Scheme 4: Synthesis of well-defined ruthenium-based olefin metathesis catalysts.

Ph_ Ph
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| Gl 2 PCyj3 .Gl
PPhs o|* R‘“‘\:{h 2PPhy g" R|“:\:<Ph
PPh;  Ph PCys;  Ph
RUCIo(PPha)s 4 S
N ||3Ph3 PCys
Ph Ru':\cI —»2 PCYs IRJu':Cl
N o= | pn  2PPhs ci”” | ~ph
-PPhs PPh, PCys
6 G-l

Substitution of one or both phosphine ligands in G-I was anticipated to yield
olefin metathesis catalysts with improved catalytic activity and stability; unfor-
tunately, initial attempts resulted in compounds that decompose easily or lack
sufficient catalytic activity.% % Soon, N-heterocyclic carbenes (NHC) were rec-
ognized as excellent candidates for the role as L-spectator ligand: the ability of
inducing high electron-density on a metal, caused by strong o-donation, resembles
that of basic phosphine ligands.%® However, while substitution of both phosphine
moieties in G-I gives stable bis-NHC complexes, no significant improvement of
the catalytic activity was observed.®” Density functional theory (DFT) calcula-
tions indicated relatively high energies associated with dissociation of the NHC,
hampering the formation of the catalytically active 14-electron species.5® This was
resolved through synthesis of heteroleptic NHC/phosphine ruthenium complexes:
again the NHC remains tightly bound to the metal, while the phosphine ligand
dissociates relatively easily.%® Subsequently, clean phosphine-substitution prod-
ucts were obtained with 2,6-disubstituted aryl groups on the NHC’s N-atom;%
particularly, with 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene (IMes) ligand,
an active catalyst was obtained (7, Chart 2) that retained the stability of parent
complex G-1.99 ™ Lack of m-interactions in the saturated NHC-backbone gives
the more basic carbene ligand 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidaz-
ol-2-ylidene (SIMes), resulting in a catalyst that shows even higher activity than

7 and is currently commercially available as Grubbs second-generation catalyst
(G-II).™
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Chart 2: Selection of ruthenium alkylidene-based olefin metathesis catalysts.
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Hoveyda—Grubbs first-generation catalyst (HG-I), which is easier to purify,
recover and recycle, was discovered upon reaction of G-I with 2-isopropoxy-
styrene.” In an analogue fashion, the phosphine-free Hoveyda-Grubbs second-
generation catalyst HG-II is obtained from G-II.”" The chelating styrenyl lig-
and in these complexes opened up new possibilities in tuning the catalytic prop-
erties through variation in substituents on the phenyl group and oxygen-atom:
for instance, addition of electron-withdrawing substituents, such as —NOy (8),
on the isopropoxystyrene moiety lowers the electron density on the oxygen atom,
weakening the Ru—O bond and reducing the chelating ability. This allowed Grela
et al. to perform metathesis efficiently at temperatures as low as 0 °C.™

Through reaction of G-II with an excess of pyridine, phosphine-free bis-pyr-
idine ruthenium complex 9, which initiates olefin metathesis much more rapidly
than the parent compound, was obtained.”” Modification through addition of
bromine substituents on the pyridine ligands resulted in the fast-initiating Grubbs
third-generation catalyst (G-I1I).™

Olefin metathesis catalysts bearing an indenylidene moiety, as alternative to
the traditional alkylidene ligand, are displayed in Chart 3. While synthesis of G-
I and G-II requires dangerous and costly chemicals to “install” the alkylidene
moiety, such as diazoalkane derivatives (Scheme 4), the cheap and easily available

1,1-diphenylpropargyl alcohol forms the basis for 10a—c and 11a—c. Reaction of
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Chart 3: Selection of ruthenium indenylidene-based olefin metathesis catalysts.

Cl
10a L = PCy3 11a L = PCy;
10b L = SIMes 11b L = SIMes
10c L = IMes 11c L = IMes

this alcohol with RuCly(PPhs)s was initially believed to give diphenylallenyli-
dene complex RuCly(=C=C=CPhy)(PPh3)s;™ however, a thorough inspection of
previously recorded spectroscopic data and X-ray crystallography showed that
rearrangement to a cyclized vinyl carbene or indenylidene complex had taken
place.??80 Subsequently, a family of Ru-indenylidene complexes, analogue to first-
(10a) and second-generation (10b—c) Grubbs catalysts, was obtained through
substitution of PPhs with PCys and various N-heterocyclic carbenes.?380-83 An-
other motivation for the development of indenylidene-bearing olefin metathesis
catalysts is the limited temperature stability of G-I, and to a lesser extent of
G-II. With no signs of decomposition after 10 days of heating at 80 °C in toluene-
dg, 10a and 10c are indeed thermally much more stable than their benzylidene
analogues.?? Catalysts 10a—c perform well in the synthesis of complex natural
products®?82848 and in RCM.839091 In addition, 10c mediates RCM leading to

9092 which has not been possible with G-I and

tetrasubstituted cyclic alkenes,
G-II. With these catalysts, the formation of trisubstituted alkenes through RCM
already proceeds with difficulty.”?

In a similar strategy as with the Ru-alkylidene bearing catalysts,” substitution
of the remaining phosphine ligand in 10a—c with pyridine yields fast-initiating

bipyridine complexes 11a—c.%%

2.2.4 Mechanism of Ru-Catalyzed Olefin Metathesis

The Hérisson—Chauvin cycle in Scheme 2 depicts a simplified image of the mecha-
nism that controls olefin metathesis: activation of the precatalyst, olefin binding,

formation of the MCB, product release, etc. depend on the metal and of the lig-
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ands bound to it. An array of experimental and theoretical studies gives a good
insight in the mechanism with ruthenium-based olefin metathesis catalysts.

Olefin metathesis initiates from the 16-electron precatalyst (Chart 2) through a
dissociative pathway; that is, coordination of an olefin is preceded by dissociation
of a L-type ligand, such as phosphine, pyridine, or alkoxy moiety, to form an active
14-electron Ru-alkylidene species. In fact, dissociation of the phosphine ligand in
G-I and G-II is relatively facile (AG = 18-26 kcal-mol~!) and barrier-less;> 10
moreover, dissociation of the 3-bromopyridine in G-IIT has been shown to be
even easier.”® Direct coordination of an olefin to a precatalyst, i.e. an associative
pathway, would lead to the formation of a hexacoordinate 18-electron complex
(12, Chart 4); computational studies, performed on model catalysts resembling
G-I and G-II, show that high entropic factors and steric hindrance around ru-
thenium lead to a very high barrier, making this a highly unlikely activation
pathway,?7-100-102

Following the formation of a tetracoordinate 14-electron species, the olefin com-
petes with the free L-type ligand to coordinate ruthenium. Coordination of an
olefin can theoretically result into three geometrically different m-complexes: the
olefin can be cis (13 and 14), or trans (15) with respect to the phosphine or
NHC.'% Inn 13 an unfavorable barrier is connected to cis-coordination;'®" the other

103

proposed cis or side-bound complex (14),'”® with one of the chloride-ligand trans

w.r.t. the phosphine or NHC, showed disagreement between the predicted and ob-

104

served stereoselectivity.'’* The remaining trans-coordination (15) is barrier-less

and thus forms the preferred pathway of olefin coordination.!9%:105
After olefin binding, [2+ 2] cycloaddition leads to the formation of a ruthenacy-
clobutane (RCB). Initially this species was perceived to be a transition state;'%

however, this was rapidly disproven: computational’®” and experimental studies'%®

Chart 4: Geometry of olefin complexes using a model catalyst.®
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show that the RCB is a real intermediate. Furthermore, it was shown that the
kite-shaped and flat RCB is, analogue to the coordinated olefin, located trans to
the L-type ligand (16).1%8

2.2.5 Activity of First- vs. Second-Generation Catalysts

For some time the higher catalytic activity observed with second-generation cata-
lysts, compared to their first-generation counterparts, was attributed to the larger
trans-effect of the stronger o-donating NHC-ligand;*® that is, phosphine dissocia-
tion in second-generation catalysts should be easier, leading to more ready forma-
tion of the catalytically active 14-electron complex. On the contrary, experimental
studies show that phosphine dissociation is actually more facile in first-generation
catalysts.” Computations show that steric hindrance of the two phosphines in
G-I facilitates phosphine dissociation;!?”

the bulky mesitylene substituents of the NHC-ligand, destabilizes the dissociated

in addition, steric pressure, caused by

14-electron complex, making the second-generation catalysts slower-initiating.

However, rotation around the P—Ru bond at the RCB species, required to avoid
unfavourable steric interactions with the two chlorine ligands, is associated with a
relatively high barrier and constitutes the rate-limiting step with first-generation
catalysts.'1? Due to the twofold symmetry of the NHC, no such barrier exists
with second-generation catalyst,''? thus offering a partial explanation why G-II
possesses a higher overall metathesis activity compared to G-I.

In addition, the destabilized 14-electron complex, obtained after phosphine
dissociation from G-II, actually promotes olefin coordination (an essentially ir-
reversible step) and stabilizes the MCB; thus, the barrier of the rate-limiting
step in the metathesis reaction is reduced, especially when compared to the huge

phosphine rotation barrier associated with G-I.100:109






Chapter 3
Selectivity in Olefin Metathesis

In general, olefin metathesis yields a mixture of two different product stereoiso-
mers: the E- and Z-olefin. For instance, at conversions < 60% the F/Z ratio is
~ 5 with first-generation catalysts compared to =~ 3 with second-generation cat-
alysts.!11"114 Furthermore, at high conversion (> 60%) the E/Z ratio increases
significantly (> 6). Reversibility of the metathesis reaction leads to a product

15 close to the initiation, a product rich in

composition that is time-dependent
Z-isomer is often observed. This initial “explosive” production of Z-product can
be explained from kinetic control of the reaction under primary metathesis; that
is, the barrier to RCB collapse is lower in the pathway leading to Z-product
compared to that of the E-product.'’® Although decoordination of the product
olefin is the energetically most uneconomic step in the mechanism, release of the
E-product is somewhat more facile than that of Z-product. Thus, any initially
gained m-coordinated Z-olefin can, as a consequence of the principle of micro-
scopic reversibility, easily re-enter the catalytic cycle.!® Similarly, re-entry occurs
when, as the reaction proceeds and the substrate olefin becomes gradually more
depleted, the products starts to compete with the substrate in binding the active
catalytic species.''” Altogether, the thermodynamically more stable E-product is
effectively “trapped” in a thermodynamic well and the reaction mixture will get
richer in the E-product. Eventually an equilibrium is reached and the E/Z-ratio
stabilizes at a value that depends roughly on the steric properties of the substrate
and the difference in stability between the product isomers (thermodynamic con-
trol). Often a higher stability of the E-product explains why reaction mixtures
are richer in this isomer. However, the difference in thermodynamic stability is

often small, resulting in mixtures that are not very useful from a synthetic point

17
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of view when only one of the two isomers is desired, mainly because separation of

the two isomers is often quite difficult and costly.!!?

3.1 Enabling Z-Selectivity

Excellent molybdenum and tungsten based Z-selective catalysts (up to 98%) were
obtained by introducing a significant difference in size between the imido- and
aryloxide ligand.'*® 12! However, like their nonselective analogues, these systems
show problems regarding tolerance to different functional groups, oxygen and
water (Section 2.2.2). Since this is much less of an issue with ruthenium-based
catalysts, such as G-I and G-II, making these systems Z-selective would allow
for catalysis under less strict conditions and with substrates that are incompatible

with tungsten and molybdenum.

Early attempts in preparing Z-selective ruthenium-based catalysts, albeit with

modest results, involved asymmetric NHC-ligands, 11141227126

127

acyclic diamino-
carbene ligands, “" or substitution of a chloride ligand with a sulfonate or phos-
phate ligand.'!3 Similarly, Grubbs and co-workers exchanged both small chloride
ligands of the Hoveyda—Grubbs catalyst with rather bulky pivalate moieties; while
initially the expected substitution complex was obtained, at longer reaction times
an intramolecular C—H bond activation at one of the o-methyl groups of the
mesityl moiety on the NHC took place, forming the six-membered chelated com-
plex 17 (Chart 5).12% In a similar fashion the five-membered chelated complex
18 was obtained from the corresponding Hoveyda—Grubbs type catalyst with an
asymmetric NHC-ligand bearing an adamantyl and mesityl moiety. Tests in CM
show somewhat mediocre results with 17; however, a Z-selectivity comparable to
that of molybdenum and tungsten based catalysts was obtained using 18, though
at a relatively high reaction temperature (70 °C).'?® Optimization of the reac-
tion conditions allowed, with retention of the high Z-selectivity, for comparable
activities with turnover numbers (TONs) of 20-50 at lower temperatures.'? Ad-
ditionally, 18 is easily synthesized and stable in the presence of water.!?® Further
investigations into the improvement of catalytic activity, robustness, and reduction
of secondary metathesis yielded 19a; here, the carboxylic ligand in 18 has been
substituted by a nitrato moiety, giving much higher activity in CM/HC (TONs

30

up to 1000) while keeping the parent compound’s key features;'3® moreover, high

Z-selectivity in RCM was also reported.!3! Finally, Z-selectivities of > 95%, with
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Chart 5: Selection of ruthenium-based Z-selective olefin metathesis catalysts.
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TONs up to 7400, were obtained through substitution of the remaining mesityl
moiety on the NHC for a 2,6-diisopropyl group (19b).!32

Based on computational predictions by Jensen and co-workers the sterically
demanding 2,4,6-triphenylbenzenethiolate was selected to replace one of the chlo-
ride anions in HG-IL.'%2° Once synthesized, 20a showed a Z-selectivity in HC
up to 96% with allyltrimethylsilane and > 85% with linear unsubstituted alkenes,
reaching TONs of up to 2000. Furthermore, this catalyst tolerates the presence of
water and relatively strong bases, such as proton sponge; however, the presence
of acid is deleterious. The stability of 20a towards neutral substrates is compara-
ble to that of other ruthenium-based catalyst and tolerance to oxygen was found
similar to 19a. Even though catalysis with 20a was performed at elevated tem-
perature (4060 °C), the results are comparable to those of the adamantyl-chelate
systems discussed above. Substitution of the remaining chloride ligand with iso-
cyanate yields the highly Z-selective and very robust catalyst 20b; this catalyst
can be used in air, does not require any purification or degassing of substrates or
solvents, and tolerates acids excellently.'?3

Ruthenium-based olefin metathesis catalyst 21 was developed by Hoveyda and
co-workers through substitution of the two chloride ligands of the HG-II with

a catechothiolate ligand.'3* Initially 21 was described as Z-selective, yet, stereo-
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or Z-retentive would be a better label: ROMP and ring-opening/cross-metathesis
(ROCM) indeed give > 98% Z-product, even at > 90% conversion; however, it
must be noted that the C=C bonds in the 3-8 membered cyclic alkenes used as
substrate are already Z-disubstituted olefins.!3%13% Similarly, in CM, with slightly
modified analogues of 21, at least one of the substrates used is a Z-disubstituted
alkene.'®0 Nevertheless, 21 and its analogues are, with TONs up to 43000, highly

active catalysts, tolerate alcohols and are relatively easy to prepare and use.!34135

3.2 The Origin of Z-Selectivity

With traditional nonselective olefin metathesis catalysts, the pathway in which
incoming olefin and the ensuing RCB are bottom-bound (trans with respect to
the phosphine or NHC-ligand) is generally preferred (Section 2.2.4). However,
DFT calculations, performed on the Z-selective acetate-bearing analogue of 18,
show that unfavourable steric repulsions between the bulky chelating adamantyl
group and alkylidene H-atoms destabilize the bottom-bound [2 + 2] cycloaddition
and cycloreversion transition states (a., Figure 2).137 When cycloaddition and
reversion take place under the relatively flat mesityl moiety of the NHC, via a
side-bound pathway, such interactions do not exist (c.). Next to steric effects the
bottom-side pathway is also disfavoured because of electronic reasons: while in
the side-bound pathway the d — 7* back-donation to NHC and alkylidene is
originating from two different Ru d-orbitals (d. and e.), the same Ru d-orbital is
used for d — 7* back-donation to both alkylidene and NHC in the bottom-bound
pathway (b.). As a consequence, the Ru—Cnyc bond is significantly elongated,
which acts destabilizing.'3"

Computational studies performed on 18 and 19a revealed that Z-selectivity
with the side-bound mechanism originates in the transition states leading to cy-
cloreversion: %139 in the Z-pathway (TS1(Z), Figure 3) both substituent R' and
R? point away from mesityl. However, an upwards pointing R? in the E-pathway
suffers steric repulsion from the mesityl moiety located directly above (TS1(E)),
thus destabilizing the transition state, making this pathway less preferable, and
yielding a Z-selective catalyst.

Success with the side-bound mechanism inspired others in using a similar strat-
egy to obtain Z-selective or retentive catalysts. Catalyst 21 was intentionally de-

signed to have catechothiolate ligands bind to ruthenium with one Ru—S bond
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Figure 2: Steric and electronic differences between the bottom- and side-bound cycload-
dition transition states with the acetate-bearing analogue of 18. a. Unfavourable steric
interaction between the RCB and adamantyl moiety in the bottom-bound pathway, b.
d — 7 back-donation to NHC and alkylidene originates from the same d-orbital in
bottom-bound pathway, c. side-bound pathway with the RCB located under the mesityl
group, d. and e. d — 7* back-donation to NHC and alkylidene originating from different
d-orbitals in the side-bound pathway.'3”

equatorial and the other Ru—S bond meridional, effectively blocking the site trans
w.r.t. SIMes.!3* DFT calculations on ROCM, with norbornene and styrene as sub-
strates, show that, analogue with 18 and 19a, the Z-selectivity originates from
steric pressure between the mesityl moiety and RCB substituents in the cycloaddi-
tion transition states: in the E-pathway an unfavorable steric interaction between
the bridging C-atom of norbornene and the mesityl moiety is observed (TS2(E)).
This interaction is greatly reduced or not even present in the Z-pathway with nor-
bornene bending away from mesityl in TS2(Z); therefore, the overall barrier in
the Z-pathway is 3.2 kcal-mol™! lower than in the E-pathway, leading to high
Z-retentivity.!34

Interestingly, a catecholate analogue of 21 is not Z-retentive at all.'** Since
the steric bulk of both catecholate and catechothiolate are of similar size, it was
envisaged that electronic effects must be causing the lack of stereoretention. For
instance, the Ru—0O bonds in the catecholate complex could be weaker than the
Ru-S bonds in 21;'° this would allow dissociation of the catecholate ligand, fol-
lowed by substitution with other donating species coming from the substrate, or

even formation of a dichloride complex in chlorinated solvents. However, when
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reaction conditions where set carefully and decomposition of the catecholate com-
plex was prevented, olefin metathesis was still not performed stereoretentively.'4?
Subsequent DFT studies showed that not MCB formation (as with 21), but olefin
coordination is the rate determining barrier with the catecholate complex. The
coordinating olefin is located rather far away from the catecholate moiety and
experiences little steric pressure, explaining the poor Z-retentivity.4

Different from the Z-selective/retentive systems described above, that were ob-
tained through a combination of serendipity, chemical intuition and experimental
trial-and-error, Jensen and co-workers designed Z-selective catalysts 20a and 20b
completely in silico before they were actually synthesized.'® The underlying aim
was modification of HG-II to obtain a Z-selective catalyst, while maintaining
certain characteristics of the parent compound such as bottom-side binding of the
olefin and formation of the MCB.

Application of a larger steric pressure on one side of the MCB, through substi-

tution of a chloride ligand with another much larger anionic ligand, was envisaged
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Figure 3: Transition states for cycloaddition or cycloreversion showing unfavorable steric
interaction in the F-pathway, inducing Z-selectivity in catalysts 18-21.
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as a strategy to improve the Z/FE ratio.! Computations showed that the bulky
2,4,6-triphenylbenzenethiolate is well suitable for this job, since it exerts suffi-
cient steric pressure near the MCB C*-atom (TS3); as a consequence, an increase
of energy is obtained for the E transition state (TS3(E)) because of the R*-
substituent pointing towards the thiolate moiety. Naturally, the steric pressure
on the Z-MCB is much less pronounced, since the R'- and R%-substituent are
pointing away from the thiolate; this lowers the energy of transition state in the
Z-pathway (TS3(Z)), inducing Z-selectivity.






Chapter 4

Catalyst decomposition

With olefin metathesis catalysts now being an important tool in organic synthe-
sis and the growing use of olefin metathesis in industrial processes, identifying
catalyst decomposition pathways has become crucial. Deactivation, caused by de-
composition of the molecular catalyst into metathesis inactive species, leads to
a reduction in catalytic activity.!4! As a consequence, catalyst recycling becomes
less useful and higher catalytic loads are required to obtain sufficient conver-
sion. More problematic is the decomposition of olefin metathesis catalysts into
ruthenium-based species that actively catalyze non-metathesis reactions. For in-
stance, quite some ruthenium compounds are known as effective olefin isomeriza-
tion catalysts.!4271%4 This results in the formation of undesired side-products, often
at the cost of expensive substrates, that can be difficult and costly to separate

from the desired compound.!*?

4.1 Isomerization

Double-bond migration or isomerization affects the position of the double bond
in olefins. Generally, a release in free energy, through formation of a thermody-
namically more stable internal olefin, is the driving force behind the C=C bond
wandering to the centre of the carbon chain. During an olefin metathesis experi-
ment, competing double-bond migration converts the substrate into an isomeriza-
tion product. Subsequently, when a substantial concentration has been reached,
this product will start to compete with the intended substrate in olefin metathe-
sis: CM of the isomerization product with the intended substrate and, after its
depletion, HC between two equivalents of isomerization product produce a large
range of different olefins. Eventually, even the products themselves are subject

to double-bond migration. In addition, Z/E-isomerization destroys any obtained
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Scheme 5: Example of the main products obtained through a combination of several
subsequent double-bond migration and olefin metathesis reactions.®
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*HC = homocoupling, DBM = double-bond migration, CM = cross-metathesis.

Z-selectivity, returning a mixture based on the thermodynamic stability of the
stereoisomers. It is evident that a combination of several successive isomerization
and olefin metathesis steps leads to a complex mixture of olefins. As an illus-
tration, Scheme 5 shows the main products obtained from only a few competing
olefin metathesis and isomerization steps of a simple alkene that has only one
possible internal position.

Interestingly, experiments show that olefin metathesis carried out with second-
generation catalysts generally leads to more isomerization than with their first-
generation counterparts.?»?%1%5 In addition, substrates containing allylic amine,
ether and aromatic groups are more susceptible to isomerization.?!

The alkyl and aryl mechanism, shown in Scheme 6, are generally accepted
mechanisms to double-bond migration:*% in the former, a coordinatively unsatu-
rated ruthenium hydride binds the olefin (a.). Following this, insertion of the now
n%-bound olefin into the Ru—H bond results in the formation of a ruthenium-alkyl
species (b.). Subsequently, S-hydride elimination, depending on the site of abstrac-
tion, either re-forms the species preceding step b., or it generates the n*-bound
product olefin (c.). Dissociation then releases the isomerized alkene and regener-
ates the initial ruthenium hydride (d.). In a similar fashion, the allyl mechanism
begins with the association of an olefin to ruthenium (e.). However, the absence
of a Ru—H bond renders hydride insertion impossible. Instead, one of the C—H
bonds at the allylic position, sufficiently activated due to its vicinity to the metal,

undergoes oxidative addition (f.). The n*-allyl ruthenium hydride thus formed suf-
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Scheme 6: Alkyl and allyl mechanisms leading to double-bond migration.®
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?Alkyl mechanism: a. association of an olefin to the ruthenium hydride, b. insertion of the
n%-bound olefin into the Ru—~H bond yields a ruthenium-alkyl compound, c. 8-hydride
elimination gives the n%-bound product olefin and d. dissociation regenerates the initial
ruthenium hydride and releases the product olefin. Allyl mechanism: e. association of an
olefin to a ruthenium species to obtain a n?-bound olefin, f. oxidative addition of the
allylic C—H bond yields a n3-allyl ruthenium hydride, g. reductive elimination forms the
n?-bound product olefin, h. dissociation regenerates the initial ruthenium compound and
releases the product olefin.

fers reductive elimination, resulting in either re-formation of the species preceding
step f. or the n?-bound product olefin (g.). Subsequent dissociation regenerates
the initial ruthenium species and liberates the isomerized alkene (h.).

Crossover experiments with deuterium-labeled substrates can be used to dif-
ferentiate between the two mechanisms. When a mixture of two olefins, one of
them D-labeled, is subject to an isomerization catalyst operating through the
alkyl mechanism, crossover of deuterium atoms into the unlabeled compound is
observed. However, with the allyl mechanism, no crossover is seen since the 1,3-D

shift takes place in an intramolecular fashion.

4.2 Ruthenium Hydrides

The alkyl mechanism suggests the possibility that ruthenium hydrides are impor-
tant players in double-bond migration. During synthesis of some second-generation
catalysts, a hydridic by-product is obtained, which was thought to be responsi-

ble for double-bond migration during catalysis.!*” Thereafter, several studies that
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investigate the formation of ruthenium hydrides and their role in double-bond
migration have been performed: for instance, when inert conditions are not suf-
ficiently warranted, decomposition of G-II affords 22 (Chart 6), as a result of
intramolecular C—H activation of the o-methyl groups on the NHC.!4® Although
22 is not a hydride itself, it is supposed to be the decomposition product of one.
In addition, experiments with 0-CDj3 groups on the NHC’s aromatic rings did
not yield the expected ruthenium deuteride complex either; however, proof of its
existence and transient nature is found in the mixture of deuterated olefins that
was obtained in catalysis.!4’ However, the isomerization activity of decomposition
mixtures containing 22 did not match the activities found during olefin metathe-
sis; thus, this compound and its hydride precursors cannot completely explain
double-bond migration. Moreover, its formation can easily be prevented when

strict anoxic conditions are observed.

Hydrido-carbonyl-chloride complexes 23a—c are obtained when protic solvents

are present during the synthesis of Grubbs-type catalysts;!4®

especially primary
alcohols are reported to aid the formation of these complexes. Hence, rigorous
purification of solvents, reagents and substrates affords a relatively easy way of
eliminating this problem.

Other starting points for catalyst decomposition might originate in the cat-
alytic cycle itself: for example, ruthenium methylidenes are known as unstable
intermediates present during olefin metathesis.!®!5! Indeed, through moderate
heating of a solution of tricyclohehylphosphine-stabilized methylidene complex
G-I1,,, (Scheme 7) in benzene, dinuclear ruthenium hydride 29 was obtained.'??
Decomposition is proposed to begin with dissociation of the phosphine ligand that,

Chart 6: Ruthenium compounds from catalyst decomposition suspected of being active
in double-bond migration.
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in its free state, swiftly attacks the methylidene C-atom in methylidene complex
24, forming o-alkyl species 25.19%152 Following this, elimination of a phosphine
ylide leads to 12-electron complex 26 which dimerizes with another equivalent
of 24 to dinuclear ruthenium complex 27. Subsequently, HCIl abstraction by the
previously liberated ylide gives 28 and a phosphonium salt, followed by oxidative
addition and migration of the two Cl-atoms to yield hydride 29. Initially, only the
presence of 29 and the phosphonium salt were detected.'® A later, more thorough
study revealed that 27 is indeed observed in the decomposition pathway.!* The
detection and isolation of these intermediates greatly enhances the validity of this

pathway.

Scheme 7: Proposed decomposition pathway of ruthenium methylidene 24150152
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In addition, Fogg and co-workers showed that pyridine-induced displacement
of the phosphine ligand in methylidene complexes, followed by the free phosphine
attacking the methylidene C-atom, gives o-alkyl species 25 and its first-generation
analogue.'%31%4 In addition, the above is analogously observed with other amines,
explaining the high isomerization observed with allylic amines (Section 4.1).1%

Catalytic tests performed with 29 show that this compound is active in olefin
isomerization.'®> However, a study in which 29 and the aforementioned hydrides
23a—c are tested in olefin isomerization shows, after comparison to the isomeriza-
tion obtained with the Grubbs second-generation catalyst, that their contribution

to total isomerization activity is relatively small.?!

4.3 Ruthenium Nanoparticles

Fogg and co-workers identified ruthenium nanoparticles (RuNPs) as a major
contributor to isomerization activity during olefin metathesis.?* At first, it was
thought that RuNPs present in commercially available precatalysts were responsi-
ble for the observed isomerization. However, careful purification of the precatalyst
under inert conditions gave only minor reduction of isomerization. This shows that
isomerization active ruthenium compounds are generated through catalyst decom-
position during actual catalysis. A steady increase in RuNPs, detected during an
initiation period leading to the onset of major isomerization activity, revealed that
RulNPs are indeed possible decomposition products. Subsequent Hg-poisoning ex-
periments show that RuNPs are responsible for approximately 50% yield on a
total isomerization of 80%. The formation of RuNPs is, analogue to the decompo-
sition into dinuclear ruthenium hydride 29 in the previous section, connected to
the decomposition of unstable ruthenium methylidenes. Although no exact path-
way has been proposed, more or less all the ligands are envisaged to be ejected

from 24 in several decomposition steps, leading to formation of RuNPs.?*

4.4 Substrate-Induced Decomposition

The catalyst decomposition described in the previous sections was caused by the
presence of impurities during synthesis and through heating of catalytic interme-

diates. Janse van Rensburg suggested that g-hydride transfer from the ruthenacy-
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Scheme 8: Substrate-induced decomposition through §-hydride transfer from the RCB.¢
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clobutane (RCB), an intermediate in the catalytic cycle, could be a starting point
for substrate-induced decomposition of the olefin metathesis catalyst.!96:157

DFT calculations start from m-complex R1 (Scheme 8), with ethene as sub-
strate. From here, RCB R2, which is of relatively low-energy compared to the
other intermediates, is obtained. Generally, this leads to normal olefin metathesis;
however, a competing deviation was suggested: [-hydride abstraction from the
RCB leads to allyl ruthenium hydride species R3. Subsequently, reductive elimi-
nation gives the n?-bound propene ruthenium complex R4 that is supposed to be
inactive in olefin metathesis, thus reducing the initial olefin metathesis activity.

The highest barrier of the RCB decomposition process is located between R2
and R3, that is, on the transition state leading to S-hydride abstraction; further-
more, this barrier is not massively higher than that of metathesis. The barrier
to reductive elimination between R3 and R4 was found to be so low that it is
effectively barrier-less. Therefore, considering the above, it is not unlikely that
this decomposition mechanism is competing with olefin metathesis.

To verify the theoretical results, experiments were performed in which the
methylidene analogue of the Grubbs catalysts, i.e. G-IILy, (Scheme 7) and its first-
generation analogue ((PCys3)2RuCly(=CHz), G-I,y), are used to catalyze the me-
tathesis of ethene. With such a simple olefin as substrate, the possibility of higher
olefin formation through the metathesis process is absent; thus, such compounds
will not obscure products obtained from the decomposition pathway. These ex-
periments were performed by heating a solution of G-I, or of G-II,, in ethene
saturated benzene-dg for 16 hours at 40 °C. Analysis of the mixture obtained
with G-I, showed that significant amounts of propene, 1-butene and 2-butenes
had formed. Furthermore, small amounts of cyclopropane and isobutene were de-
tected as well. G-11,, showed a slightly different picture with propene as major

product, with 1-butene and 2-butenes presenting the smaller fraction of products
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and isobutene and 1,3-butadiene observed in trace amounts. In addition to the
olefinic products, imidazolium salt [SIMesH]|CI, coming from the decoordination
of the NHC from ruthenium in the second-generation complex, was detected.

It is clear that dissociation of R4 in Scheme 8 affords propene. Moreover, the
formation of the different butene isomers can also be easily explained: they are
obtained via the same decomposition mechanism that yields propene from ethene.
Coordination of propene to a ruthenium-methylidene complex gives either R5 or
R10 depending on the orientation of the olefin (Scheme 9). From R5 the RCB
R6, with the methyl group located in the a-position, is obtained and subsequent
[J-hydride abstraction gives allylic ruthenium hydride R7. Here, the H-atom can
be inserted on the allylic C1 (R8) or C3 (R9) position, resulting in 1-butene
or 2-butenes respectively. Alternatively, it is possible for cis- and trans-2-butene
to be obtained through HC of propene or via isomerization of 1-butene. From
R10, however, f-methylruthenacyclobutane R11 is obtained. Subsequent hydride
insertion, whether it takes place at the allylic C1 or C3 position of R12, leads via
R13 to the formation of isobutene.

Interestingly, with G-II,, the yield in propene is 1.5 times in excess compared
to the amount of decomposed catalyst. This suggests that a mechanisms leading
to propene, other than S-hydride transfer, is functioning in parallel. Another ex-
planation, explored in Chapter 9, could be that the the ruthenium-methylidene

Scheme 9: Formation of 1-butene, 2-butenes and isobutene through propene-induced
olefin metathesis catalyst decomposition.®
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species is somehow regenerated, after which it can be decomposed again, produc-

ing propene.






Chapter 5
Methods

Though a large share of the experimental results in Paper I-Paper IV, discussed
in the next chapters, are obtained through use of standard laboratory techniques,
sometimes special methods needed to be followed or developed. For instance, un-
like standard organic synthesis, which can often be performed on the benchtop,
organometallic chemistry often requires an inert atmosphere; see Section 5.1. Fur-
thermore, Section 5.2 discusses which modifications are needed to turn a standard
NMR experiment into one from which quantitative results can be obtained. In ad-
dition, an easy way to generate ethene is described in Section 5.3, and Section 5.4
gives a method to reduce the headspace in an NMR tube without causing loss of

resolution.

5.1 Synthesis of Organometallic Compounds

Although Grubbs-style metathesis catalysts are generally air-stable in solid form,
exposure to oxygen and moisture must be prevented when dissolved, for instance,
during synthesis or catalytic testing. Moreover, the free phosphine ligands used in
Paper I oxidize relatively easily due to the presence of alkyl groups on the P-atom;
potassium thiolate salts react readily with moisture (Paper I and Paper IV);
and the p-cymene protected 12-electron ruthenium species prepared in Paper 11,
the use of which extends to Paper III, is highly oxygen and moisture sensitive.

As a consequence, synthesis and manipulation of the compounds in this the-
sis required special techniques: for instance, double manifold vacuum/inert gas
lines combined with special Schlenk glassware allows for relatively easy use in the
synthesis of most sensitive compounds. However, when reactions involve multiple

additions of reagents and intermediary product isolations, the risk of introducing
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air increases with every step; here, success strongly depends on the skills of the
chemist. For most of the experiments a glovebox was used; although much more
expensive, it does not only offer a more user-friendly workspace, but also allows
for more tight control of the oxygen and water content of the atmosphere in which
experiments are performed and where products are stored: a blower continuously
circulates the atmosphere inside a glovebox over a catalyst bed, where pallets of
activated copper on diatomite and molecular sieves remove oxygen and moisture,
respectively. In this way, typical concentrations below 0.1 ppm are maintained
during normal operating conditions. While nitrogen-gas and argon are generally
considered as suitable gasses for the Schlenk system and glovebox, the latter is
generally preferred: nitrogen is not really inert and argon has the additional ad-

vantage of being more heavy than air, forming a protective blanket.

5.2 Quantitative NMR

In a simple pulse-acquisition NMR experiment, a pulse converts part or all (when
a 90-deg pulse is applied) of the equilibrium z-magnetization into transverse (x,
y) magnetization; subsequently, the free induction decay is recorded during the
acquisition time (AQ), followed by a delay time (D1) to allow for relaxation of
the exited nuclei, thus restoring equilibrium z-magnetization before the next pulse
is applied. In routine experiments, after an AQ of several seconds and a short
relaxation delay (D1 &~ 1 second), a pulse initiates the next experiment. Although
this allows for a rapid collection of data, the combined AQ and D1 is too short for
the transverse magnetization of nuclei with relatively large spin-lattice relaxation
times (7T) to convert back to equilibrium z-magnetization before the next pulse;
this distorts the intensity of the integrated signal between nuclei with different
chemical surroundings, making accurate quantification impossible. In quantitative
NMR (qNMR) experiments, a D1 of at least five times the largest 7 in the
sample is recommended to obtain > 99% z-magnetization recovery, thus allowing

158,159 Ty 'H T -values are generally of 1-15 seconds; therefore,

for gNMR~analysis.
a D1 interval of 60 seconds was used to obtain 'H gqNMR spectra in the catalytic

experiments of Paper III.
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5.3 Generation of Ethene

To exclude undesired decomposition of the oxygen sensitive p-cymene protected
12-electron ruthenium compound in Paper I1I, the ethene required for the exper-
iments was synthesized directly inside a glovebox, instead of obtained from a gas
cylinder externally. Homocoupling of 0.3 mL styrene using 15 mg Piers second-
generation generally provided enough ethene to saturate the benzene-dg solutions.
The apparatus in Figure 4 was used to generate and purify the gas: Styrene is in-
jected from a syringe (3) into a 3 mL vial (1), containing the previously mentioned
catalyst and a small stirring magnet.

The evolved ethene rises via a cannula (4) through a septum (2) (that closes
off the reaction vessel) into a glass tube (5) which is closed off at both sides
with septa. Here possible impurities in the gas (such as vapors from styrene) are
adsorbed on a layer of activated basic alumina (7), kept in place by two wads of
quartz-wool (6). Subsequently, the purified gas flows through a long cannula (8)
into the benzene-dg solution contained in a Shigemi NMR~tube (9) with J. Young
valve. Closing off the NMR-tube with a septum (10) prevents loss of ethene.
Another short cannula (11) is used to vent off excess gas. Analysis through NMR

Figure 4: Apparatus used for the generation of ethene. 1. reaction vessel (3 mL vial), 2.
septum, 3. syringe for the addition of styrene, 4. cannula, 5. glass tube, 6. quartz wool,
7. basic alumina, 8. long cannula, 9. NMR-tube, 10. septum, 11. cannula.
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and gas chromatography (GC) shows that ethene obtained with the method above
has a purity of > 99.99% (traces of propene were observed with GC).

5.4 Reduction of the NMR-Tube Headspace

The relatively large headspace volume of standard low-pressure/vacuum (LPV)
NMR tubes (= 2 mL) allows a significant amount of dissolved gaseous compounds
to be lost from solution, thus making the quantification that we wanted to achieve
in Paper IIT more difficult, since compounds lost to the gas phase cannot be
measured with conventional NMR, spectroscopy. An additional problem is the
relative unavailability to the dissolved catalyst of the gasses in the headspace.
Although a reduction in headspace volume could have been achieved with a larger
sample volume,®"160 this gives problems with magnetic field homogeneity in the
NMR spectrometer, leading to a loss in resolution. Eventually, Shigemi NMR
tubes with J. Young valves (Figure 5) were found to reduce the headspace volume
significantly, to ~ 0.5 mL: most of this volume is filled up by sliding a glass plunger
and its attached PTFE holder into the tube. Two additional PTFE holders were
added on top to fill the headspace even more.

Since the solubility of different gasses in benzene-dg might differ, NMR could
show distorted ratios of the gasses in solution, even with a reduced headspace.
Therefore, a previously obtained catalytic experiment was analysed through 'H
NMR and GC: the former gave the ratio of dissolved gasses; in the latter the
whole sample was evaporated before measurement, thus giving the gas ratios for
the complete sample. The molar ratios between the different gaseous compounds

in solution and gas phase show a relative difference of no more than 6.6%.

21 2 3 4 5
T—.‘\ - |

Figure 5: Experimental setup of using a LPV Shigemi tube set in combination with two
additional PTFE holders to reduce headspace. 1. J. Young valve, 2. additional PTFE
holders (2x), 3. PTFE holder with connected glass plunger, 4. reaction mixture, 5. glass
tube-bottom.



Chapter 6

Z-Selective First-Generation Catalysts

The overview of Z-selective olefin metathesis catalysts in Section 3.1 shows that,
prior to Paper I, they are all of the second-generation type. No significant at-
tempts to develop Z-selective first-generation catalysts had been taken; remark-
ably, considering the fact that nonselective first-generation catalysts show less
double-bond migration (Section 4.1), a property that is presumed to be easily
transferred to Z-selective catalysts. Furthermore, Section 3.2 shows that 20a and
its isocyanate analogue 20b are the only second-generation Z-selective catalysts
that resemble the nonselective parent compound (HG-II): that is, they allow for
olefin binding and MCB formation at the bottom side of the molecule, i.e. trans
w.r.t. the NHC ligand.

To obtain first-generation Z-selective olefin metathesis catalysts of which the
mechanism resembles that of the parent compound HG-I, the strategy used for
20a is a good starting point. However, substitution of a chloride ligand in HG-I
for a bulky thiolate is not expected to give Z-selectivities comparable to 20a:
distribution of steric bulk in complexes with tricyclohexylphosphine is different
from those with SIMes; moreover, sufficient steric bulk from the L-ligand is ex-
pected to be required to keep the thiolate from bending away and releasing its
Z-selectivity inducing steric pressure at the site of MCB formation (Section 3.2).
However, since the exact effect of the L-ligand’s size on the selectivity remains

unexplored, clarification might aid further catalyst design.

6.1 Monodentate Phosphine Ligands

Compound 31 (Chart 7), containing the sterically nondemanding trimethylphos-
phine (PMej3) and the bulky 2,4,6-triphenylbenzenethiolate, was selected as a good
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base from which to start investigating the role of the L-ligand on stereoselectivity.
After all, with a Tolman cone angle of only 118°,'61:162 PMes is the smallest tri-
alkylphosphine that exists; therefore, the relative minimum of steric pressure from
the L-ligand is to be expected in 31. As a consequence, Z-selectivity is most likely
going to be very low. These expectations are mirrored by the results from DFT
calculations: comparison of the absolute barrier in the pathway leading to respec-
tively the E- and Z-product gives a relative indication of the selectivity (AAG%OD
Table 1); thus, the high Z-selectivity obtained with second-generation catalyst
20a is reflected in the relatively high energy found in entry 1. Consequently, the
negative energy difference obtained with 31 (AAGEFOI = —0.8 kcal'mol™!, en-
try 2) indicates that this catalyst is certainly not Z-selective and possibly even
somewhat F-selective. Although not interesting from a selectivity point of view,
a curiosity-driven attempt was made to synthesize 31; however, substitution of
PCys in 32 with PMes (from a 1 M sol. in tetrahydrofurane (THF)) remained
fruitless.

Analysis of the P-Ru—-S—-C1 and Ru—S—C1-C2 torsion angles in the E-MCB
rupture transition state TS5(F) (Figure 6, indicated with 7 and ¢, respectively)
calculated for 31 (entry 2, Table 1) shows values that are far from the “ideal”
angles necessary to obtain sufficient steric repulsion between the thiolate ligand
and the R2—substituents; in other words, the E-pathway is not made unfavourable
enough.

Augmentation of the Tolman cone angle from 118° to 170°,'6! through sub-
stitution of PMes for the larger tricyclohexylphosphine (PCys) ligand (32), re-
sults in a reduction of 25° in twisting around the S—Cy, bond and a more acute
P—-Ru-S—C1 torsion angle (A7 = 37°, entry 3). As a consequence, the thiolate

Chart 7: Hoveyda—Grubbs-style catalyst bearing a monodentate trialkylphosphine and
bulky 2,4,6-triphenylbenzenethiolate.®

PMes PCy;
| .Ci | .
Ru= Ru=
RS™ | RS™ |
iPr/O ‘Pr/O
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R = 2,4,6-triphenylphenyl.
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is expected to excerpt more steric pressure at one face of the RCB, resulting in a
higher Z-selectivity. Unfortunately, these improvements are not enough to obtain
a significantly Z-selective catalyst, since the computed AAGEM remains substan-
tially lower than that of 20a (0.9 vs. 3.1 kcal-mol~!; entries 3 and 1, respectively).
Additionally, with AG(Z)}FOI = 28.0 kcal-mol ! in 32 compared to 18.8 kcal-mol !
in 20a, the former is predicted to be much less catalytically active too. Despite
the not-so-promising results, 32 was synthesized; via a relatively easy synthesis,
this compound allows for verification of the computational results.

The synthesis of 32 is simple and straightforward, through reaction of the com-
mercially available Hoveyda—~Grubbs first-generation catalyst (HG-I) with potas-
sium 2.4,6-triphenylbenzenethiolate in THF. Subsequently, dark red crystals of
32 suitable for X-ray structure analysis are readily obtained at low temperature
(—30 °C) from a solution of 32 in THF /n-pentane. The molecular structure, to-
gether with relevant bond lengths and angles, is shown in Figure 7. The compound
can be described as a slightly distorted square pyramid with the alkylidene ligand
occupying the apical position. Of the remaining ligands, all occupying basal posi-
tions, the thiolate moiety is trans to the chloride ligand (C11) and the phosphine
(P1) is trans to the oxygen atom of the isopropoxy ligand (O1). Bond lengths and
angles of the moieties found in 32 are largely comparable to those found in 20a.%°
However, a noticeable difference is the Rul-S1-C1 angle being somewhat wider
in 32 (117° vs. 113°). Furthermore, the angles around the arylthiolate are found
to be in good agreement with geometries optimized using the wB97XD functional.
For instance, the calculated (experimental) P—Ru-S and Ru—S—Cjy, angles in
32 are 88° (88°) and 115° (117°) respectively; comparably, Cxgc—Ru-S = 92°
(91°) and Ru—S—Cjy, = 112° (113°) are found in 20a.

I:|) ’ | ’
X X
C1 QT,RU‘\ /Ru‘\

\ /’/ \\\ \\\\R1 S /’/ \\\ ~R!

Ph \/\ // N Ph N // -
c2—/ )P / Ph /
Ph PH
TS5(E) TS5(2)

Figure 6: Rotation of the thiolate ligand, in TS5(E), around Ru—S and S—Ca, bonds
with 7 and ¢ as P-Ru—S-C1 and Ru—S—C1-C2 torsion angles respectively. Differences
in steric pressure on the RCB in TS5(FE) and TS5(Z) are shown.
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Figure 7: X-ray structure of 32 with displacement ellipsoids drawn at the 50% probability
level. H-atoms and solvent molecule (n-pentane) are omitted for clarity. Selected geomet-
rical parameters: Rul - C43 = 1.840(8) A, Rul-P1 = 2.284(2) A, Rul - Cl1 = 2.358(2) A,
Rul-O1 = 2.303(5) A, Rul-S1 = 2.276(2) A, Rul-S1-C1 = 117.0(3)°, P1-Rul -S1
= 88.27(7)°, P1-Rul-Cll = 90.21(7)°, S1-Rul-Cll = 150.21(8)°, P1-Rul-01 =
174.4(1)°.

Testing of 32 in homocoupling of neat allylbenzene confirms the expectations
and predictions made for this catalyst: lower Z-selectivity is obtained when com-
pared with 20a (entries 2 and 1, respectively, Table 2).

Because the calculated bond angles discussed above correspond well to those
from the X-ray structure and the experimental results correlate positively to the
calculated parameters, we can accept that the used computational method is
valid. With validity established, further investigation into geometric aspects of
the transition states that lead to RCB collapse can be performed. This shows
that, while the transition states in the E-path show similar Ru—S—Cjy, angles
(109°) for both 32 and 20a, a sharper angle is obtained in the Z-pathway with the
latter (115° vs. 116°), which is thought to be correlated with higher Z-selectivity.
Relaxation of the Ru—S—Cjy, angle, observed in TS5(Z) (Figure 6) of 32, is
caused by a reduction of steric hindrance from the PCys ligand. With 32 a Ru—P
bond rotation of 13° is found between the TS5(FE) and TS5(Z) transition states,
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which is significantly more pronounced than the 1° Ru—Cypgc bond rotation in
20a.

6.2 Restricting Phosphine Rotation

Bidentate LX-type ligands are anticipated to inhibit rotation around the Ru-P
bond; with this in mind, chelating phosphine sulfonates, reported by Claverie and
co-workers, were regarded as suitable candidates.'%3 Indeed, the calculated Ru—P
rotation between the RCB collapse transition states in the £- and Z-pathway is
only 1° with compound 34 (Scheme 10); thus, this rotation is comparable to that
observed with the NHC in 20a. In addition to these hopeful results, the AAG;M of
2.6 kcal-mol~! (entry 4, Table 1) predicts a Z-selectivity not much different from
that of 20a. Comparison of the AG(Z )Tol shows that 34 is most likely somewhat
less active than 20a.

Compound 34 is easily prepared from HG-I in a two-step reaction: first o-(di-
cyclohexylphosphino)sulfonic acid was reacted with half an equivalent of AgoCO3
in THF to produce the silver salt in situ (Scheme 10).1%* Following this, reac-
tion with Hoveyda—Grubbs first-generation catalyst and subsequent purification
yielded 33, from which 34 was obtained through reaction with 2,4,6-triphenyl-
benzenethiolate. Dark green crystals, suitable for X-ray structure analysis, were
obtained through diffusion of n-pentane in a concentrated solution of 34 in di-
chloromethane (DCM) at low temperature (—30 °C); the molecular structure to-
gether with relevant bond lengths and angles is shown in Figure 8. Formally, 34 is

an 18-electron compound, since the sulfonate moiety is bound in a x20,0’ fashion

Scheme 10: Two-step synthesis of compound 34.¢
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to ruthenium. In this distorted octahedral structure, the two sulfonate oxygen
atoms (O1, O2) are coordinated trans to the thiolate (S2) and trans to the alkyl-
idene, respectively. The Rul—0O1 bond is significantly shorter than the Rul—-02
bond (2.171 vs. 2.424 A), which is caused by the stronger trans-influence of the
alkylidene moiety; similarly, the S1-0O1 bond (1.493 A) is slightly longer than the
S1-02 (1.464 A) bond. Furthermore, while the Rul —04 bond of the isopropoxy
group is longer in 34 compared to 32 (2.345 vs. 2.304 A), other bonds lengths are
comparable between these complexes. Finally, the bond angle of ruthenium with
the sulfur atom of the thiolate moiety (Rul—-S2-C19) is somewhat sharper in 34
than in 20a (112° vs. 113°%9).

Despite the positive outcome of the computational predictions, 34 does not
show any activity when tested in homocoupling of neat allylbenzene, neither at

room temperature (RT) (entry 3, Table 2) nor at 40 °C (entry 4). This is some-

Figure 8: X-ray structure of 34 with displacement ellipsoids drawn at the 50% prob-
ability level. H-atoms and solvent molecule (DCM) are omitted for clarity. Selected ge-
ometrical parameters: Rul-C45 = 1.8501(2) A, Rul-P1 = 2.2790(5) A, Rul-01 =
2.1706(1) A, Rul-02 = 2.4236(2) A, Rul - 04 = 2.3448(2) A, Rul-S2 = 2.2886(5) A,
S1-01 = 1.4931(2) A, S1-02 = 1.4641(2) A, S1-03 = 1.4321(2) A, Rul-S2-C19
= 112.41(6)°, P1-Rul-S2 = 89.138(2)°, P1-Rul-01 = 93.29(4)°, P1-Rul-02 =
83.25(4)°, P1-Rul—-04 = 169.66(4)°, S2—Rul—-01 = 157.44(4)°.
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what remarkable, since compounds similar to precursor 33 are metathesis active
catalysts.!% Thus, it is likely that the presence of the additional steric pressure
coming from the thiolate ligand in 34, combined with steric and electronic ef-
fects of the k20,0’-bound sulfonate moiety, hampers catalyst activation or olefin
binding trans w.r.t. the P-atom, or creates another high barrier somewhere in the
catalytic cycle.

Slightly higher barriers might be overcome at increased reaction temperatures;
however, an increase to 60 °C gives only a very small amount of isomerization
products (entry 5); in addition, the E-selective metathesis activity observed at
80 °C (entry 6) is most likely caused by decomposition of 34. Attempts to acti-
vate the catalyst at RT through addition of two equivalents of phenylphosphoric
acid (PPA) (i.e. replicating entry 3 with the acid) results again in E-selective
metathesis, most likely due to catalyst decomposition.

A follow-up computational investigation showed barriers in the catalyst initia-
tion pathway that are comparable or even lower than those in 20a; thus, catalyst
activation is certainly not the bottleneck. In addition, olefin coordination is more
facile with 34 too. Furthermore, dissociation of the Z-selectivity-inducing thiolate
is not a likely cause of the F-selective activity observed at higher temperatures.

In conclusion, the inactivity of 34 remains unexplained.

6.3 Reducing the Size of the P-O Chelate

Even though no explanation for the inactivity of sulfonate complex 34 could
be found, chemical intuition still regards the tridentate nature of the phosphine
sulfonate as the main cause. As a consequence, the attention was shifted to chelat-
ing o-(dialkylphosphino)phenolate ligands.'®® With this family a five-membered
ring (Ru—P—Ca,—Ca,—O) is formed; this is less sterically demanding than the
six-membered ring (Ru—P—Ca,—Ca,—S(=0)2—-0) of the sulfonate ligand in 34.
Moreover, the phenolate moiety can only bind ruthenium in a 'O fashion; natu-
rally this bidentate nature is enough to hamper rotation around the Ru—P bond.
Finally, the fact that olefin metathesis catalysts highly active in co-polymerization
of norbornene, producing co-polymers with increased cis content of the C=C
bonds, were developed with these ligands sounded promising.'66:167

To design a catalyst that exerts optimal steric pressure towards the 2,4,6-triphe-

nylbenzenethiolate, complexes using o-(dialkylphosphino)phenolate ligands with
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different alkyl groups were computationally evaluated: for instance, sterically de-
manding tert-butyl groups in 37 (Figure 9) are compared with the somewhat
smaller cyclohexyl groups (38) and the massive 1-adamantyl substituents (39).
The consequence of using the smaller 2,4,6-trimethylbenzenethiolate in combina-
tion with tert-butyl groups on the phosphine (36) was investigated as well.

The calculated activities and selectivities of compound 36-39 (entries 5-8, Ta~
ble 1) show that the catalyst bearing o-(di-tert-butylphosphino)phenolate (37,
entry 6) is an interesting candidate: first, the AAG}FO
the values found with 32, 36, 38 and 39, but lower than with 20a, indicating
that at least a decent Z-selectivity can be expected. Second, the absolute bar-
rier to metathesis (AG(Z)k,)) of 37 is the lowest of the phenolate family but

higher than that of 20a; thus, the activity of 37 will be lower compared to 20a.

, of 37 is larger compared

Surprisingly, the predicted Z-selectivity of 39 (entry 8) is nearly equal to that
of 37, while the former is equipped with sterically more demanding 1-adamantyl
groups; this is caused by solvent corrections, as gas-phase calculations foresee a
significantly higher Z-selectivity for 39. The cyclohexyl groups in 38 (entry 7) are,
analogue to those in monodentate 32, unable to sufficiently prevent the thiolate
from twisting, resulting in similarly low selectivity. Finally, the predictions show
that a small thiolate in 36 manages to “escape” the steric bulk of the tert-butyl
groups (entry 5).

The lower costs involving the preparation of the o-(di-tert-butylphosphino)phe-
nolate ligand were decisive in choosing to synthesize 37 instead of 39; in addition,

with little extra effort and costs, 36 can be obtained, since both compounds are

P(R")z
| “\\\SRZ
O\R‘U—
"Pr/O

36 R' = tert-butyl, R? = 2,4,6-trimethylphenyl
37 R' = tert-butyl, R? = 2,4,6-triphenylpheny!
38 R' = cyclohexyl, R? = 2,4,6-triphenylphenyl
39 R' =1-adamantyl, R? = 2,4,6-triphenylphenyl

Figure 9: Ruthenium o-(dialkylphosphino)phenolate compounds 36-39.
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made via the same precursor 35 (Scheme 11). The o-(di-tert-butylphosphino)-
phenolate ligand and the aforementioned precursor synthesized with it were pre-
pared according to literature procedures.'6"1%® Subsequent reaction of 35 with an
equivalent of potassium 2,4,6-trimethylbenzenethiolate and potassium 2,4,6-tri-
phenylbenzenethiolate in THF yielded 36 and 37, respectively. Dark red crystals
suitable for X-ray structure analysis were obtained through diffusion of n-pentane
into a concentrated solution of 37 in DCM at low temperature (—32 °C); the
molecular structure together with relevant bond lengths and angles is shown in
Figure 10. Compound 37 is a slightly distorted square pyramid with the alkyli-
dene located at the apical position. Of the remaining ligands, which occupy basal
positions, the thiolate moiety (S1) and the phosphine (P1) are located trans w.r.t.
phenolate and alkoxy oxygen atoms (O2 and O1), respectively. Bond lengths are
comparable to those found in 20a,2° 32 and 34; however, the bond distance be-
tween ruthenium and the phenolate oxygen (Rul—-02 = 2.025 A) is distinctly
shorter than those of the Ru—Ogutonate in 34 (2.171 and 2.424 A); in addition,
with 84° the P1-Rul-02 angle is smaller than 90°, showing the distortion from
true square pyramidal geometry. The bond angle around the sulfur atom of the
thiolate ligand (Rul—S1-C25 = 114°) is sharper than that of 32 (117°) but larger
than that of 34 (112°).

Catalytic testing shows that with 36 in homocoupling of neat allylbenzene
mainly by-products are obtained (entry 7, Table 2); the 2% yield in olefin meta-
thesis products is obtained with relatively low Z-selectivity (50%), as predicted
(entry 5, Table 1). Analysis of TS5(F) shows that angles 7 and ¢ deviate sig-
nificantly from the ideal values: actually, the deviation in 36 is the largest when
compared to 37, 38 and 39 (entries 5-8, Table 1); thus, the bulky tert-butyl groups

Scheme 11: Synthesis of compounds 36 and 37.
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37 R = 2,4,6-triphenylphenyl
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on the phosphine do not provide enough steric pressure to prevent twisting of the
relatively small 2 4.6-trimethylbenzenethiolate in 36.

Compound 37 catalyzes homocoupling of neat allylbenzene with a Z-selectivity
over 80% (entry 8, Table 2); this is the highest Z-selectivity obtained this far with
phosphine-based first-generation-style catalysts. Furthermore, the yield of 37 is
larger than that of 36 and 32, which is in agreement with the lower calculated
barrier to olefin metathesis (AG(Z )3}01) of 37.

Figure 10: X-ray structure of 37 with displacement ellipsoids drawn at the 50% probabil-
ity level. H-atoms and solvent molecule (DCM) are omitted for clarity. Selected geometri-
cal parameters: Rul - C1 = 1.846(2) A, Rul-P1 = 2.2653(5) A, Rul - 01 = 2.2531(2) A,
Rul-02 = 2.0246(2) A, Rul -S1 = 2.2846(6) A, Rul -S1-C25 = 114.21(7)°, P1-Rul -S1
= 92.412(2)°, P1-Rul-01 = 168.79(5)°, P1-Rul-02 = 83.51(4)°, S1-Rul-02 =
152.11(5)°.
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Table 1: Comparison of computed parameters of assessed complexes with 20a.

entry cat. AAGE AG(Z)ht T ¢
(kcal-mol 1) (kcal-mol 1) (°) (°)
1 20a 3.1 18.8 n.a. n.a.
2 31 —-0.8 n.a. —137 —115
3 32 0.9 28.0 —174 —-90
4 34 2.6 22.0 n.a. n.a.
) 36 0.3 26.3 —165 —-99
6 37 1.6 24.8 —168 —-94
7 38 0.8 26.7 —178 —88
8 39 1.5 n.a. 178 -85
®The relative energies represent a measure of Z-selectivity; AAG%FO] = AG(E):*}OI —

AG(Z)hy. PAG(Z),, is the absolute barrier to TS5(Z) with the precatalyst as ref-
erence. ¢ Calculated torsion angles P-Ru—S—C1 (7) and Ru—S—C1-C2 (¢) in the tran-
sition state leading to MCB rupture in the E-pathway; ideal torsion angles are 7 = 180°
and ¢ = 90° (see Figure 6).

Table 2: Comparison of synthesized complexes with 20a in homocoupling of neat allyl-
benzene.

entry cat.? T (°C) t (h) conv.’ (%) yield® (%) 7% (%)

1 20a° 20 1 7 5 85
2 32 20 1 1 0.2 n.d.
16 10 1 61
3 34 20 1 0 0 n.a.
4 34 40 1 0 0 n.a.
5 34 60 1 1 0 n.a.
6 34 80 1 73 9 29
24 100 7 29
7 36 20 1 60 2 50
8 37 20 1 21 13 81

aCatalyst loading = 1 mol%. *Determined by 'H NMR analysis. Conversion is the amount
of substrate converted, whereas yield refers to the amount of substrate converted into me-
tathesis homocoupling products. The difference between conversion and yield corresponds
to the amount of 1-alkene to 2-alkene isomerization of the substrate. “Catalyst loading
= 0.1 mol%.



50 CHAPTER 6. Z-SELECTIVE FIRST-GENERATION CATALYSTS
6.4 Different Reaction Conditions

A series of experiments, investigating the performance of 37 under variation in
the reaction temperature, catalyst loading, solvent and substrate concentration
(Table S1, SI of Paper I), yielded the following results:

e temperature increase promotes isomerization of the substrate, especially at
high conversion (entries 1-3), possibly because isomerization-active decom-
position products start to accumulate;

« higher catalyst loading gives only little improvement in Z-isomer yield (entries
1, 4 and 5). It is likely that even at the lowest used catalyst loading (1 mol%)
saturation is obtained. Thus, other factors, such as diffusion to and from the
catalyst, might determine the outcome of these experiments;

« in solvents, lower conversion and yields are observed compared to neat allyl-
benzene, most likely due to a lower concentration of reactants; between the
various solvents only insignificant differences are observed (entries 6-8);

o reduction in the substrate concentration gives lower conversion and yield
(entries 9-12).

In addition, the effects of different additives were studied:

¢ due to its ability to destruct hydrides or even block their formation, isomeriza-
tion is effectively prevented with 2,6-dichloro-1,4-benzoquinone (QUI, entry
13).169 Unfortunately, however, addition of QUI is, in this case, detrimental
to Z-selectivity;

o phenylphosphoric acid (PPA, entry 14) is supposed to prevent isomerization
in a similar fashion as QUL!'™ However, here low conversion and yield are
obtained, with moderate Z-selectivity;

o tricyclohexylphosphine oxide (TCPO, entry 15) and water (entry 16) prevent
isomerization of the Z-product in the FE-product. As a consequence, high
Z-selectivity is maintained at longer reaction times; however, with water as
additive, progress of the reaction unfortunately stops at ca. 25% conversion
due to inactivation or decomposition;

The discussion above leads to the general conclusion that at 20 °C, using 1 mol%
catalyst in neat substrate with five equivalents of TCPO as additive, optimal

results were obtained.
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Building on these results, catalyst 36 and 37 were tested in several neat sub-
strates, with the addition of TCPO when the substrate is susceptible to isomer-
ization (Table 3). Addition of TCPO does neither improve the Z-selectivity nor
the yield of 36 in allylbenzene (AB, entry 1). Using this catalyst, the highest Z-
selectivity was obtained in allyltrimethylsilane (ATMS, entry 2), which is mainly
caused by the steric effects of the large silyl groups; an attempt to improve selec-
tivity through addition of TCPO resulted in a lack of activity (entry 3).

Catalyst 37 converts l-octene (OCT) and allyl acetate (AAc) with high Z-
selectivity and moderate yield (entries 4 and 5); in addition, only negligible iso-
merization of the substrate is observed. However, Z-selectivity in 2-allyloxyethanol
(AOE) is low (entry 6); this was improved by addition of TCPO (entry 7). Fur-
thermore, yield and Z-selectivity in 4-phenyl-1-butene (PB) are similar to those
obtained with allylbenzene (entries 8 and 9). An important observation is that,
in contrast to NHC-based catalysts, 37 gives only negligible or little Z/E isomer-
ization of the product with increasing substrate conversion; this is possibly due

to low secondary metathesis activity.

Table 3: Comparison of 36 and 37 in homocoupling with different substrates.

entry  cat.® sub.’  additive ¢ (h) conv.? (%) yield? (%) Z% (%)

1 36 AB TCPO 8 95 6 38
2 36 ATMS 1 1 0.5 88
3 36 ATMS TCPO 1 0
4 37 OCT 8 27 27 82
) 37 AAc 8 24 24 92
6 37 AOE 8 8 3 54
7 37 AOE TCPO 8 8 4 74
8 37 PB 1 14 12 80
8 7 36 71
9 37 PB TCPO 8 43 34 79

A complete overview of the results obtained with 36 and 37 is found in Table 6 of
Paper I. “Catalyst loading = 1 mol%, T = 20 °C. *AB = allylbenzene, ATMS = al-
lyltrimethylsilane, OCT = 1-octene, AAc = allyl acetate, AOE = 2-allyloxyethanol, PB
= 4-phenyl-1-butene. “TCPO = tricyclohexylphosphine oxide (5 equiv.) “Determined by
'H NMR analysis. iso = conv. — yield. For entries 1, 6, and 7, iso = DBM of 1-alkene
to 2-alkene; for entry 2, iso = DBM of l-alkene to 2-alkene (major) + CM of substrate
and 2-alkene isomer (minor product);7 for entries 8 and 9, iso = DBM of 1-alkene to
2-alkene (major) + CM of substrate and 2-alkene isomer (minor product) + DBM of the
HC product (trace).
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Furthermore, ROMP performed with 32, 34, 36 and 37 in neat cis-cyclooctene
gave low activities and only moderate Z-selectivities. While higher than obtained
with HG-I, these Z-selectivites were not much different from those obtained by

Chen and co-workers.1!



Chapter 7
Z-Selective Ru-Indenylidene Catalysts

The previous chapter illustrates that the method used to obtain 20a can easily
be extended to yield first-generation Z-selective catalyst 37. With the generality
of this design established, an attempt was made to further improve this system;
higher thermal stability of Ru-indenylidene catalysts, compared to those based
on benzylidene (Section 2.2.3), was the prime motivation to turn towards these
types of catalysts. Although it would be interesting to make Z-selective congeners
of 10b and 10c (Chart 3), substitution of the chloride ligand for the large 2,4,6-
triphenylbenzenethiolate is unlikely to succeed due to steric reasons: the steric
bulk of the NHC and tricyclohexylphosphine is complemented with that of the
indenylidene moiety and is significantly larger than with benzylidene.

Catalysts 11b and 11c offer a better starting point: the two much smaller pyri-
dine moieties that replace the PCys ligand are expected to dissociate easily. This
creates space for the incoming thiolate during chloride substitution, after which
one equivalent of pyridine will probably re-coordinate. Furthermore, the fast ini-
tiation obtained with nonselective Ru-bipyridine complexes can be transferred to

172 Therefore, it is likely that these prop-

Z-selective Ru-monothiolate catalysts.
erties will be maintained in Z-selective analogues of 11b and 11c as well. This
chapter discusses the synthesis and properties of such catalysts, representing the

work in Paper IV.

7.1 Catalyst Synthesis

Compound 40 was obtained by reacting 11¢% with one equivalent of potassium
2,4,6-triphenylbenzenethiolate in THF (Scheme 12). Dark red crystals, suitable

for X-ray structure analysis, were obtained by slow diffusion of n-pentane into a

53
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Scheme 12: Synthesis of compound 40.

concentrated solution of 40 in DCM at low temperature (—32 °C); the molecular
structure, relevant bond lengths, and angles are shown in Figure 11.

Compound 40 adopts a slightly distorted square pyramidal geometry, with the
indenylidene occupying the apical position, a configuration typical of pentacoordi-
nate Grubbs catalyst precursors. Surprisingly, however, in the basal plane, the two

ligands with the strongest trans influence, the thiolate ligand (S1) and IMes (C1),

Figure 11: X-ray structure of 40 with displacement ellipsoids drawn at the 50%
probability level. H-atoms and solvent molecules (DCM) are omitted for clarity. Se-
lected geometrical parameters: Rul-Cl = 2.0911(16) A, Rul - Cll = 2.3903(4) A,
Rul N3 = 2.1113(14) A, Rul-C51 = 1.8731(16) A, Rul-S1 = 2.3066(4) A, C2-C3
= 1.346(3) A, N1-C1-N2 = 103.24(14)°, C1-Rul-Cll = 88.52(5)°, C1-Rul-N3
= 89.71(6)°, C1-Rul-C51 = 106.20(7)°, C1-Rul-S1 = 145.78(5)°, C51-Rul-Cll1
= 91.76(5)°, C51-Rul-N3 = 93.03(6)°, C51-Rul-S1 = 108.01(5)°, N3—-Rul-S1 =
88.53(4)°, Cl1-Rul—-S1 = 90.408(14)°, Rul—-S1-C27 = 114.26(5)".



7.1. CATALYST SYNTHESIS 55

are positioned trans to each other (C1-Rul—S1 = 146°). The total steric pressure,
larger than usual due to the indenylidene ligand, prevents the cis-coordination
observed in corresponding alkylidene monothiolate complexes (Section 3.1 and
Chapter 6). It is likely that, to make room for the incoming bulky thiolate, pyri-
dine dissociates during synthesis and subsequently re-coordinates cis to IMes. If
this solid-state structure equals that of the precatalyst in solution, some problems
may arise: the weak trans influence of Cl (CI1) might not be able to warrant the
rapid pyridine dissociation expected from fast-initiating catalysts. Furthermore,
the incoming olefin and the RCB intermediate will experience a roughly equally
distributed steric pressure from IMes and the thiolate, both located on opposite
sites cis w.r.t. the ring. This, in contrast to the selectivity-inducing steric pressure
towards a single face of the RCB seen with the other Ru-monothiolate catalysts
(Section 3.2), is expected to have negative consequences for the Z-selectivity.
Reaction of RuCly(SIMes)(py)(3-phenylindenylidene) (41, Scheme 13), com-
mercially available as Umicore M31, with one equivalent of potassium 2,4,6-tri-
phenylbenzenethiolate in THF afforded, after purification, 42, the SIMes analogue
of 40. Unfortunately, "H NMR spectra taken of the reaction mixture showed that
conversions > 70% could not be reached; subsequently, addition of extra thiolate
or extension of the reaction time (> 30 min) led to near complete decomposition of
the product. Dark red crystals suitable for X-ray structure analysis were obtained
through slow diffusion of n-pentane into a concentrated solution of 42 in DCM
at low temperature (—32 °C); the molecular structure, relevant bond lengths, and

angles are shown in Figure 12.

Scheme 13: Synthesis of compound 42.
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Compound 42, similar to 40, adopts a slightly distorted square pyramidal
geometry, with the indenylidene occupying the apical position, and with trans-
positioning of the SIMes and the thiolate in the basal plane. The shorter Ru—Cyuc
bond in 42 compared to that in 40 (Rul-C1 = 2.080 vs. 2.091 A) shows that
SIMes is more strongly bound to ruthenium than IMes; this agrees with calcu-
lations on LCl,R=CH, complexes that show slightly stronger L—Ru o-donation
and dr— L7 back-donation with SIMes when compared to IMes.!”™ Furthermore,
the N1-C1-N2 angle is less sharp in 42 (107° vs. 103° in 40); as a consequence,
the ligands located cis w.r.t. the NHC are expected to experience a slightly higher
steric pressure from the mesityl groups. The stronger L—Ru o-donation and steric
pressure of the more tightly bound SIMes moiety should translate in longer bond
lengths for the other ligands. Indeed, the Ru=Cr,q and Ru—Npy bonds are slightly
larger in 42 (Rul-C51 = 1.875 vs. 1.873 A; Rul N3 = 2.113 vs. 2.111 A); how-
ever, the Ru—Cl bond is shorter (Rul -~ Cl1 = 2.388 vs. 2.390 A) Finally, the larger
trans effect of SIMes is demonstrated by the elongated Rul—S1 bond in 42 (2.318
vs. 2.307 A in 40).

Figure 12: X-ray structure of 42 with displacement ellipsoids drawn at the 50%
probability level. H-atoms and solvent molecules (DCM) are omitted for clarity. Se-
lected geometrical parameters: Rul-Cl = 2.0795(15) A, Rul-Cll = 2.3879(4) A,
Rul N3 = 2.1134(14) A, Rul - C51 = 1.8745(15) A, Rul-S1 = 2.3181(4) A, C2-C3
= 1.520(2) A, N1-C1-N2 = 106.56(14)°, C1-Rul-Cll = 87.21(4)°, C1-Rul-N3
= 91.37(6)°, C1-Rul-C51 = 107.23(6)°, C1-Rul-S1 = 145.07(4)°, C51-Rul—-Cll1
= 91.25(5)°, C51-Rul-N3 = 93.03(6)°, C51-Rul-S1 = 107.66(5)°, N3—-Rul-S1 =
88.48(4)°, Cl1-Rul-S1 = 90.385(13)°, Rul—-S1-C27 = 113.73(5)".
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Additional attempts were made to synthesize analogues of 40 and 42 that
bear the 2,4,6-tri(di-m-methylphenyl)benzenethiolate; unfortunately, the use of
this even bulkier thiolate resulted in decomposition or gave yields that are too
low to isolate.

'"H and ®C NMR spectra recorded of 40 and 42 (see SI of Paper IV) show
that the weak trans influence of Cl does not hamper pyridine dissociation, as
was theorized above: the complexity of these spectra indicates that mixtures of
40 and 42 with their respective pyridine-free 14-electron complexes are readily
established in solution. Furthermore, the fraction of dissociated pyridine quickly
reaches > 90% when 40 is dissolved in chloroform-d and kept at 40 °C (SI of

Paper IV); moreover, pyridine dissociation is shown to be irreversible.

7.2 Performance in Catalysis

Both 40 and 42 initiate metathesis rapidly (entries 1-10, Table 4); moreover, Z-
selectivities up to and above 80% were obtained in HC of 1-alkenes, despite the
unusual X-ray structures predicting negative consequences for the Z-selectivity. In
addition, 42 is the most active catalyst, agreeing with the higher activity expected
for SIMes-bearing catalysts (Section 2.2.3). The high conversion reached in entry
5 most likely explains the somewhat lower Z-selectivity. Entries 5, 6 and 9 show
that only a small amount of double-bond migration products are formed with 42
in allylbenzene and 1-octene. However, with 4-phenyl-1-butene significant double-
bond migration is observed, especially at high conversion (entries 7 and 8).

The results in Table 5 show the effect of pyridine on the catalytic performance:
selectivity towards metathesis and the Z-product is reduced when pyridine is lost
from the microcrystalline 40. After 40 is freshly crystallized, slightly less pyridine
than the stoichiometric amount is observed; batch B shows that 0.04 equivalents
of pyridine, compared to the stoichiometric amount, were lost; after a subsequent
recrystallization (batch A), pyridine was determined to be 0.08 equivalents less
than the stoichiometric amount. Co-crystallization of 40 with the corresponding
14-electron complex, obtained after pyridine dissociation in solution, could explain
this observation. When solid material from batch B was dried under vacuum, no
loss of pyridine was observed.

Even though there is not much difference in the amount of pyridine between

batches A and B (0.92 and 0.96 equivalents, respectively), significant differences
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Table 4: Performance of complexes 40 and 42 in homocoupling of neat 1-alkenes.”

Neat, RT
o I
entry cat. cat. load. (mol%) sub.’ ¢ (min) conv.¢ (%) O/I¢¢ Z¢ (%)
1 40°¢ 0.5 AB b) 8 13 80
2 40° 0.5 PB 5 14 3 82
3 40° 0.5 PB 15 34 4 82
4 40° 0.1 ocCT 15 4 9 85
5 42 0.5 AB 5 55 62 76
6 42 0.5 AB 30 19 28 83
7 42 0.5 PB 15 34 8 88
8 42 0.5 PB 60 72 4 83
9 42 0.1 ocCT 15 ) 36 87
10 42 0.01 oCcT 240 22 10 84

“R = phenyl, C5Hy1, or benzyl. *’AB = allylbenzene, OCT = l-octene, and PB = 4-
phenyl-1-butene. “Determined by 'H NMR analysis using hexamethylbenzene as internal
standard. ?Fraction of the homocoupling product (O) and the double-bond migration
(isomerization) product (I) of allylbenzene. ¢Batch B +0.1 equiv. of pyridine. F40.1 equiv.
of pyridine.

in Z-selectivity were observed (entries 1 and 14; 2 and 15, Table 5). Furthermore,
Z-selectivity and selectivity to olefin metathesis are increased, at the cost of a
reduction in catalytic activity, when 0.1 equivalents of pyridine is added to the
catalytic mixture (entries 3—6 and 16-19). At > 0.1 equivalents of pyridine, a fur-
ther reduction of the initiation rate is observed without additional improvement
of the Z-selectivity (entries 7-13). The most likely cause for the reduction in yield
of Z-product with the loss of pyridine is the decomposition of the catalyst into
isomerization-active species. Dissociation of pyridine from the 16-electron precat-
alysts yields the active species; these less stable 14-electron compounds are known

to decompose into alkene isomerization catalysts (Chapter 4 and Chapter 8).
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Table 5: Influence of pyridine on the catalytic properties of 40 in neat allylbenzene.

©/\/

40 +
Neat RT
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@m@ S

entry batch of 40” equiv. pyridine T(min) conv.’(%) O/I%¢ Zb (%)

19

selivelivelivelivelivs e gie gie e g

0

0

0.1
0.1
0.1
0.1
0.2
0.2
0.2
0.2

0.1
0.1
0.1
0.1

5
15
5
15
60
120
5
15
60
120
5
15
60
5
15
5
15
60
120

14
24
5
12
28
62
2
10
24
38
0.2
1
6
12
23
8
18
32
44

10
7
14
11
12
8
)
6
13
11

n.d.

3
12
6
7
13
17
11
9

61
40
82
80
71
46
83
81
78
75

n.d.

82
80
72
58
80
78
71
69

“Pyridine content in batches A and B determined with 'H NMR to be 0.08 and 0.04 equiv.
below the stoichiometric amount. Cat. load. = 0.5 mol%. *Determined by 'H NMR analy-
sis using hexamethylbenzene as internal standard. “Fraction of the homocoupling product
(O) and the double-bond migration (isomerization) product (I) of allylbenzene.

7.3 Computational Investigation

A computational investigation into the unexpected activity and Z-selectivity ob-

served with 40 and 42 was performed using DFT. Pyridine dissociation is, with

a barrier of 20.5 kcal-mol™! in 40, relatively facile; this is in line with what is

expected of fast initiating catalysts. While olefin binding to the thus obtained

14-electron species (M1, Scheme 14) is not energetically costly, the subsequently
formed m-complex M1-AB, with the olefin cis w.r.t. the NHC, does not have a

configuration suitable for cycloaddition and metathesis.
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Isomerization of M1, in which the thiolate moves to the position trans to
Cl, affords the relatively stable M1-trans (4.6 kcal-mol™! w.r.t. 40). The olefin
binds this species trans w.r.t. the NHC, resulting in metathesis-potent w-complex
M1-trans-AB. After one cycle the indenylidene moiety is replaced with 2-phen-
ylethylidene and subsequent reaction leads to productive olefin metathesis. In this
way, the configuration responsible for Z-selectivity in Ru-monothiolate catalysts
such as 20a is reproduced (Section 3.2). Alternatively, a 180°-rotation of the in-
denylidene ligand around the Ru=Cryg bond in M1-trans, which is surprisingly
easy with a barrier of no more than 13 kcal-mol~!, gives M2; subsequently, the
metathesis cycle is entered after via m-complex M2-AB. Since the difference in
stability between M1-trans-AB and M2-AB is merely 3.1 kcal-mol~!, and M2
is only 6.4 kcal-mol~! less stable than M1-trans, it is likely that both pathways
are active. Some other pathways were considered: isomerization of the indenyli-
dene ligand to less sterically congested allenylidene (Section 2.2.3) was presumed
to afford enough space for olefin binding; however, this species lies significantly
higher on the potential energy surface. In addition, dissociation of the chloride is

associated with high energetic costs as well.

Scheme 14: Activation of 40 through isomerization.”

Ph Ph Ph
SN B S
IMes;JRu—S Ph% IMes |Ru—s P Mes Ru Ph L'IMes Ru

\CI \CI CI
Ph Py ’ 1Ph
[0.0] Ph ne.1] Ph [4.6] [21 5]
40 M1 M1-trans M1-trans-AB
AB Indenylidene
rotation
Ph O
| Ph >>: :
IMes QRU S IMes— Ru L'IMes Ru
pr O cl
[17.4] Ph [11.0] [24. 6]
M1-AB M2 M2-AB

%Energies calculated in toluene at RT are given in kcal-mol™'. AB = allylbenzene and Py
= pyridine.



Chapter 8

Ru-Alkylidene Loss and Isomerization

The catalytic experiments in the previous two chapters show that double-bond
migration (isomerization) virtually always runs in parallel with the olefin meta-
thesis reaction. For instance, with the best first-generation Z-selective catalyst to
date (37), only 62% of the converted allylbenzene is retrieved as olefin metathesis
product (entry 8, Table 2); the remainder is the 2-alkene. Double-bond migration
not only wastes precious substrates, but, combined with subsequent olefin meta-
thesis reactions, it also produces a complex mixture, from which isolation of the
desired product is difficult and costly (Section 4.1). Another important source of
by-products is isomerization of the Z- into the E-isomer, especially in connection
with what discussed in the previous two chapters. This process is detrimental to
Z-selectivity and cancels the efforts of carefully designing Z-selective catalysts. As
a matter of fact, Grubbs-type olefin metathesis catalysts, especially those that are
Z-selective, should possess a higher stability to be viable in industrial processes.

Several ruthenium species originating from catalyst decomposition, such as
ruthenium hydrides (Section 4.2) and nanoparticles (Section 4.3), were seen as
possible culprits; however, they merely give a partial explanation to the observed
double-bond migration: ruthenium hydrides show low isomerization activity and
ruthenium nanoparticles seem at most to account for only 50% of total substrate
isomerization; in addition, the formation of these RuNPs is not completely ex-
plained.

Paper II was conceived from the lack of a well established decomposition-
isomerization pathway with clearly identified isomerization-active decomposition
products that agree with the rate of isomerization observed during metathesis;

the main results of this study are discussed in this chapter.

61
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8.1 Evaluation of Known Mechanisms

Recalculation and re-evaluation of the ethene-assisted decomposition pathway
postulated by Janse van Rensburg et al. (Section 4.4) shows that the barrier
of B-hydrogen transfer (TSvra /VR3; Scheme 15), from the unsubstituted RCB
(VR2) to form allyl ruthenium hydride VR3, is only 1.3 kcal-mol~! higher than
that of olefin metathesis (i.e. 23.5 kcal-mol™! w.r.t. HG-II). This indicates that
the mechanism is likely contributing to catalyst decomposition. Furthermore, due
to its relatively high stability (—3.4 kcal-mol~1), VR2 acts as an energetic sink,'™
trapping “ruthenium” that would otherwise be available as OMS5, thus slowing
down olefin metathesis.

An excellent solution would be to completely disable the OM5-VR4 path-
way through continuous removal of ethene from the reaction mixture. This is
technically not difficult to achieve: application of a static vacuum or continuous
degassing with argon removes all of the gas during catalysis. However, with these
measures in place, combined with low catalyst loading to minimize the formation
of isomerization-active dinuclear ruthenium complexes such as 29, isomerization
and catalyst decomposition are far from eliminated.'™ This suggests that other
mechanisms are at work; with all other options excluded, the main suspect is the
substrate itself.

Repetition of the calculations with allylbenzene as substrate showed that sub-
stituted RCB OMT (Scheme 15) does not act as an energetic sink (AG(OM7) =
2.7 keal-mol~1). Moreover, the barrier of 32.5 kcal-mol™! to 3-hydrogen transfer
(TSom7,vRs A) shows that this mechanism is much less advantageous with allyl-
benzene than with ethene. On the other hand, the aforementioned barrier is only
9 kcal-mol~! higher than that leading to homocoupling of allylbenzene, and there-
fore it does afford a major pathway to catalyst decomposition. Nevertheless, other
mechanisms that commence from the intermediates located before TSomz/vraa

might offer lower barriers.

8.2 Decomposition via RCB Ring-Expansion

Relatively stable substituted RCB OMY7, readily obtained from allylbenzene and
OMS5, forms a viable starting point for ring expansion. In literature, examples

are found of repeated ethene insertion into a metallacycle. Increasing flexibility of
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Scheme 15: Mechanism of RCB decomposition through S-hydrogen elimination postu-
lated by Janse van Rensburg.®
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L [-3.4]
| cl
HG-I Ri—=
[0.0] T
oM5
[9.9] L L . TSomzvrsa L L
F{|,\\Cl R|.>C Y R| = Rlnj‘a
— = — u —_— u—H — --H
ph—’ cr | ol a’l a’l
m—r P o [
OM6 om7 Ph  vR3a Ph  vR4A
[14.7] [2.7]

“Gibbs free energy, in square brackets, given in kcal-mol~! and relative to precatalyst
HG-II. L. = SIMes.

the expanding ring eventually allows relatively easy §-hydride abstraction, yield-
ing trimers and tetramers of ethene.'”® Calculations show that such an expansion
with OMT yields ruthenacyclopentane R8 (Scheme 16). From here, m-complex
R9 is obtained from a 1,3-hydride shift that is relatively easy considering that the
barrier TSgrg/rg is only 1 kcal-mol~! higher w.r.t. the metathesis barrier; subse-
quently, the 13.1 kcal-mol~! more stable triplet-state 3R9 is obtained effortlessly
from singlet-state intermediate R9; finally, formation of 12-electron species 3R21
through olefin release is barrier-less.

Although TSom7/rs is associated with an energetically unfavorable barrier of
39.6 kcal-mol~!, performing the conversion of OMT to R8 in several separate
consecutive steps, via R5, reduces this barrier significantly. Here, formation of
the Ru—H agostic interaction in R5 via transition state TSg4p/mrs forms the
highest barrier (29.5 kcal-mol™!), not only to the formation of R8 but in the
whole pathway. Moreover, this barrier is only 6 kcal-mol™! higher than that of
olefin metathesis and 3 kcal-mol~! smaller than that of 3-hydrogen abstraction
(TSom7/vRsa); thus, ring-expansion is favored over the mechanism postulated

by Janse van Rensburg.

8.3 Identifying a Key Isomerization Culprit

The triplet-state 12-electron species 3R21 is not only obtained via the ring expan-

sion discussed in the previous section: olefin-decoordination from both VR4 and
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Scheme 16: 1-Alkene triggered decomposition pathways starting from OM?7.¢
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2Gibbs free energy, in square brackets, given in kcal-mol™! and relative to precatalyst
HG-II. (L = SIMes, ES = ethyl styrene).

VRA4A yields this species as well. Two of these three pathways, i.e. via VR4A
and through ring expansion, proceed via metathesis homocoupling intermediate
OMY7. As noted in the previous section, the most favored one of those has a bar-
rier (TSgr4p/rs5) of only 6 kcal-mol~! higher than that of olefin metathesis. The
fact that this route provides a major cause of catalyst decomposition becomes
more clear when realizing that for every 1000 olefin metathesis turnovers one cat-
alyst molecule is lost, since, according to transition state theory, decomposition

to 3R21 is about three orders of magnitude slower than olefin metathesis.

8.3.1 The Allylic Isomerization Cycle

To investigate whether 3R21 has the capacity to catalyse double-bond migration,
this species was “reacted” in silico with allylbenzene. This step gives access to
the n3-allyl cycle (Scheme 17), which closely resembles the generally accepted
allyl mechanism to double-bond migration in Scheme 6. Within a few steps, facile
spin-crossover of a triplet-state intermediate gives singlet state m-complex R22.
Subsequent hydride transfer to ruthenium is easy, but the succeeding rotation of
the n3-allyl moiety is associated with a relatively high barrier of 8.3 kcal-mol~*
connected to TSgas/r24.'™ Following this, relatively stable (—9.2 kcal-mol ™) 13-
allyl hydride R24 undergoes facile hydride transfer followed by spin-crossover, to
obtain triplet-state m-complex 3R25. Dissociation of the isomerization product 3-
methylstyrene regenerates 3R21 at —9.7 kcal-mol !, which is 5.3 kcal-mol~! lower

than at the beginning of the cycle, indicating the exergonicity of this reaction.
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Scheme 17: Isomerization mechanisms originating from 3R21 and R21.%
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The singlet-state intermediates with a m-coordinated olefin, R22 and R24,
are low-energy species in the n3-allyl mechanism (at —8.4 and —9.2 kcal-mol ™!,
respectively). Thus, considering these values and those of the relative barriers
to hydride-abstraction via T'Sgrag/r24 and spin-crossover (MECPRas), absolute
barriers between 16-17 kcal-mol™! are obtained for these steps. Therefore, both
R22 and R24 are species that play an important role in determining the rate of
olefin isomerization.

The turnover frequency (TOF) was estimated at 1-1.5 s~ using some assump-
tions: first, no deactivation takes place and no other competing pathways are
active; second, an average value, lying in the middle of the range (5-9 kcal-mol™!)
for MECPRrss was used. In addition, the estimated TOF is valid for substrate

concentrations > 1 mM.



66 CHAPTER 8. RU-ALKYLIDENE LOSS AND ISOMERIZATION

8.3.2 C-H Bond Activation and the Hydride Cycle

Instead of reacting with allylbenzene, 3R21 can undergo spin pairing to reac-
tive electron-deficient spin-singlet R21, a step that is associated with a barrier of
11-15 keal-mol ™! (MIEECPRra1). Reaction of allylbenzene affords a pathway, via
TSVARR21/R22, directly back into the singlet-state part of the n3-allyl mecha-
nism.

However, when the concentration of allylbenzene is low, the relatively unstable
R21 (13.1 kcal-mol~1) is somewhat stabilized through n?-coordination of one of
the mesityl rings on the NHC, yielding R26A at 5.2 kcal-mol~!. Subsequently,
intra-molecular activation of one of the o-methyl C—H bonds, followed by insertion
of ruthenium via a relatively low barrier (T'Sg21/r264), affords ruthenium-hydride
R27. This species forms the entry point for the hydride cycle, which resembles
the generally accepted alkyl mechanism to double-bond migration (Scheme 6).

Double-bond migration of the substrate commences with a slightly endergonic
coordination of allylbenzene. The obtained m-complex R28 reacts further via in-
sertion of the coordinated substrate into the Ru—H bond to give R29A. This
species, which is relatively high in energy (8.2 kcal-mol™!), easily rearranges to
R29B, after which m-complex R30 is obtained through [S-hydride abstraction.
Subsequently, dissociation of methylstyrene, exergonic by 12 kcal-mol™', gives
hydride R31 which then isomerizes to the species at the start of this cycle
(R27). When the hydride cycle is active in neat substrate, this isomerization
step constitutes the rate determining step; at lower concentrations this shifts to
the TSra21/R26a barrier. Furthermore, now the rate is predicted to be dependent
of concentration and the TOF is significantly higher (1300 s~' at 0.02 M) than

those obtained with the allylic mechanism discussed in Section 8.3.1.

8.4 Experimental Verification of the Predictions

Experimental verification to test whether 3R21 is indeed the key catalyst decom-
position intermediate and promoter of double-bond migration requires synthesis
of this species and an investigation into its catalytic behavior. However, while
3R21 is of relatively low energy, the synthesis of such a coordinatively unsatu-
rated triplet-state 12-electron Ru(II)-compound is very difficult, if not impossible.

Therefore, the synthesis of a singlet-state precatalyst with an increased coordina-
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tion number, containing one or more relatively weakly-bound protective ligands,
was considered a more practical approach. Although, in that case, ligand disso-
ciation will afford singlet-state 12-electron complex R21 instead of the initially
desired 3R21, this is not seen as a problem, because there are at least three
isomerization routes with low activation barriers that start at this high-energy in-
termediate: (i) triplet-state 3R21 is reached through spin-inversion; (ii) reaction
of R21 with one equivalent of substrate gives, via the relatively stable spin-singlet
m-complex R22; access to the allylic-cycle; (iii) the hydride-cycle may be engaged
through C—H bond activation of the mesityl groups on the NHC. The latter is
effectively disfavored at high substrate concentrations because barrier-less forma-
tion of R22 in neat substrate makes olefin binding to R21 no longer depending
on diffusion.

The aromatic p-cymene answers well to the characteristics desired of a protec-
tive ligand: even though this moiety will bind ruthenium in a n°-fashion, yielding
18-electron adduct (SIMes)(n°-p-cymene)RuCly (44, Scheme 17), dissociation is
expected to be facile enough (TSVAR44/Rr21 = 17.5 keal-mol ™) to obtain a suffi-
ciently high concentration of R21 in solution. Furthermore, free p-cymene is quite
“inert” and unlikely to negatively interfere with the catalytic processes in these
experiments.

However, a study of the available literature revealed that the synthesis of 44 was
going to be challenging: while several (NHC)(n5-p-cymene)RuCly complexes are

150,177-183 4]] isolated compounds of this type contain unsatu-

known in literature,
rated NHC-ligands; in fact, 44 had only been prepared in situ.'3 1% Furthermore,
attempts to synthesize 44 through reaction of (n%-p-cymene)RuCl, dimer with two
equivalents of SIMes, using the synthetic method for unsaturated NHC-bearing
analogues, gave a mixture of undefined hydridic decomposition products.'® Most
likely, dissociation of the p-cymene moiety in 44 is more facile than with the un-
saturated NHC-ligand analogues, allowing the thermodynamically unstable R21
species to decompose, probably through formation of a hydride such as R27. The
presence of an excess of p-cymene during synthesis was found to be a sufficient

solution to this problem.
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8.4.1 Synthesis of the Precatalyst

With the above in mind, the synthetic procedure was easily modified; compound
44 was readily obtained when a solution of SIMes in THF was slowly added
to (n%-p-cymene)RuCly dimer (43) suspended in a 1:1 mixture of THF and p-
cymene (Scheme 18). After the reaction was completed, most of the THF was
removed in vacuo; from the remaining reaction mixture, small red crystals that
were suitable for synchrotron-radiation X-ray structure analysis were obtained
at low temperature (—32 °C) (Figure 13). Compound 44 can be described as a
distorted octahedral complex with the carbene located axially; the two chloride
ligands are positioned equatorial and are cis w.r.t. each other, and the n°-bound
p-cymene ligand is occupying distorted axial and equatorial positions. In general,
the bond distances and angles are comparable to those of the IMes analogue of
44;'8 however, the Ru—Cypc bond is slightly shorter in 44 (2.113 vs. 2.142 A),
probably as a consequence of stronger back-donation observed with SIMes; in
addition, the torsion angle Cl1—Rul—C22—C28 = —35° in 44 is 101° in the
IMes analogue, demonstrating a difference in the rotational conformation of the

p-cymene ligand as well.

8.4.2 Experimental Evaluation in Allylbenzene

Initial catalytic experiments were performed in neat allylbenzene, at elevated tem-
perature (80-100 °C) and with low loadings of 44 (1-100 ppm), to promote dis-
sociation of the 7%-bound p-cymene. A catalyst load of 1 ppm exclusively yields
primary isomerization product S-methylstyrene (entry 1, Table 6); subsequently,

increase in catalyst loading leads to a reduction in selectivity towards isomer-

Scheme 18: Synthesis of compound 44, precatalyst to R21.

Mes—N_ N-Mes
o, ¢ \ 2 SIMes .
Q') \CI/ “cl THF/p-cymene




8.4. EXPERIMENTAL VERIFICATION OF THE PREDICTIONS 69

ization and development of metathesis activity (entries 1-4). In addition, with
higher reaction temperature a higher selectivity towards isomerization is obtained
(entries 4 and 5). It must be noted that, compared to HG-II, 44 shows higher
isomerization selectivity when tested under similar circumstances (comparing en-
tries 1 and 7; 4 and 8). In conclusion, the results described above prove that, as
predicted computationally in the previous sections, 44 is mainly catalysing double
bond migration.

Interestingly, at higher catalyst loadings significant olefin metathesis activity is
observed. Alongside isomerization, this results in the formation of more complex
reaction mixtures (Scheme 5); for instance, with 100 ppm of 44 the total yield in
isomerization products (ISO) consists, next to S-methylstyrene, of a small amount
of compounds resulting from secondary isomerization (entry 6; see Table S2, SI
Paper II for details). Similarly, these products are also observed at longer reaction
times, probably because the amount of olefin metathesis products is initially low
and increases over time (entry 4).

Higher isomerization activity and selectivity were observed when 44 was pre-
heated in toluene without substrate, before catalysis in neat allylbenzene was
performed (entry 10). The origin of this higher activity stems from activation of

the hydride-mechanism, which has a higher predicted activity compared to that

Figure 13: X-ray structure of 44 with displacement ellipsoids drawn at the 50%
probability level. H-atoms are omitted for clarity. Selected geometrical parameters:
Rul-C1 = 2.113(4) A, Rul-Cll = 2.412(1) A, Rul-CI2 = 2.405(1) A, Rul-C22 =
2.185(5) A, Rul-C23 = 2.204(4) A, Rul-C24 = 2.242(4) A, Rul-C25 = 2.233(4) A,
Rul -C26 = 2.196(4) A, Rul-C27 = 2.164(4) A, C2-C3 = 1.150(0) A, C1-Rul-Cl1
= 92.5(1)°, C1-Rul-Cl2 = 81.7(1)°, C1-Rul-C22 = 117.3(2)°, C1-Rul-(C23 =
153.7(2)°, C1-Rul-C24 = 163.6(1)°, C1-Rul-C25 = 126.5(1)°, C1-Rul-C26 =
100.1(1)°, C1-Rul-C27 = 95.9(2)°, C11-Rul - CI2 = 86.25(4)°, N1-C1-N2 = 106.1(3)°,
C1-N1-C4 = 132.6(3)°, C1-N2-C13 = 130.4(3)°.
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Table 6: Results of catalytic tests with 44 and HG-II in neat allylbenzene.

entry cat. cat. load. (ppm) T (°C) t (h) conv.%(%) ISO*(%)
1 44 1 80 1 1 100¢
20 4 100¢
2 44 3 80 1 3 73¢
3 44 ) 80 1 4 67¢
4 44 10 80 1 8 63°¢
4 17 79¢
24 39 93
162 48 94
5) 44 10 100 1 12 75¢
4 28 86°¢
6 44 100 80 1 47 51
7 HG-II 1 80 1 10 22¢
4 11 32¢
8 HG-II 10 80 1 83 8
4 93 14
9 44+Hg(0) 10 100 1 33 84
10 444 10 100 1 28 86
11 4494Hg(0) 10 100 1 13 74

“Determined by "H NMR analysis of the reaction mixture. *“Combined yield of the primary
(B-methylstyrene) and secondary isomerization products compared to total yields (that
includes HC products of allylbenzene) determined by "H NMR and GC analysis. “Solely /3-
methylstyrene was observed as isomerization product. Pretreated by heating a solution
of the catalyst in toluene at 100 °C for 1 hour in absence of substrate and used after
removal of the solvent.

of the n-allyl mechanism (Section 8.3.2): heating of 21 in absence of substrate
results primarily in the formation of hydrides like R27 because the pathway from
R21 to R22 is cut off and formation of 3R21 is hampered by the relatively
high MCEPRr2; barrier. Entry into the hydride mechanism is supported by the
fact that '"H NMR spectra of 44 in benzene-dg at different temperatures showed
the formation of a ruthenium hydride at increased temperature (Figure S2, ST
of Paper II). However, it must be noted that mercury-poisoning experiments?!
show that some of the isomerization activity in this particular experiment comes

from ruthenium nanoparticles (entry 11); in the regular catalytic tests (without
preheating), ruthenium nanoparticles were not observed (entry 9).

Results of catalytic experiments with 44 performed at room temperature in
different solvents, using allylbenzene as substrate, are found in Table 7. In a n-

pentane/dichloromethane mixture (P/D) one hour of reaction time is enough to
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reach near complete conversion of allylbenzene to primary isomerization product
[B-methylstyrene (entry 1). When this experiment is repeated under the same
circumstances with HG-II (entry 2), only 33% selectivity to isomerization is
obtained in 4 hours; this again shows that 44 is primarily catalyzing double-bond
migration. In polar solvent THF similar results are found for 44 (entry 7), while
HG-II shows a much higher selectivity towards isomerization than in the P/D
mixture (entry 8).

A considerable difference is observed when toluene was used as solvent: with
44 not only a much lower conversion is obtained, but more importantly, most

Table 7: Conversion and selectivity toward isomerization (ISO) of allylbenzene at high
substrate dilution and room temperature (22 °C).

entry  cat.  cat. load. solvent, S Bl t conv.* ISO°
(mol%) (mM) () (%) (%)

1 44 1 P/D¢ 20 1 96 1004
4 100 1004

2 HG-II 1 P/D¢ 20 1 52 13
4 63 33

3 44 1 P/D¢ 10 1 94 1004
4 100 1004

4 44 1 P/D¢ 5 1 81 1004
4 100 1004

5 44 1 P/D¢ 0.25 1 49 1004
4 93 1004

6 44 0.1 P/D¢ 0.25 1 3 1004
4 9 1004

26 25 1004

7 44 1 THF 20 1 91 1007
4 98 1004

8§ HG-II 1 THF 20 1 44 37
4 83 64

9 44 1 C;Hg 20 1 51 22
4 70 36

10  HG-II 1 C;Hg 20 1 52 13
4 75 25

“Determined by GC analysis of the reaction mixture. °Combined yield of the primary
(B-methylstyrene) and secondary isomerization products compared to total yields (that
includes HC products of allylbenzene) determined by 'H NMR and GC analysis. °n-
Pentane/DCM (9:1); 44 has very low solubility in n-pentane, hence DCM was added as
co-solvent. Solely B-methylstyrene was observed as isomerization product.



72 CHAPTER 8. RU-ALKYLIDENE LOSS AND ISOMERIZATION

allylbenzene is converted into olefin metathesis product (entry 9). HG-II shows
results similar to those obtained in the P/D mixture (entry 10): selectivity towards
metathesis is only slightly higher than with 44 in toluene. In conclusion, these
experiments show that weakly coordinating and polar solvents exclusively give
primary isomerization, while HC dominates in a coordinating solvent like toluene.

The TOFs and TONS stay effectively constant when the substrate concentration
is lowered (entries 1, 3-5), even at concentrations comparable to that of common
impurities'” found in solvents (0.25 mM, entry 6), thus being consistent with
computational predictions for both allyl and hydride cycle (Section 8.3.1 and
Section 8.3.2).



Chapter 9
Ru-Alkylidene Regeneration

The previous chapter shows that 44 primarily catalyzes double-bond migration;
however, under certain conditions a significant amount of olefin metathesis activity
can be observed. Moreover, other arene-stabilized R21 analogues are known olefin
metathesis catalysts.!7" 17181182 Thig i5 remarkable, because a well-defined olefin
metathesis catalyst contains an alkylidene-moiety (Section 2.2) that is absent in
44 and its congeners. Thus, to explain these results, in situ formation of a Ru-
alkylidene species needs to be considered; this investigation is part of Paper II
and forms a point of entry for the work in Paper III, which is discussed later in

this chapter.

9.1 Dinuclear Ruthenium Alkene Activation

A previous computational study, investigating the formation of a ruthenium al-
kylidene species from p-cymene stabilized R21 and functionalized norbornenes,
showed that direct alkylidene formation from ruthenium-norbornene mw-complexes
is associated with a very high barrier (> 40 kcal-mol~1).1® Subsequently, turning
to the isomerization mechanism in Scheme 17, two substrate-induced alkylidene-
forming routes starting from the n3-allyl cycle were identified; however, the rate
determining barriers (26-27 kcal-mol™! w.r.t. R22) are much higher than those
leading to isomerization, rendering these pathways insignificant.

Further inspiration was found in a known decomposition reaction that involves
loss of the alkylidene moiety after bimolecular coupling of the metathesis cata-
lyst molecules;'®! in reverse this reaction could afford a more favourable route to
ruthenium alkylidene generation. For the decomposition pathway no molecular-

level calculations have been reported and only few mechanistic details are known;
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Scheme 19: Dinuclear ruthenium alkene activation mechanism.®
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L TSVAR44/R21 L Ph/\/ ---CHao L L L
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2Gibbs free energy, in square brackets, given in kcal-mol~! and relative to HG-II. L =
SIMes.
however, coupling of two alkylidenes to form an alkene molecule should be the
key transition state. Thus, according to the principle of microscopic reversibility,
the dinuclear ruthenium alkene activation should proceed through the same in-
termediate. DF'T calculations show that this transition state (TS44/0M1+0M5,
Scheme 19) is of unexpectedly low energy (1.7 kcal-mol™' w.r.t. HG-II). Keep-
ing in mind that no further computational investigations in this mechanism were
performed, this low barrier provides us with an explanation for the metathesis
activity observed with arene-stabilized R21.

The mechanism in Scheme 19 shows that the rate of Ru-alkylidene formation
is second-order w.r.t. the concentration of 44. However, due to the relatively
high barrier (17.5 kcal-mol ™!, via TSVARy4 /R21), p-cymene dissociation forms
the rate determining step. As a consequence, Ru-alkylidene formation must be
first-order w.r.t. 44 at relatively high concentrations. This is consistent with the
pattern of decreasing metathesis activity at lower loadings of 44 shown in Fig-
ure 14. Similarly, Figure 15 shows a decreasing olefin metathesis activity in time,
thus the concentration of 44 decreases during the reaction.

The relatively high selectivity towards olefin metathesis observed with 44 in
toluene (entry 9, Table 7), opposed to high selectivity for double-bond migration
in THF and the P/D mixture (entries 1 and 7), is caused by the ability of apolar

aromatic compounds to stabilize R21 through n°®-coordination to ruthenium.

9.2 Ethene-Triggered Ru-Alkylidene Formation

The computational and experimental results discussed in the previous section
support the mechanism in Scheme 19 and show that species obtained from catalyst
decomposition (R21) can be revived to olefin metathesis active catalysts. More

importantly, the calculations show that Ru-alkylidenes can be generated in situ
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Figure 14: Isomerization of allylbenzene Figure 15: Isomerization of allylbenzene
at different loads of 44 after 1 hour and in time with different loads of 44 at 80 °C
at 80 °C (entry 1-4 and 6, Table 6). (entries 2—4, Table S2 in SI of Paper II).

from 44, R21, and substrate, thus without the need for additional activators. This
is particularly interesting, since decomposition of the olefin metathesis catalyst
has always been regarded as irreversible.'”! Therefore, more insight in regeneration
of the olefin metathesis catalyst needed to be obtained, work that is represented
by Paper III and that is discussed in the next sections.

While the previous section offers a theoretical explanation for catalyst regenera-
tion, the explicit presence of Ru-alkylidene species was not proven experimentally.
In order to gain insight into their formation, we planned to react 44 with an olefin
while following the reaction using NMR. Although allylbenzene or another olefinic
substrate could be used in these follow-up experiments, homocoupling reactions
and isomerization via double-bond migration would yield a complex reaction mix-
ture that is difficult to follow. This complexity was reduced by choosing ethene,
the simplest alkene available, as substrate in these reactions. This is a remarkable
turn because ethene is known to aid decomposition of G-I and G-II (Scheme 8).
However, not only simplification of the reaction mixture, but also the observation
that decomposition of G-II, yields 1.5 times an excess of propene compared with

the amount of decomposed catalyst (Section 4.4), stimulated the use of ethene.

9.2.1 Propene as Ru-Methylidene Indicator

Compound 44 was reacted with an excess of ethene in benzene-dg at 25 °C (Sec-
tions 5.3 and 5.4); a quantitative '"H NMR spectrum was recorded every 30 min-
utes to follow the reaction (Section 5.2). The results of the "H NMR experiment is
plotted in Figure 16 and shows the build-up of propene, butenes (1-butene, cis-,
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and trans-2-butene), and ethane during the experiment. 1-Butene, which is most
likely obtained through dimerization of ethene (Scheme 20), is the major product
throughout the reaction. The rate of formation of 1-butenes shows an increase
during the first 20-25 hours; after this time the rate starts to sink very slowly and
continuously until termination of the experiment; this observation could indicate
that per unit of time less 1-butene is produced, due to decomposition of R21.
However, the TOF w.r.t. the total olefinic products remains constant throughout
the reaction (Figure S4, SI of Paper III). Therefore, it is more likely that a
fraction of the obtained 1-butene is consumed in a parallel reaction. The observa-
tion that cis- and trans-2-butene are obtained with a continuously increasing rate
of formation indicates that primary product 1-butene is isomerized to 2-butenes
(Scheme 20). This is not surprising; in the previous chapter the double-bond mi-
gration capacities of 44 are extensively discussed. In addition, it must be noted
that ruthenium nanoparticles could be partly responsible for the observed isomer-
ization; isolation of the imidazolium salt (32% w.r.t. 44) from the reaction mixture

after the experiment had finished, indicates at least partial decomposition of 44.
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Figure 16: Amount of products obtained at 25 °C, with 44 (3.7 pmol) and ethene
(92.0 pmol) in Cg¢Dg, as determined by 'H NMR (see Section 5.2).
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Scheme 20: Proposed three-step conversion of ethene to propene.

== R21 -~ 44/Ru-H/RuNPs G-ll,, ethene
+ —_— | : 2 :\
= dimerization isomerization ethenolysis

Ru—H = ruthenium hydrides, RuNPs = ruthenium nanoparticles.

The cis/trans ratio is close to unity at an early stage of the reaction, indicating
that formation of cis and trans-2-butene are kinetically similar. Further on, how-
ever, this ratio drops, most likely due to isomerization caused by an unidentified
ruthenium hydride that starts to form after 48 hours. Altogether, a total produc-
tion of butenes > 3.7 pmol (the amount of 44) shows that the generation of these
products is catalytic rather then stoichiometric.

Propene is thought to be obtained via two different pathways: first, through
decomposition of an unsubstituted RCB (VR2, which is formed from a ruthenium
methylidene and ethene); second, via ethenolysis of 2-butene,'3 as proposed in
Scheme 20. Both mechanisms explicitly involve a ruthenium methylidene; this
makes the presence of propene an important indicator that this species must have
formed. Unfortunately, in this experiment qualitative evidence was not obtained:
free ruthenium alkylidenes are unstable and difficult, if not impossible, to detect
in 'H NMR.

Phosphine-coordinated analogues, such as G-Il,,, are more stable and have
characteristic NMR resonances that aid their detection; therefore, the experiment
above was repeated, at the same temperature, in the presence of 0.6 equivalents
of PCys. The results from this catalytic experiment show that, similar to the
phosphine-less experiment, alkylidine indicator propene was produced together
with the other organic products seen before (Figure S7, SI of Paper III). Re-
grettably, PCys-stabilized alkylidenes were not observed; most likely the rate of
formation is too low at 25 °C, thus keeping their concentration below the detection
limit of NMR.

9.2.2 Ru-Alkylidene Formation at Higher Temperature

Replication of the experiment at higher temperature (50 °C) yields more promis-
ing results: two hours into the experiment, the G-II,,, methylidene resonance

started to appear in the '"H NMR spectra (18.42 ppm,'?? Figure 17); furthermore,
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first-generation methylidene G-I, (19.42 ppm)'¥? was observed transiently. In
addition, the presence of (PCyj3)(n% p-cymene)RuCly (45) showed that PCys may
replace SIMes in 44. Moreover, another ruthenium alkylidene species was observed
transiently at 9.5-10 hours into the reaction; its resonance (19.00 ppm) agrees with
that reported for the ethylidene or propylidene analogue of G-II,,.!% In addition,
two unidentified weak resonances were observed in the alkylidene region at 18.46
and 18.38 ppm, respectively. The total yield of C3 and C4 olefins (17.7 pmol)
corresponds to 4.3 catalytic turnovers, indicating that the conversion of ethene
into these olefins proceeds via a catalytic process. Initially, 1-butene is produced
at a relatively high rate and forms the dominating product during the first 10
hours of the reaction. However, between 5—15 hours the rate of 1-butene forma-
tion decreases and even becomes negative, indicating that this olefin is used up

faster than it is being produced. Maximum 1-butene yield, obtained at 13 hours,

[ * 16
Glim A
18.42 * s+ 114
6 % e *
*
* .« 12
—~ 5 * *
5 i o
E
=2
2 4
3
o
83
=1
o
3
:D-
2
1

e

-.
0O 5 10 15 20 25 30 35 40 45
t (h)

— Gllm ® ¢is-2-butene propene
e 1-butene + trans-2-butene # total butenes

Figure 17: Amount of C3 and C4 olefins (left ordinate) and GIIm (right ordinate)
obtained at 50 °C, with 44 (4.1 pmol), 0.58 equiv. of PCys and ethene (78.5 pmol)
in CgDg, as determined by 'H NMR (Section 5.2). The inset shows the 'H NMR Ru
methylidene resonance recorded 7 hours into the experiment. Ethane has been omitted
for clarity here, but is included in Figure S12 (SI of Paper III).
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corresponds to a maximum in the rate of formation of 2-butene, suggesting that
isomerization of 1-butene is responsible for the formation of 2-butene (Figure 18).

A rapid increase in the amount of G-II,, is observed a few hours into the
experiment, which coincides with a rapid increase in the rate of propene formation
after an initial induction period (Figure 19). Furthermore, the rate of propene
production correlates with the amount of G-II,,. This indicates that ethenolysis
of 2-butene with G-II,, is most likely the main contributor to propene formation.
It is possible that propene is obtained via G-I, decomposition (Scheme 15);
however, the yield of G-I, is orders of magnitude smaller than that of propene,
making this pathway a minor contributor. The fairly constant formation rate of
total butene products supports the assumption that the C3 and C4 products are
most likely obtained via different active species.

Both 2-butene isomers initially form at approximately the same rate, even
though trans-2-butene is more stable than cis-2-butene; however, during the ex-
periment cis/trans isomerization of cis-2-butene gradually lowers the cis/trans
ratio to 0.5. There is an indication that ruthenium hydrides could play a role in

the observed isomerization: two resonances in the "H NMR spectrum, at —7.44
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Figure 18: Correlation between the yield of 1-butene (black plot) and the generation
rate of 2-butenes (green plot, smoothened using the T4253H smoothening function!®).
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Figure 19: Correlation between the yield of G-II,, (left ordinate, black line) and the
propene generation rate (right ordinate, red line, smoothened using the T4253H func-
tion194).

and —7.50 ppm, appear after ca. 10 hours and reach maximum intensity after
ca. 30 hours. Lastly, the declining TOFs (Figure S14, SI of Paper III) support
the decomposition of both G-II,, (also observed in Figure 17) and the butene-
producing species during the experiments at 50 °C. The origin of the ethane,

observed in these experiments, is unknown.

9.2.3 Decomposition of G-II,,

It is remarkable that any G-II,, was observed at all given the excess of ethene,
which acts as catalyst poison, and was used in experiments where decomposition
of G-II,, by ethene was actually desired (Section 4.4).157 In our experiment a
maximum yield of 10.4 nmol (0.44%) G-II,, is obtained at 7 hours, followed by
a steady decline due to decomposition at a rate of 39% in 16 hours (Figure 17).
Initially, this might look similar to the decomposition of G-I1,,, observed by Janse
van Rensburg et al. (38% in 16 hours);*>” however, their experiment was performed

at lower temperature (40 °C). Furthermore, with a concentration of 0.17 M G-II,;,
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(compared to less than 0.017 mM in our experiment), they would have a much

larger contribution from bimolecular decomposition pathways.!?1:160

9.2.4 Notable Differences w.r.t. Temperature

The experiments at 25 °C are less influenced by catalyst decomposition. While the
TOF (Figure S4, SI of Paper III) remains fairly constant without PCys, addition
of PCyjs causes the TOF to increase throughout the experiment (Figure S8, SI
of Paper III): dissociation of p-cymene from 44, which generates the presumed
1-butene-forming species (R21), is most likely facilitated by the addition of PCys.
The dominating product throughout both the experiments with (Figure S7, SI of
Paper III) and without PCys (Figure 16) is 1-butene; furthermore, the 2-butene
cis/trans ratio remains close to unity, which was not the case at 50 °C; thus, at
25 °C, decomposition of 44 results in much smaller amount of the highly active
isomerization catalysts. Moreover, there is much less variation in the product for-
mation rates at room temperature compared to the experiment at 50 °C, with the
exception of propene, since its formation requires OMS5, which is only generated
after some time. The above suggests that R21, obtained through dissociation of

p-cymene from 44, is largely determining the reactivity at low temperature.

9.2.5 Regenerated Catalyst in Olefin Metathesis

The question remains if the small amount of G-I1,, generated at 50 °C is capable
of performing productive olefin metathesis on an observable scale. To test this, 44
was heated for 7 hours at 50 °C with an excess of ethene; after this, all gasses and
the solvent were removed, the residue was redissolved, and diethyl diallylmalonate
(DEDAM) was added. After 4 hours at 35 °C, 19% of DEDAM is converted into
the RCM product (entry 2, Table 8). In comparison, without prior ethene-assisted

Table 8: Ring closing metathesis of diethyl diallylmalonate (DEDAM) with 44 and 44
after regeneration of the alkylidene.

entry cat. T (°C) [DEDAM] (ppm) t (h) conv.’(%) yield®(%)
1 44 35 0.1 4 1 1
2 44 35 0.1 4 19 19

“Preheated at 50 °C for 7 hours with ethene (excess). *Determined by "H NMR. analysis
using 2,2,3,3-tetramethylbutane as internal standard.
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regeneration, thus using 44 directly, only 1% yield is obtained (entry 1).



Conclusions

The catalyst design employed in the development of NHC-bearing second-gen-
eration Z-selective olefin metathesis catalysts was successfully expanded to in-
clude first-generation and indenylidene-bearing third-generation catalysts. Based
on maintaining the trans-binding of the incoming olefin observed in nonselective
parent catalysts, this design employs a sterically demanding aryl thiolate as Z-
selectivity inducing element.

Analysis of the geometry of phosphine-based catalysts, aided by DFT calcula-
tions, gave valuable insight into the selectivity-determining factors: experiments
with smaller phosphine ligands show that the presence of the large 2,4,6-triphe-
nylbenzenethiolate is not enough to obtain a highly Z-selective catalyst. It was
shown that the steric bulk of the L-ligand plays an important role in creating
the required phosphine-thiolate repulsion to push the thiolate towards the site
where the MCB is formed, and induce Z-selectivity. An important factor was
that, compared to the relative small rotation of the NHC around the Ru—Cxuc
bond, monodentate phosphines rotate freely around the Ru—P bond; therefore,
the use of chelating P—O-type ligands was required to prevent rotation.

Incorporating these modifications into the design, a bidentate, five-membered-
ring-forming o-(di-tert-butylphosphino)phenolate ligand prevents rotation and ex-
erts sufficient steric pressure on the thiolate. Catalytic tests of this newly designed
catalyst (37) show appreciable Z-selectivity (70-95%) in homocoupling of sev-
eral different terminal alkenes. These are the highest Z-selectivities reported for
first-generation systems to date; the somewhat lower Z-selectivity and activity
compared to second-generation catalysts was counterpoised by a lower tendency
towards isomerization.

Through thiolate substitution, the first indenylidene bearing Ru-monothiolate
catalysts were obtained (40 and 42). These complexes possess a remarkable struc-

ture: steric pressure from the large indenylidene moiety and the NHC forces the

83
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thiolate ligand into a surprising and uncommon trans-position w.r.t. the NHC. Ini-
tially, this configuration was presumed to be incompatible with Z-selectivity, and
a likely slow pyridine dissociation foresaw low catalytic activity. However, DET
calculations show that pyridine dissociation is compliant with what is expected
of fast-initiating catalysts; moreover, these complexes relatively easily isomerize
in solution to an active species that has the thiolate trans w.r.t. to chloride,
thus honoring the desired design. Indeed, the synthesized indenylidene-bearing
Ru-monothiolate catalysts not only show rapid initiation at room temperature,
but they also reach up to 80% Z-selectivity in homocoupling of terminal alkenes;
moreover, with TONs up to 2200 these catalysts are relatively long-lived.

Catalyst decomposition, double-bond migration, and Z/E-isomerization are
detrimental to yield and Z-selectivity; however, a clear picture of the decom-
position pathways to isomerization active Ru-compounds had never been fully
established. Here, important progress is made in identifying isomerization-active
species that originate in decomposition of second-generation catalysts: compu-
tational and experimental results indicate that 12-electron triplet-state Ru(II)
species SIMes(Cl)2Ru (3R21) is an important contributor to alkene isomerization.
This species, which is obtained as a result of alkylidene loss, has been observed
before in established decomposition pathways, such as bimolecular coupling and
ethene-triggered breakdown of the unsubstituted metallacyclobutane (Chapter 4).
In addition, a novel 1-alkene assisted decomposition pathway, via expansion of the
metallacyclobutene ring, was found to contain an overall barrier only 6 kcal-mol
higher to olefin metathesis of allylbenzene. This new pathway also explains why
the presence of substrate is required to obtain sufficient isomerization activity.'*?

Synthesis and testing of the p-cymene-stabilized R21 (44) confirmed the iso-
merization capacity of 3R21 and its spin-singlet analogue R21: isomerization
activity of 44 is especially high with conditions that promote dissociation of p-
cymene and hinder the formation of dinuclear aggregates.

Depression of isomerization is observed in nonpolar solvents capable of 7°-
coordination, such as toluene; furthermore, 44 is under certain conditions also
able to promote olefin metathesis with same qualitative trends in metathesis and
isomerization selectivities as HG-II; therefore, both compounds share not just

the catalytic isomerization and metathesis cycles, but also the whole calculated
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reaction network that connects metathesis, alkylidene loss, isomerization and al-
kylidene regeneration.

Computational and experimental results indicated that regeneration of the ru-
thenium alkylidene may be accomplished through activation of an alkene by two
alkylidene-free ruthenium complexes. The identification of ruthenium methyli-
denes in reaction mixtures when 44 and ethene were reacted at 50 °C shows that
loss of the alkylidene is not irreversible, as was previously thought. However, even
more remarkable is the fact that regeneration of the olefin metathesis catalyst can
be accomplished with ethene, a well-known catalyst poison. Interestingly, evidence
from NMR indicates that the catalytically active propagating species obtained in
these experiments is the same as that of HG-II, something that has been observed
before with 45, the phosphine-bearing analogue of 44.1%

Moreover, a catalytic experiment with 44, after treatment with ethene at 50 °C,
showed that the small amount of regenerated catalyst produces reasonable olefin
metathesis activity in RCM of diethyl diallylmalonate.

Major product 1-butene, obtained during the regeneration experiments, is most
likely obtained via dimerization of ethene with 44; subsequently, isomerization of
this product yields 2-butene, from which propene is generated through ethenol-
ysis. Although the origin of the relatively small amounts of ethane is unknown,
hydride-mediated hydrogen transfer to ethene might be responsible for its steady

generation during the experiments.






Outlook to the Future

The work represented by this thesis gives interesting new insights in ruthenium-
based olefin metathesis. However, it also rises new questions, which could be
answered with further work.

The Z-selectivity of phosphine-based catalyst 37 might be slightly improved
by selecting a more bulky thiolate, such as 2,4,6-tri(di-m-methylphenyl)benzene-
thiolate. Furthermore, this large thiolate could be combined with the o-(di-(1-ad-
amantyl)phosphino)phenolate ligand; this would give more or less the maximum
repulsion between a thiolate and the alkyl groups on the P-atom. DFT calcu-
lations prior to synthesis might indicate whether it is worthwhile to synthesize
these compounds. With this last suggestion, the capacity of the o-(di-alkylphos-
phino)phenolate family is exhausted and selecting other bidentate phosphine lig-
ands will be required. Using instead P, P-disubstituted phosphinoacetic acids!?%197
(RoP—CH, - COOH) with bulky alkyl substituents'®” might not directly offer an
increase in Z-selectivity, but it might improve catalytic activity, due to the higer
basicity of the trialkylphosphine.

Increasing the Z-selectivity of the Ru-indenylidene catalysts will most likely be
rather difficult. Attempts to install the 2,4,6-tri(di-m-methylphenyl)benzenethio-
late failed; perhaps isolable catalysts could be obtained with a smaller indenylidene
ligand.

Understanding the pathways leading to decomposition of the olefin metathesis
catalyst, double-bond migration, Z/E isomerization, and catalyst regeneration
will, in the future, hopefully contribute to the development of better stereoselective
catalysts. Furthermore, the report on the synthesis of (SIMes)(n%-p-cymene)RuCl,
(44) has already opened up phosphine-free synthetic routes to traditional olefin

metathesis catalysts.!?®

However, the alkylidene moiety is still installed by using
highly reactive and potentially explosive diazo compounds. As we showed that

even catalyst poison ethene can regenerate the olefin metathesis catalyst, it must

87
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be possible to develop a method to synthesize new catalysts purely by adding an

alkene.
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ABSTRACT: Whereas a number of highly Z-selective 11100111110
ruthenium-based olefin metathesis catalysts bearing N-hetero- e 00 01 Bu
cyclic carbene ligands have been reported in recent years, Z- \(?/ s o1 0 Q &

selectivity has so far been difficult to achieve for phosphine- Ru=
based catalysts. Guided by predictive density functional theory
(DFT) calculations, we have developed phosphine-based — ®
ruthenium olefin metathesis catalysts giving 70—95% of the Z-
isomer product in homocoupling of terminal alkenes such as
allylbenzene, 1-octene, allyl acetate, and 2-allyloxyethanol.
Starting from a moderately selective catalyst, [P(Cy);](-S-2,4,6-Ph-C¢H,)CIRu(=CH-0-O'PrC4H,) (4, Cy = cyclohexyl, ‘Pr
= isopropyl), obtained by substituting a chloride of the Hoveyda—Grubbs first-generation catalyst with 2,4,6-
triphenylbenzenethiolate, we moved on to replace Cl and PCy; by chelating, anionic phosphine ligands. Such ligands increase
selectivity by limiting rotation around the P—Ru bond and by specifically directing the steric bulk of the phosphine substituents
toward the selectivity-inducing thiolate ligand. In particular, DFT calculations predicted that o-(dialkylphosphino)phenolate
ligands should improve selectivity and activity compared to 4. The most promising of these compounds (8b), based on the o-(di-
tert-butylphosphino)phenolate ligand, directs the two P-bonded tert-butyl substituents toward the 2,4,6-triphenylbenzenethiolate
and has little steric hindrance trans to the thiolate. This compound metathesizes terminal olefins such as allylbenzene and 1-
octene with Z-selectivities above 80% and allylacetate above 90%. Although these phosphine-based ruthenium monothiolate
catalysts in general achieve somewhat lower activities and Z-selectivities than their second-generation counterparts, they also offer
examples giving less substrate and product isomerization and thus higher yields.
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Up to 95% Z-selectivity in homocoupling and
little secondary metathesis
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H INTRODUCTION

Olefin metathesis is an important carbon—carbon coupling

contrast, the above-mentioned Z-selective ruthenium-based
catalysts prefer a side-on or cissbound olefin (see Figure
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method of the organic chemist’s toolbox. It is, for instance, used
extensively in the synthesis of natural products'™> and
polymers™ and in oleochemistry® and has found applications
even in peptide and protein modifications.” " Metathesis of
terminal olefins to give disubstituted olefins typically results in
mixtures of the Z- and E-isomers, with the thermodynamically
more stable E-isomer usually being the major product.
Separating these isomers is costly and often challenging,
which may hamper the assessment of their activity and the
application of olefin metathesis in medicinal chemistry.'' ™"
In recent years, several catalysts with enhanced Z-selectivity
have been reported. The first highly Z-selective catalysts, based
on molybdenum and tungsten, were developed by Schrock and
Hoveyda.'*™'® More recently, ruthenium-based counterparts,
containing an N-heterocyclic carbene (NHC) chelated to the
metal center via a Ru—C bond, were discovered by Grubbs and
co-workers.'”™"? Highly Z-selective ruthenium-based catalysts
were also developed by Hoveyda and co-workers, by replacing
the chloride ligands of the Hoveyda—Grubbs second-
generation catalyst with a dithiolate ligaﬂd.zu_22
Computational studies of Grubbs-type catalysts show that
the incoming olefin binds the metal center in the trans-position
with respect to the bulky spectator ligand (e.g., alkyl phosphine
or NHC),”** where also the metallacyclobutane (MCB)
intermediate has been experimentally proven to form.**™* In

W ACS Pub”ca‘tions © 2016 American Chemical Society
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1).2%>* An alternative Z-selective catalyst, containing an aryl
monothiolate ligand (1, Figure 1), was computationally
designed and developed in our group, specifically to resemble
the parent Grubbs catalysts and to maintain the trans-binding of
the olefin.** This compound was obtained through simple
substitution of one of the anionic chloride ligands of the
Hoveyda—Grubbs second-generation catalyst by 2,4,6-triphe-
nylbenzenethiolate.*'

Upon exchange of the remaining anionic chloride ligand of 1
with isocyanate, catalyst 2 was obtained. This catalyst is
surprisingly robust, and it can be used in air without the
necessity of solvent and substrate purification.*” Furthermore, it
tolerates acidic additives under an argon atmosphere while
maintaining appreciable Z-selectivity. These conditions (air or
acid) significantly reduce the isomerization of the substrate and
product that accompanies many transformations.*>** In
contrast 1, which displays a similar tendency to isomerize
substrate and products, decomposes rapidly under the same
conditions.*

The Z-selectivity of our catalysts 1 and 2 is determined by
steric repulsion between the bulky thiolate, effectively shielding
one face of the molecule trans to the NHC, and the reacting
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Figure 1. Positioning (cis or trans with respect to the NHC ligand) of
the metallacyclobutane moiety in the catalytic cycle of the Hoveyda—
Grubbs second-generation catalyst and of various Z-selective
ruthenium-based catalysts.

metallacyclobutane moiety and its substituents, R' and R?
(Figure 2). A sterically demanding thiolate thus gives higher

X=Cl,NCO L=SIMes

Figure 2. The E-path is destabilized with respect to the Z-path by the
steric repulsion (shown in red) between the arylthiolate and the
metallacyclobutane reacting moiety and possibly also by the
interactions between the donor L-ligand and the thiolate. The
importance of the latter interactions (indicated by a question mark)
is studied in this work.

Z-selectivity than a small thiolate.*® Also, as indicated in Figure
2, one may also speculate that these thiolate—metallacyclobu-
tane interactions are influenced by the donor L-ligand, even if
the latter is positioned trans to the metallacyclobutane. Clearly,
a very small L-ligand would allow the thiolate to bend upward,
away from the reacting moiety, resulting in complete loss of
selectivity. However, the effect of the L-ligand on the Z-
selectivity has so far not been systematically studied and is

1826

poorly understood. It is not known how L-ligands with different
steric requirements than the SIMes ligand of 1 and 2 would
influence the selectivity.

Thus, in order to study the effect of the trans-positioned L-
ligand on the selectivity, and also, more generally, to explore
the generality of our catalyst design, we decided to investigate
whether “first-generation” versions (ie., based on phosphine
instead of NHC ligands) of the Z-selective ruthenium-thiolate
catalysts can be obtained and, if so, to what extent they are
active and selective. Progress to this end could offer additional
molecular “handles” to control and improve the selectivity and
other properties of the Z-selective monothiolate catalysts.

Some effect of changing the L-ligand should be expected
simply by considering the well-known fact that the nature of the
remaining neutral donor ligand (e.g, NHC or phosphine)
strongly influences the catalytic properties of Grubbs-type
caltallystsfH'4S Thus, a key motivation of this work was to
investigate the influence of a different class of neutral donor
ligands on the selectivity, activity, and stability of the ruthenium
arylthiolates.

Although second-generation Grubbs catalysts are very active
in general, first-generation catalysts are less prone to secondary
metathesis reactions and double-bond migration.%'47 In
addition, phosphine ligands have steric properties different
from those of the NHCs, which could modify the thiolate—
substituent interactions (Figure 2) and thus the selectivity
compared to that of 1 and 2. A number of phosphine ligands
with strongly varying steric properties are commercially
available, making this class of ligands particularly tempting for
exploration of Z-selectivity in combination with arylthiolates.
Chen and co-workers have recently shown that the Z-selectivity
of Ru-based catalysts containing a bidentate o-
(alkylarylphosphino )phenolate ligand is influenced by the steric
nature of the second anionic liga.nd.%'49 In particular, when the
chloride was replaced by a sterically demanding thiosulfonate
ligand, they observed an increased cis-content of the formed
C—C double bonds. The same group has also investigated the
replacement of chloride by several thiolate ligands, but they
found lower Z-selectivities than with thiosulfonates.”® Even if
the best recorded cis-content was rather modest (<50%), these
results demonstrate that it is possible to make Z-selective
catalysts based on phosphine ligands and that prefer a bottom
attack of the incoming olefin.

In general, the Z-selectivity and activity of new phosphine-
based catalysts were first assessed computationally, using
density functional theory (DFT), and next followed up by
synthesis and catalytic tests.

B RESULTS AND DISCUSSION

In the following we will try to arrive at improved Z-selective
phosphine-based catalysts by using computational chemistry
and experimental follow up in a sequence of prediction—real-
ization iterations. Each iteration will start by molecular-level
calculations to give insight and specific predictions to be
followed up by synthesis and testing. The latter will, in turn,
serve as feedback to the computational predictions of the next
iteration.

The preferred pathways toward the formation of the E- and
Z-olefin are shown in Scheme 1.***’ A computational study of
Z-selective propene metathesis using 1 shows that the MCB,
obtained from cycloaddition via TS4, is less stable than the
precatalyst (PC).*> The rupture of the MCB via TSS is
energetically more demanding than its formation via TS4,

DOI: 10.1021/acs.organomet.6b00214
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Scheme 1. Pathways Leading from Initiation to Product”
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Bn = benzyl

TS4(2)
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“PC = precatalyst, S = substrate, A = 2-isopropoxystyrene, TS4 = transition state for the cycloaddition, MCB = metallacyclobutane, and TSS(E) and
TSS5(Z) are the transition states for rupture of the MCB leading to the E (E-P) and Z (Z-P) product, respectively.

which makes TSS the rate-limiting step. Therefore, the
difference in calculated free energy at TSS between the E-
and Z-path, that is, the energy difference between TSS(E) and
TS5(Z) (AAG¥; = AG(E)¥ 1y — AG(Z)¥ 1), is used as the
computational measure of Z-selectivity.

The TSS(E) and TS5(Z) transition structures of Figure 2 are
energetically favored with respect to the two alternative isomers
where the R! substituent points toward the thiolate.*****
Therefore, only the isomers with R! directed away from the
thiolate were considered in this study, and steric interaction
between R' and the thiolate is assumed to not contribute to
selectivity differences between the catalysts studied in this work.
The catalytic activity is approximated by the absolute barrier
from the precatalyst (PC) to the most favorable route
(TS5(Z)) via TSS. The calculations were performed using
allylbenzene as substrate and toluene as solvent.

First-Generation Analogue of 1. In order to obtain initial
insight into the role of the donor ligand (L) in controlling the
stereoselectivity, we started with a computational evaluation of
a variant of 1 bearing a very small L, trimethylphosphine, in
combination with a bulky 2,4,6-triphenylbenzenethiolate (3,
Figure 3).

cl, |
MesP—Ru—OPr

SR
3

R = 2,4,6-triphenylphenyl

Figure 3. Hoveyda-style catalyst with sterically nondemanding
phosphine ligand and bulky 2,4,6-triphenylbenzenethiolate.

A negative energy difference (AAGH;, = —0.8 kcal/mol),
computed for 3, shows preference for the E-path. That this
complex should be E-selective may seem surprising given the
presence of the large, presumably selectivity-inducing 2,4,6-
triphenylbenzenethiolate ligand also found in 1. However, the
small trimethylphosphine ligand allows the thiolate ligand to

1827

twist around the Ru—S and S—Ar bonds. This causes a
reduction in steric repulsion between the thiolate ligand and the
substituent (R? in Figure 2) on the metallacyclobutane reacting
moiety that is pointing toward the thiolate. In other words, the
twisting allows for relaxation of the steric repulsion between the
thiolate and the forming E-olefin, allowing the transition state
of the E-path (TSS(E)), in spite of the fact that R* points
toward the thiolate, to be lower in energy than the Z-
counterpart. In order to destabilize the E-path, the steric
repulsion between the thiolate and the forming olefin must be
increased.

To achieve this repulsion, the L-ligand should be bulky
enough so as to prevent the thiolate ligand from twisting
around the Ru—S and S—Ar bonds. In other words, in the case
of phosphine ligands, the P—Ru—S—Ar torsion angle (7, Figure
4) should be as close to 180° as possible, whereas the Ru—S—
C4—CS torsion (¢, Figure 4) ideally should be 90°. Figure 4
shows that 4, an analogue of 3 equipped with the more bulky
tricyclohexylphosphine ligand, reduces the twisting around the
R-S bond by 37° (r = —174°, compared to 7 = —137° in 3)
and around the S—Ar bond by 25° (¢ = —90°, compared to ¢
—115° in 3). This ensures Z-selectivity, but the predicted Z-
selectivity for complex 4 (AAG¥py = 0.9 kcal/mol) is still
significantly lower than that of 1 (AAG*1; = 3.1 keal/mol). In
addition, the tricyclohexylphosphine complex also has a much
higher calculated absolute barrier (i.e., TSS(Z) calculated from
PC) to olefin metathesis (AG(Z)¥r,, = 28.0 keal/mol in 4 vs
18.8 kcal/mol in 1), suggesting that 4 should be a less active
catalyst than 1.

Even though the calculated indicators of the first-generation
analogue 4 were not very promising, we decided to proceed
with the experimental work. The synthesis of 4 was expected to
be straightforward, and this compound could thus offer a quick
initial feedback on the accuracy of the calculations for the
phosphine-based Z-selective catalysts. Indeed, the first-gen-
eration analogue 4 (Scheme 2) of 1 was easily prepared by
reacting the commercially available Hoveyda—Grubbs first-
generation catalyst with potassium 2,4,6-triphenylbenzenethio-
late in tetrahydrofuran (THF) at room temperature.

DOI: 10.1021/acs.organomet.6b00214
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Figure 4. Comparison between the P—Ru—S—Ar (7) and the Ru—S—
C4—Cs () torsion angles in 3 and 4. The two structures have been
fitted using the Quatfit program®" with the following weights: 10° for
Ru, 107 for P, C3, and Cl. Only these four pairs of atoms were included
in the fitting procedure.

Scheme 2. Synthesis of Compound 4

Cl, Cl,

=T - =T
CysP-Ru—O'Pr KiCIR CysP-Ru—O'Pr
cl SR
HG's! 4

Cy = cyclohexyl
R = 2,4,6-triphenylphenyl

Dark red crystals of 4 suitable for X-ray structure analysis
were grown at low temperature (=32 °C) from a THF/n-
pentane solution. Its molecular structure and relevant bond
lengths and angles are shown in Figure 5. The compound can
be described as a slightly distorted square pyramid with the
alkylidene ligand occupying the apical position. Of the
remaining ligands occupying basal positions the thiolate moiety
is trans to the chloride ligand (CI1) and the phosphine (P1) is
trans to the oxygen atom of the isopropoxy ligand (O1). Bond
lengths and angles of the moieties found in both 1 and 4 are
comparable, the most noticeable difference being the Rul—S1—
C1 angle, which is somewhat wider in 4 (117° vs 113°%).

Catalytic tests of 4 and 1 in metathesis homocoupling
reactions (Table 1) reveal lower activity and Z-selectivity
compared to 1. This is in qualitative agreement with the above
calculated barriers.

As discussed above, the DFT calculations revealed that the
tricyclohexylphosphine, in contrast to the smaller trimethyl-
phosphine, ligand is able to orient the thiolate downward,
enough to ensure moderate Z-selectivity. Here, we will analyze
the geometries in more detail, to shed some light on the origin
of the lower Z-selectivity of 4 with respect to 1. First of all, as
already seen in the validation against X-ray structures of
ruthenium precat‘.alysts,52 geometries optimized using the
®B97XD functional (applied here) compare well with the
corresponding structures obtained from single-crystal X-ray
diffraction. This is also true for the angles defining the position
of the arylthiolate. For example, the calculated (experimental)
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Figure S. X-ray structure of 4 with displacement ellipsoids drawn at
the 50% probability level. H atoms and solvent molecule (n-pentane)
are omitted for clarity. Selected geometrical parameters: Rul—C43 =
1.840(8) A, Rul—P1 = 2.284(2) A, Rul—ClI = 2.358(2) A, Rul-01
=2.303(5) A, Rul—S1 = 2.276(2) A, Rul-S1-C1 = 117.0(3)°, P1—
Rul-S1 = 8827(7)°, P1-Rul—Cll = 90.21(7)°, S1—Rul—ClI
150.21(8)°, P1—Rul—O1 = 174.4(1)°.

Table 1. Comparison of 1 and 4 in Metathesis
Homocoupling

entry  cat sub” t(h) conv’ (%) yield” (%)  Z” (%)
1° 1 ATMS 18 22 12 95
2° 4 ATMS 68 3 2.5 87
3¢ 1 AB 1 7 § 85
4¢ 4 AB 1 1 02 n.d.
16 9 1 61

“ATMS = allyltrimethylsilane, AB = allylbenzene. “Determined by 'H
NMR analysis. Conversion is the amount of substrate converted,
whereas yield refers to the amount of substrate converted into
metathesis homocoupling products. For entries 3 and 4 the difference
between conversion and yield corresponds to the amount of 1-alkene
to 2-alkene isomerization of the substrate. For entries 1 and 2 the
difference is due to the I-alkene to 2-alkene isomerization of the
substrate (major product) and to the cross metathesis products
between the substrate and its 2-alkene isomer (minor product).
“Catalyst loading = 0.25 mol %, 4 M in THF, T = 60 °C. dCatalyst
loading = 0.1 mol %, neat substrate, T = 20 °C. “Catalyst loading = 1
mol %, neat substrate, T = 20 °C.

P—Ru—S angle in the precatalyst of 4 is 88° (88°), while the
Ru—S—C(Ar) angle is 115° (117°). In comparison, the NHC
ligand of 1 is better at pushing the thiolate down toward the
site to which the olefin binds, with the C(NHC)—Ru—S angle
being 92° (91°) and the Ru—S—C(Ar) angle being 112°
(113°). A more downward bent thiolate in 1 is also seen in the
optimized selectivity-determining transition states (TSS), with
a C(NHC)—Ru—S angle for the E-path (Z-path) equal to 89°
(90°) and the Ru—S—C(Ar) angle being 115° (109°),
compared to 85° (86°) and 116° (109°), respectively, for 4.
One might speculate that part of the lower selectivity of 4
compared to 1 could be due to relaxation of the E-olefin/
thiolate steric repulsion via rotation of the tricyclohexyl ligand
around the P—Ru bond. Indeed, the analysis of geometries of
the optimized transition states TSS(E) and TS5(Z) for 4 shows
that the phosphine ligand is rotated by 13° (as measured using
the C3—Ru—P—C7 angle, Figure 4) around the Ru—P bond in

DOI: 10.1021/acs.organomet.6b00214
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TSS(E) with respect to its orientation in TS5(Z). In
comparison, the NHC ligand in 1 rotates much less (1°)
between E- and Z-transition states.

Restricting Phosphine Rotation Using a P—O Chelate.
Claverie and co-workers recently reported olefin metathesis
catalysts bearing chelating phosphine sulfonates.> Encouraged
by these results, we performed DFT calculations showing
promising Z-selectivity for a complex (6, Scheme 3) containing

Scheme 3. Two-Step Synthesis of Compound 6

PCy»
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\ -CO,, H,0 5 KCl s

(°] -AgCl, PCys Qé o 0 o
3 0 5 o 6

Cy = cyclohexyl
R = 2,4,6-triphenylphenyl

such a ligand. The measure of Z-selectivity, AAGHp, = 2.6
kcal/mol, for this complex is not much lower than that of 1. A
phosphine rotation of only 1° is seen between the TSS E- and
Z-transition states, confirming robustness against relaxation of
phosphine—thiolate steric interactions. However, the slightly
higher AG(Z)*1; of 6 (22.0 keal/mol) compared to 1 indicates
that a somewhat lower catalytic activity can be expected.

Reaction of o-(dicyclohexylphosphino)sulfonic acid with half
an equivalent of Ag,CO; in THF produces the required silver
salt in situ (Scheme 3).>* Subsequent addition of the Hoveyda—
Grubbs first-generation catalyst gives a mixture of the precursor
compound $ and the starting complex. The final product 6 was
obtained after reaction of purified S with potassium 2,4,6-
triphenylbenzenethiolate. Diffusion of n-pentane into a
concentrated solution of 6 in dichloromethane at low
temperature (—32 °C) yielded dark green crystals suitable for
X-ray structure analysis. The molecular structure and relevant
bond lengths and angles are shown in Figure 6.

With the sulfonate moiety bound to ruthenium in a 0,0’
fashion, 6 is formally an 18-electron complex with a distorted
octahedral structure. The two sulfonate oxygen atoms (Ol,
02) are coordinated trans to the thiolate (S2) and trans to the
alkylidene, respectively. In agreement with the expected
stronger trans-influence of the alkylidene, the O1—Ru (2.171
A) is significantly shorter than the O2—Ru (2.424 A) bond.
This, in turn gives a somewhat longer S1—O1 (1.493 A) than
S1-02 (1.464 A) bond. The other bond lengths are
comparable to those of 4, with the exception that the Rul—
04 bond of the isopropoxy group is longer (2.34S vs 2.304 A in
4), presumably as a result of hexacoordination. The bond angle
formed by the thiolate sulfur (Rul—S2—C19 = 112°) is slightly
sharper than that in 1 (113°*").

Surprisingly, and in spite of a relatively low calculated
absolute barrier to olefin metathesis (AG(Z)¥, = 22.0 keal/
mol), compound 6 turned out to be completely inactive in
homocoupling of allylbenzene at room temperature (entry 3,
Table 2) and at 40 °C (entry 4). Whereas only some
isomerization of the substrate was observed at 60 °C, further
temperature increases led to olefin metathesis products, mainly
of the E-isomer, presumably as a result of decomposition of 6
into catalytically active species (entry 6). Similarly, it is also
possible to activate 6 using acid to give a catalyst that is not Z-
selective. An experiment similar to entry 3 except for the use of
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Figure 6. X-ray structure of 6 with displacement ellipsoids drawn at
the S0% probability level. H atoms and solvent molecule (dichloro-
methane) are omitted for clarity. Selected geometrical parameters:
Rul—-C45 = 1.8501(2) A, Rul-P1 = 2.2790(5) A, Rul-O1
2.1706(1) A, Rul—02 = 2.4236(2) A, Rul—04 = 2.3448(2) A, Rul—
$2 =2.2886(5) A, S1-O1 = 1.4931(2) A, S1-02 = 1.4641(2) A, S1—
03 = 14321(2) A, Rul-S2—-C19 = 112.41(6)°, P1-Rul-S2
89.138(2)°, P1-Rul-01 = 93.29(4)°, P1-Rul—-02 = 83.25(4)°,
P1—Rul—04 = 169.66(4)°, S2—Rul—01 = 157.44(4)°.

Table 2. Homocoupling of Neat Allylbenzene

entry cat’ T (°C) t(h) conv’ (%) yield” (%) Z" (%)

1 1° 20 1 7 N 85

2 4 20 1 1 02 n.d.
16 10 1 61

3 6 20 1 0 0

4 6 40 1 0 0

N 6 60 1 1 0

6 6 80 1 73 9 29
24 100 7 29

7 8a 20 1 60 2 50

8 8b 20 1 21 13 81

“Catalyst loading = 1 mol %. ¥Determined by 'H NMR analysis.
Conversion is the amount of substrate converted, whereas yield refers
to the amount of substrate converted into metathesis homocoupling
products. The difference between conversion and yield corresponds to
the amount of 1-alkene to 2-alkene isomerization of the substrate.
“Catalyst loading = 0.1 mol %.

2 equiv of phenylphosphoric acid gave 22% conversion, 21%
yield, and 21% Z.

In addition to the fact that the KZO,O'-b'mding of the
sulfonate provides electronic saturation (with an electron count
of 18) and adds steric congestion around ruthenium, the bulky
thiolate ligand, forming an even sharper angle (Rul—S$2—C19 =
112°) with ruthenium than in 1, projects significant steric
pressure toward the site located trans with respect to the
phosphorus atom, seemingly shielding the catalytic site. Thus,
at least at first glance, the electronic saturation and steric
congestion together are consistent with low or no activity for 6,
whereas less sterically congested compounds (similar to
precursor S) containing chelating phosphine sulfonate ligands
are in fact active in olefin metathesis.>®
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In order to possibly shed some light on the reasons for the
inactivity of 6, additional DFT calculations were performed on
both 1 and 6. One potential cause for the lack of activity could
be a prohibitively high barrier to initiation. Whereas a
computational study of propene metathesis using 1 showed
TSS to be the selectivity-determining barrier of the regular
catalytic cycle, the transition state for formation of the MCB
intermediate during the initiation stage (TS3, Scheme 4) was

Scheme 4. Pathway from Precursor to Active Catalyst”

SR Sra s "'\\SVR
,Ru __.PrO _n _\ B P /ﬁd
d T d o
’Pr Bn
Ts2
L = neutral donor ligand
R =2,4,6-triphenylphenyl
Bn = benzyl
\ SR O’Pr ofPr L_\S\H I‘_\\S'R
RU\ N Fu. = PO /=R
ci C//" Bn C"\
Ac2 Ts3 Pi-C

“PC = precatalyst, TS1 = transition state for Ru—OPr bond rupture,
AC1 = first active complex, S = substrate, TS2 = transition state for
olefin coordination, Pi-C = 7-complex, TS3 = transition state for MCB
formation, A = 2-isopropoxystyrene, AC2 = second active complex.
The MCB and the transition state for rupture of the MCB, located
between TS3 and AC2, have been omitted for clarity.

found to be the overall highest barrier.*” However, formation of
the MCB during initiation seems to be easy for 6, with a lower
barrier for TS3 (calculated with substituents on the same side
of the metallacyclobutane, as previously shown to be the most
stable isomer of T$3)* than that calculated for 1 (entries 1, 2,
Table 3), implying that TS3 of the initiation cannot explain the

Table 3. Key Stationary Points along the Initiation Path®

entry cat. TS1 AC1 TS2 Pi-C TS3
1 1 12.0 8.0 229 239 28.7
2 6 10.0 8.4 21.5 20.0 22.8

“Gibbs free energy [kcal/mol] in toluene.

lack of activity. We thus continued by checking whether the
other elementary steps of the initiation (Scheme 4) could be
associated with prohibitively high barriers. The first of these
involves the rupture of the Ru—O'Pr bond (TS1) according to
a dissociative mechanism, but also this barrier is lower for 6
than for 1 (entries 1, 2, Table 3). An alternative interchange
mechanism, in which the isopropoxy dissociation is promoted
by the incoming olefin, is reported to be competitive for the
Hoveyda—Grubbs dichloride cata.lysts.55 However, the bulky
arylthiolate ligand of 6 effectively blocks coordination of the
olefin prior to isopropoxy dissociation.*

One might think that the next step, the coordination of the
olefin, could be hindered by the combination of the bulky
groups, the arylthiolate and the sulfonate, enveloping the metal
center. However, also this reaction appears to be more facile,
with less energy required to reach TS2 for 6 than for 1.

Since both the initiation phase and the catalytic cycle of 6
appear to be relatively facile, the explanation for the lack of
activity must be sought elsewhere. The activity combined with
lack of selectivity observed at higher temperatures (Table 2)
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suggests that, under catalytic conditions, 6 may undergo
structural changes, or decomposition, to give catalytically active
but unselective species. Of course, it is hard to guess which
species or decomposition reactions that are involved. However,
we have previously observed that the thiolate ligand weakens
the trans-positioned Ru—Cl bond in 1, and one candidate
structural modification thus could be dissociation of the
sulfonate ligand of 6. In other words, if dissociation of the
sulfonate is more facile than dissociation of the O'Pr moiety to
form the active complex (AC), then the resulting zwitterionic
species could be responsible for the catalytic activity observed
at higher temperatures. However, the calculated free energy of
the zwitterionic species is 22.0 kcal/mol above that of the
precatalyst and thus also 12.0 kcal/mol above TS1. With also
this alternative determined to be unlikely, we can only conclude
that the computational mechanistic exploration offered no
explanation for the lack of activity and selectivity of 6.

Reducing the Size of the P—O Chelate. Since the o-
(dicyclohexylphosphino)sulfonate ligand did not lead to
appreciable activity and selectivity, we turned to an alternative
class of bidentate phosphine ligands, based on an o-
(dialkylphosphino)phenolate chelating moiety.”® Chen and
co-workers have recently used this kind of ligand to develop
a new family of highly active ruthenium—alkylidene olefin
metathesis catalysts for copolymerization of norbornene and
cyclooctene.*** They have also shown that a sterically
demanding second anionic ligand (in combination with the
chelating phosphino phenolate) leads to increased cis-content
of C—C double bonds in the resulting copolymer.

Encouraged by the Z-selectivity and activity observed by
Chen and co-workers, and still with the goal to hinder rotation
of the phosphine and improve upon the design of complex 6,
we decided to explore the o-(dialkylphosphino)phenolate
ligand. Also encouraging is the fact that the five-membered
ring formed by an o-(dialkylphosphino)phenolate with
ruthenium (Ru—P-aryl—O) represents a less sterically demand-
ing second anionic ligand, to be used in combination with a
large arylthiolate, than the six-membered Ru—P—aryl—SO; ring
in 6. Even if the reasons for the lack of activity and selectivity of
the latter catalyst could not be determined, it is intuitively
promising that the phenolate moiety can be expected to bind
ruthenium in k'O fashion only and thus avoid formation of an
18-electron complex as in 6.

In combination with the relatively compact Ru—P—aryl-O
chelating moiety, we opted to equip the phosphorus atom with
sterically demanding tert-butyl substituents to help push the
arylthiolate down toward the olefin-binding site (8b, Figure 7),
cf. the mechanism of Figure 2. To help evaluate this expected
selectivity-boosting phosphine—thiolate repulsion, we also

R2S,
=l )
(R")2P-Ru—OPr
o]
8a R’ = tert-butyl, R? = 2,4,6-trimethylphenyl
8b R = tert-butyl, R? = 2,4,6-triphenylphenyl

9 R =cyclohexyl, R2 = 2,4,6-triphenylphenyl
10 R = 1-adamantyl, R? = 2,4,6-triphenylpheny!

Figure 7. Compounds 8—10, bearing o-(dialkylphosphino)phenolate
ligands.
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included the smaller 2,4,6-trimethylbenzenethiolate ligand (8a)
and two variants of 8b, one with somewhat less sterically
demanding alkyl groups (cyclohexyl) on phosphorus (9) and
one with somewhat more sterically demanding alkyl groups (1-
adamantyl) on phosphorus (10).

The calculated activities and selectivities of compounds 8a,
8b, 9, and 10 are given in Table 4. The catalyst with o-(di-tert-

of 7 with potassium 2,4,6-trimethylbenzenethiolate (8a) and
potassium 2,4,6-triphenylbenzenethiolate (8b), respectively.
Diffusion of n-pentane into a concentrated solution of 8b in
dichloromethane at low temperature (—32 °C) yielded dark red
crystals suitable for X-ray structure analysis. Its molecular
structure and relevant bond lengths and angles are shown in
Figure 8. Compound 8b can be described as a slightly distorted

Table 4. Comparison of Computed Parameters of the OM
Catalysts with 1

entry cat AAGH " AG(Z)*ry”
1 1 3.1 18.8
2 3 —-0.8 na.
3 4 0.9 28.0
4 6 2.6 22.0
N 8a 0.3 26.3
6 8b 1.6 24.8
7 9 0.8 26.7
8 10 15 na.

“The relative energies [kcal/mol] are a measure of Z-selectivity;
AAGF;, = AG(E)*1q — AG(Z2)¥1y PAG(Z)¥1, is the absolute
barrier to TSS(Z) with the precatalyst PC as the reference.

butylphosphino)phenolate (8b, entry 6) appears to be a
promising candidate. Although the measure of selectivity
(AAG*ry) is only about half that of 1, it is higher than that
obtained for 4, 8a, 9, and 10 (entries 5, 7 and 8, Table 4).
Furthermore, the absolute barrier (AG(Z)¥r,;) calculated for
8b is lower than for the other catalysts (except 1), suggesting
that this compound could be a reasonably active catalyst.
Surprisingly, in spite of the adamantyl groups of 10 presumably
being even more sterically demanding than the tert-butyl groups
of 8b, the calculated selectivity of 10 is essentially the same as
that of 8b. This, the unexpectedly low AAG¥p, of 10, results
from the solvent corrections (see the Supporting Information
for tabulated relative energies and enthalpies and the various
thermochemical and solvent corrections), which favor the E-
path. In other words, the intramolecularly induced selectivity of
10, reflected in the gas-phase-calculated AAG* (= 2.1 keal/
mol), is, as expected, higher than that of 8b (1.2 kcal/mol).
As seen above, in solution 8b and 10 are predicted to be
equally selective, which means that other factors must count
when selecting which compound to synthesize. Due to the
lower cost of preparing the o-(di-tert-butylphosphine)phenolate
ligand, we decided to synthesize 8b. For comparison, the
closely related 8a was also selected for experimental follow up
since the thiol is commercially available and the synthesis was
not expected to require much extra work. Precursor 7 (Scheme
S) and the o-(di-tert-butylphosphine)phenolate ligand neces-
sary to synthesize 7 were prepared according to literature
procedures.*”*” The final products were obtained after reaction

Scheme 5. Synthesis of Compounds 8a and 8b
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BuyP-Ru—OPr
-KClI
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BuyP-Ru—O'Pr

(¢} ()

8a R = 2,4,6-trimethylphenyl
8b R = 2,4,6-triphenylpheny!
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Figure 8. X-ray structure of 8b with displacement ellipsoids drawn at
the S0% probability level. H atoms and solvent molecule (dichloro-
methane) are omitted for clarity. Selected geometrical parameters:
Rul—Cl = 1.846(2) A, Rul—P1 = 2.2653(5) A, Rul-01 = 2.2531(2)
A, Rul-02 = 2.0246(2) A, Rul—S1 = 2.2846(6) A, Rul-S1-C25 =

11421(7)°, P1-Rul—S1 = 92.412(2)°, P1-Rul—O01 = 168.79(5)°,
P1-Rul-02 = 83.51(4)° S1-Rul—02 = 152.11(5)°.

square pyramid with the alkylidene occupying the apical
position. Of the remaining ligands occupying basal positions
the thiolate moiety is trans to the phenoxylate oxygen (02) and
the phosphine (P1) is trans to the alkoxy oxygen atom (O1).
Bond lengths are comparable to those of 4, 6, and 1."'
However, the bond distance between ruthenium and the
phenolate oxygen (Rul—02 = 2.025 A) is clearly shorter than
the corresponding Ru—O,nye bond distances (2.304 and
2.345 A) of complex 6. Furthermore, the angle between
phosphorus and the phenolate oxygen atom (O2) of the
sulfonate moiety (P1—Rul—02 = 83.51°) is smaller than 90°.
The bond angle around the sulfur atom of the thiolate ligand
(Rul—S1-C25 = 114°) is larger than that of 6 (112°) but
sharper than that of 4 (117°).

Catalyst 8a rapidly converts allylbenzene at room temper-
ature (entry 7, Table 2). However, even though 60% of the
allylbenzene was converted after 1 h, only 2% metathesis
product was obtained and with only modest Z-selectivity
(50%). Even though the conversion of 8b (entry 8) is
somewhat lower compared to 8a, its olefin metathesis yield is
much higher than that of both 4 and 8a, in agreement with the
fact that the computational barrier to olefin metathesis,
AG(Z)* 1y, is lower for 8b than for 8a and 4. Perhaps more
important, we found that 8b gave a Z-selectivity above 80% in
homocoupling of allylbenzene, to our knowledge the highest Z-
selectivity so far obtained with phosphine-based, first-
generation-style catalysts.
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Table S. Homocoupling of Allylbenzene with 8b under Different Reaction Conditions

entry cat load (mol %) additive® solvent [sub] (M)
1 1 neat
2 1 neat
3 1 neat
4 2 neat
N 4 neat
6 1 toluene 4
7 1 THF 4
8 1 p-cymene 4
9 1 toluene 1
10 1 toluene 2
11 1 toluene 3
12 1 toluene 4
13 1 QUI neat
14 1 PPA neat
15 1 TCPO neat
16 1 H,0 neat

T (°C) t (h) conv” (%) yield” (%) Z" (%)

20 0.5 10 6 83

1 21 13 81

4 69 26 73
40 4 99 17 26
60 0.5 97 19 45
20 1 32 18 82
20 1 35 19 82
20 1 9 5 81
20 1 9 3 81
20 1 6 3 82
20 1 6 1 81
20 1 6 2 30
20 1 9 4 81
40 1 19 11 77
20 4 29 28 49
20 4 9 4 63
20 4 37 25 81
20 4 25 12 81

“QUI = 2,6-dichloro-1,4-benzoquinone (1 equiv with respect to the cat), PPA = phenyl phosphoric acid (1 equiv with respect to the cat), TCPO =
tricyclohexylphosphine oxide (3 equiv with respect to the cat), 1 drop H,0. “Determined by 'H NMR analysis. Conversion is the amount of
substrate converted, whereas yield refers to the amount of substrate converted into metathesis homocoupling products. The difference between
conversion and yield corresponds to the amount of 1-alkene to 2-alkene isomerization of the substrate.

The low Z-selectivity obtained with the small thiolate ligand
(8a) is as predicted (entry S, Table 4) and shows that the o-(di-
tert-butylphosphine )phenolate, even with its bulky tert-butyl
groups facing the thiolate, does not induce much selectivity by
itself. As expected, the small trimethylbenzene in 8a allows for
relaxation of the steric interaction between the thiolate and the
R? substituent (Figure 2) via thiolate twisting around the Ru—S
(7) and S—Ar () bonds as defined in Figure 4. Indeed,
TSS(E) of 8a shows the largest departure from the ideal,
nontwisted case (7 = 180° and ¢ = —90°) for both Ru—S (r =
—165° vs 7= —168° in 8b, 7 = —178° in 9, and 7 = 178° in 10)
and S—Ar (¢ = —99° vs ¢ = —94° in 8b, ¢ = —88°in 9, and ¢
= —85° in 10) among the complexes with o-
(dialkylphosphino)phenolate chelating moieties. This twisting
allows 8a to have a wide P—Ru—S angle (95° vs 94° in 8b, 90°
in 9, and 95° in 10) and a sharp Ru—S—C(Ar) angle (113° vs
114° in 8b, 113° in 9, and 113° in 10) without this being
reflected in high selectivity.

From the above we can conclude that the small thiolate
allows for relaxation of the metallacyclobutane—thiolate
repulsion, which decreases Z-selectivity. Therefore, increasing
the size of the thiolate, by introducing phenyl substituents on
the benzene ring as in 8b, seems to be the key selectivity-
inducing element.

Catalysis Using 8b under Different Reaction Con-
ditions. A series of experiments with varying catalyst loading,
solvent, substrate concentration, reaction temperature, and
additives were performed using 8b. Whereas a complete
overview of these results is given in Table S1 of the Supporting
Information, a summary is included in Table S. The best
conditions seem to be a temperature of 20 °C, with 1 mol %
catalyst in neat substrate using 5 equiv of tricyclohexylphos-
phine oxide (TCPO) as additive. Further conclusions from
these experiments are described in the following:

o Isomerization of the substrate is promoted by
increasing temperature, especially at high substrate
conversion (entries 1—3).
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o Increasing the catalyst loading leads to only slight
improvement in Z-isomer yield (i.e,, the product of the
yield and percentage of Z-isomeric product, entries 1, 4,
S).

 Using solvents (entries 6—8) invariably results in lower
conversion and yield than catalysis in neat allylbenzene
(entry 1). Only insignificant differences between the
various solvents are observed.

e Reduced substrate concentration leads to lower
conversion and yield (entries 9—12).

Several additives were tested: 2,6-dichloro-1,4-benzoquinone
effectively prevents isomerization (entry 13), but unfortunately
at the expense of a sharp decline in Z-selectivity. Phenyl-
phosphoric acid gives low conversion and yield and only
moderate Z-selectivity (entry 14). Tricyclohexylphosphine
oxide and water (entries 15, 16) prevent isomerization of the
Z-product in the E-product), resulting in persistent, high Z-
selectivity at longer reaction times. Unfortunately, when using
water as additive, the progress of the reaction stops at ca. 25%
substrate conversion, indicating inactivation or decomposition
of the catalyst.

Catalysis Using Different Substrates. Catalysts 8a and
8b were tested in several neat substrates other than
allylbenzene to determine tolerance toward different functional
groups (Table 6). For substrates particularly prone to
isomerization, TCPO was added to attempt to maintain Z-
selectivity and yield as described above for allylbenzene (Table
S1). For 8a, yield and Z-selectivity remained low, as expected,
and addition of TCPO did not improve the Z-selectivity but to
some extent suppressed isomerization of the substrate (entries
3, 4). For allyltrimethylsilane (entry 6), addition of TCPO led
to complete lack of catalytic activity.

Interestingly, high Z-selectivity, moderate yield, and only
negligible isomerization of the substrate were obtained with 8b
in l-octene and allyl acetate (entries 7 and 8). In contrast, the
corresponding Z-selectivity in 2-allyloxyethanol (entry 9) is low
and comparable to that obtained with 8a, presumably due to
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Organometallics 2016, 35, 1825—1837



Organometallics

109

Table 6. Homocoupling of Various Neat Substrates

conv? ield? 774
entry cat” sub”  additive® ¢ (h) (%) (%) (%)
1 8a AB TCPO 8 95 6 38
2 8a AAc 1 N N 34
3 8a AOE 1 12 2 65
4 8a AOE TCPO 1 14 0.8 66
48 98 4 44
N 8a ATMS 1 1 0.5 88

8a ATMS TCPO 1 0

48 0
7 8b OoCT 1 4 4 82
4 10 10 82
8 27 27 82
8 8b AAc 1 6 6 95
4 16 16 93
8 24 24 922
9 8b AOE 1 3 2 54
4 6 3 S4
8 8 3 54
10 8b AOE TCPO 8 8 4 74
48 19 8 74
11 8b PB 1 14 12 80
4 45 30 77
8 77 36 71
12 8b PB TCPO 8 43 34 79
24 71 47 74

“Catalyst loading = 1 mol %, T = 20 °C. AB = allylbenzene, OCT =
1-octene, AAc = allyl acetate, AOE = 2-allyloxyethanol, ATMS =
allyltrimethylsilane, PB = 4-phenyl-1-butene. “TCPO = tricyclohex-
ylphosphine oxide (5 equiv). “Determined by 'H NMR analysis.
Conversion is the amount of substrate converted, whereas yield refers
to the amount of substrate converted into metathesis homocoupling
products. For entries 1, 3, 4, 9, and 10 the difference between
conversion and yield corresponds to the amount of 1-alkene to 2-
alkene isomerization of the substrate. For entry 5 the difference is due
to the l-alkene to 2-alkene isomerization of the substrate (major
product) and to the cross metathesis products between the substrate
and its 2-alkene isomer (minor prcuduct).40 For entries 11 and 12 the
difference is mainly due to the 1-alkene to 2-alkene isomerization of
the substrate. In addition, small amounts of cross metathesis products
between the substrate and its 2-alkene isomer as well as of compounds
resulting from double-bond migration in the target homocoupling
product were detected.

isomerization. Addition of TCPO improved the Z-selectivity
(entry 10). The yield and Z-selectivity obtained with 8b in 4-
phenyl-1-butene (entries 11, 12) are comparable to those
observed above with allylbenzene.

Importantly, and in contrast to results for NHC-based
catalysts, only negligible or little Z—E isomerization of the
product is observed with 8b with increasing substrate
conversion. The sustained Z-selectivity is probably due to low
activity in secondary metathesis, since this trend is observed
also when the Z-selectivity is moderate (e.g., entries 8 and 9).

Ring-Opening Metathesis Polymerization (ROMP). In
addition to the above-described homocoupling reactions, our
catalysts were tested in ROMP of neat cis-cyclooctene (Table
7). The conditions optimal for homocoupling of terminal
olefins were applied also in ROMP. In general, the resulting
activities were low and the Z-selectivities only moderate, even
though the latter were still clearly higher than that of the
Hoveyda—Gubbs first-generation catalyst (entry 1) and
comparable to, or slightly higher than, those of related

1833

Table 7. ROMP of cis-Cyclooctene at 20 °C

entry cat cat load (mol %) t (h)  yield” (%) Z% (%)
1 HG 1 16 100 24
2 4 1 16 6 47
3 6 1 16 1 47
4 8a 1 16 0.5 67
5 8b 1 16 13 54

“Determined by 'H NMR analysis.

complexes based on a chelating o-(alkylarylphosphino)-
phenolate and a sterically demanding thiosulfonate ligand
reported by Chen and co-workers.”” The lower selectivity of
the latter catalysts may in part be caused by the fact that one of
the phosphine substituents, a phenyl, is less sterically
demanding than the tert-butyl groups of 8a and 8b.

The highest yield was obtained for 8b, in combination with
rather low Z-selectivity. 6 and 8a were hardly active in ROMP,
but the 1% yield obtained with 6 is stil an interesting
observation given the fact that this compound was completely
inactive in homocoupling at low temperatures.

Bl CONCLUSIONS

We have synthesized and tested phosphine-based ruthenium
olefin metathesis catalysts with appreciable Z-selectivity, giving
70—95% of the Z-isomer product in homocoupling of terminal
alkenes such as allylbenzene, 1-octene, allyl acetate, and 2-
allyloxyethanol, in combination with low to moderate (up to ca.
50%) yields. The Z-selectivity of these catalysts is induced by
the presence of a sterically demanding monodentate arylth-
iolate. They may thus be termed first-generation analogues of
our previously reported NHC-based Z-selective ruthenium
catalysts bearing monodentate arylthiolate ligands,***"** often
achieving somewhat lower activities and Z-selectivities than
their second-generation counterparts, but also offering
examples giving less substrate and product isomerization and
thus higher yields.

Both the first- and second-generation versions of the Z-
selective ruthenium-based catalysts may be obtained via one or
two ligand exchange reactions starting from the corresponding
first- or second-generation Hoveyda—Grubbs ruthenium
dichloride olefin metathesis catalyst, and they also resemble
the “parent” unselective ruthenium catalysts by binding the
substrate olefin to form the metallacyclobutane trans to the
phosphine or NHC donor ligand, L.

Geometrical analysis and DFT calculations show that the
steric bulk of the L-ligand is important, and surprisingly, a large
thiolate is not enough to achieve high Z-selectivity. For
example, the small trimethylphosphine ligand results in an E-
selective catalyst even when combined with the bulky 2,4,6-
triphenylbenzenethiolate. With increasing phosphine steric
bulk, phosphine—thiolate repulsion will push the thiolate
down toward the site of the metallacyclobutane formation
and thus induce Z-selectivity.

Lack of phosphine steric bulk allows the thiolate to bend (via
the Ru—S—Ar and P—Ru—S angles) upward, toward the
phosphine, and, more importantly, to twist around the Ru—S
and S—Ar bonds so as to minimize steric repulsion against the
metallacyclobutane moiety. Phosphines, in contrast to NHC
ligands, are also seen to relax steric repulsion against the
thiolate ligand by rotation around the Ru—P bond. A chelating
P—O-type ligand prevents this rotation. The most catalytically
active and Z-isomer-yielding catalyst obtained here (8b)
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contains a bidentate, five-membered-ring-forming o-(di-tert-
butylphosphino)phenolate ligand that prevents rotation, directs
bulky tert-butyl substituents toward the thiolate, and has little
steric hindrance frans to the thiolate.

B COMPUTATIONAL DETAILS

Geometry Optimization. All geometry optimizations were
performed using the hybrid range-separated functional including
empirical atom—atom dispersion, @B97XD, as implemented in
Gaussian 09.°° The @B97XD**~°" functional was chosen due to its
excellent performance in reproducing X-ray geometries of ruthenium-
based olefin metathesis catalysts and other functional transition metal
compounds.” Input geometries were constructed using the Spartan
software package®® by modifying the available X-ray structures® or
previously DFT-D-optimized geometries and by performing con-
formational searches at the MMFF®* force-field level. The standard
procedure consisted of selecting a few of the conformations of lowest
MMEFF energy for evaluation at the DFT level. The thus obtained
conformation with the lowest Gibbs free energy in toluene was used.
Tight geometry optimization, corresponding to a maximum force of
1.5 X 10~ au and the accordingly scaled maximum displacement, was
used (keyword opt = (Tight)). Numerical integrations were performed
using the “superfine” grid (pruned, 150 radial shells and 974 angular
points per shell for the first two rows of the periodic table, 225 shells
and 974 angular points per shell for later elements) of Gaussian 09.
The SCF density-based convergence criterion was tightened 100-fold
compared to the default, to 107° (keyword SCF = (Conver = 10)).
This tightening was necessary to ensure geometry convergence. All
stationary points were characterized by the eigenvalues of the
analytically calculated Hessian matrix.

The Stuttgart 28-electron relativistic effective core potential
(ECP28MDF) in conjunction with the accompanying correlation
consistent valence triple-{ plus polarization (cc-pVTZ-PP) basis set,
with the g function removed, was used for the Ru atom,” which
implies a (41s37p25d2f)/[SsSp4d2f] contraction. The rest of the
atoms were treated as follows: All atoms which, at some point in the
reaction, are directly bonded (here termed a “nearest neighbor”, via a
covalent or donor—acceptor bond) to ruthenium (e.g, the sp? carbon
atoms of the substrate alkene) were described by correlation consistent
valence triple-{ plus polarization (cc-pVTZ)**®” basis sets, obtained
from the EMSL basis set exchange Web site,® in which, in each case,
the highest angular momentum functions were removed. Moreover,
the same triple-{ basis sets were used also for the entire sulfonate
group in 6 due to highly delocalized electrons and indistinguishable O
atoms. The resulting contractions were C, N, O (18sSp2d)/[4s3p2d];
Cl, S (41s16p2d)/[Ss4p2d]. All other atoms were described by the
standard correlation consistent valence double-{ plus polarization (cc-
PVDZ)*** basis sets.

Thermochemistry. Translational, rotational, and vibrational
partition functions for thermal corrections to give total enthalpies
and Gibbs free energies were computed within the ideal-gas, rigid-
rotor, and harmonic oscillator approximations following standard
procedures, with a minor adjustment for the entropy corrections. To
reduce the well-known problems (fluctuations in free energy
corrections due to vibrational entropy divergence for low frequen-
cies)*®”? caused by the harmonic-approximation low-frequency modes
upon calculation of thermochemical corrections,”””'~"* we used the
quasi-harmonic treatment of Truhlar and co-workers,”>”* consisting of
shifting all frequencies below 100 cm™ to 100 cm™', when calculating
entropies. The temperature used in the calculation of thermochemical
corrections was set to 298.15 K.

Single-Point Calculations (SP). The reported energies were
obtained in SP calculations on optimized geometries using the
gradient-corrected PBE’*”® functional in combination with the D3
version of Grimme’s empirical dispersion with Becke—Johnson
damping,”® termed PBE-D3(BJ), as implemented in Gaussian 09.”
The PBE-D3(B]J) functional was chosen due to its excellent agreement
with experimental relative gas-phase energies of ruthenium-mediated
olefin metathesis.”” Numerical integrations were performed using the
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“ultrafine” grid of Gaussian 09. The SP SCF convergence criterion was
set to 107°.

The Stuttgart 28-electron relativistic effective core potential
(ECP28MDF) in conjunction with the accompanying correlation
consistent valence quadruple-{ plus polarization (cc-pVQZ-PP) basis
set was used for the Ru atom.” The C and H atoms were treated with
the correlation consistent valence quadruple-¢ plus polarization (cc-
pVQZ)°*” basis sets obtained from the EMSL basis set exchange
Web site.” All other atoms were treated with an extended cc-pVQZ
basis set obtained by adding diffuse functions from the “aug-cc-pVQZ
Diffuse” set,””* resulting in the following contractions for the
modified basis sets: O, N (22s7p4d3f2g)/[6sSp4d3f2g]; Cl, S
(43520p4d3f2g) /[ 7s6p4d3f2g].

Electrostatic and nonelectrostatic solvent effects were accounted for
implicitly using the SMD solvation method, a polarizable continuum
model (PCM) that includes alternative cavitation, dispersion, and
solute structure reorganization terms and also uses a particular set of
atomic radii that modifies the electrostatic contribution compared to
regular PCM.”” The SMD calculations were performed using Gaussian
09, with default settings.

Free energies were obtained using a standard state corresponding to
a 1 M infinitely diluted solution and a temperature of 298.15 K, as G
= Ggas + AGygpation + AG' ™™™, where AG' *™~™ = 1.89 kcal/mol
and accounts for the change in standard state from 1 atm to 1 M.”
AG,pyation is the solvation free energy and is the difference between the
SMD and the gas-phase SCF energies. Gy, is the Gibbs free energy in
the gas phase calculated by adding the thermal correction (G.,,,,) to the
single-point SCF energy; see the Supporting Information.

B EXPERIMENTAL SECTION

Reactions were performed under a dry argon atmosphere using
Schlenk techniques or in a glovebox, unless otherwise stated.
Tetrahydrofuran, toluene, and dichloromethane were dried using an
MBraun solvent purification system (“Grubbs column”) and degassed
before use. Anhydrous n-pentane was purchased from Sigma-Aldrich
and used as received. Allyl acetate, allylbenzene, 4-phenyl-1-butene,
allyltrimethylsilane, 1-octene, 2-allyloxyethanol, p-cymene, and cis-
cyclooctene were purchased from Sigma-Aldrich and degassed before
use. Potassium 2,4,6-trimethylbenzenethiolate,41 potassium  2,4,6-
triphenylbenzenethiolate,42 and [P(—6-O-C¢H,)(t-Bu),]CIRu(=CH-
0-O'PrC¢H,)*”*” were prepared according to literature procedures. All
the other chemicals were purchased from commercial suppliers and
used as received.

NMR spectra were recorded on Bruker Biospin AVS00 and AV600
spectrometers. The chemical shifts are reported relative to the residual
solvent peaks.”’ Phosphorus resonance spectra were calibrated using a
sealed ampule containing 85% aqueous H;PO,, submerged in an NMR
tube filled with D,0, as external standard.®!

HRMS DART and ESI mass spectra were recorded by means of
respectively a DART-100 ion source from IonSense Inc. (Saugus, MA,
USA) or an orthogonal electron spray ionization ion source (ESI)
interfaced to a JMS-T100LC AccuTOF mass spectrometer from JEOL
USA, Inc. (Peabody, MA, USA). The ions were transported into the
orthogonal accelerating time-of-flight (TOF) single-stage reflectron
mass analyzer by a high-frequency and high-voltage quadrupole ion
guide. Detection was achieved with a dual microchannel plate detector.
Elemental analyses were performed using an Elementar Vario EL III
analyzer.

Suitable crystals for diffraction experiments were immersed in
Paratone-N (Hampton Research) in a nylon loop. Data collection was
done on a Bruker AXS TXS rotating anode system with an APEXII
Pt'3* CCD detector using graphite-monochromated Mo Ka radiation
(2=0.71073 A). Data collection and data processing were done using
APEX2,”” SAINT,"” and SADABS* version 2008/1, or TWINABS,”
whereas structure solution and final model refinement were done using
SHELXS" version 2013/1 or SHELXT" version 2014/4 and
SHELXL* version 2014/7. )

[P(Cy);](-5-2,4,6-Ph-C4H,)CIRu(=CH-0-O'PrC4H,), 4. Under an
inert atmosphere Hoveyda—Grubbs first-generation catalyst (120.9
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mg, 0.20 mmol) and potassium 2,4,6-triphenylbenzenethiolate (80.3
mg, 0.21 mmol) were suspended in 10 mL of THF. After being stirred
at room temperature for 24 h most of the solvent was removed in
vacuo. Dark red crystals of 4 (126 mg, 0.14 mmol, 70%) were grown
after addition of n-pentane at low temperature (—32 °C). 'H NMR
(500.13 MHz, CD,CL,): 6 14.6 (d, ¥Jup = 5.3 Hz, 1H), 7.78—7.64 (m,
2H), 7.62—7.54 (m, 2H), 7.50 (t, 3y = 7.7 Hz, 2H), 7.45 (d, *fy =
2.2 Hz, 1H), 7.44—7.27 (m, $H), 7.22 (d, *Jyy = 2.3 Hz, 1H), 7.05—
6.72 (m, 8H), 4.74 (sep, *Juy = 6.3 Hz, 1H), 221 (q, 3y = 11.9 Hz,
3H), 2.02—141 (m, 21H), 1.37 (d, ¥y = 6.3 Hz, 3H), 131-L11 (m,
9H), 1.08 (d, 3Jyy = 6.3 Hz, 3H). “C{'H} NMR (125.76 MHz,
CD,Cl,): & 252.84, 252.74, 153.43, 148.51, 147.39, 144.38, 144.27,
142.20, 141.60, 141.02, 138.46, 131.18, 129.39, 129.14, 128.63, 128.07,
127.95, 127.57, 127.53, 127.28, 127.12, 126.99, 125.64, 123.79, 122.67,
114.28, 77.33, 36.17, 35.98, 30.46, 29.74, 29.72, 28.51, 28.43, 28.40,
28.32, 26.79, 22.61, 21.32. *'P NMR (202.46 MHz, CD,CL): & 58.62.
Anal. Caled (%) for Cg,Hg,CIOPRuS: C 69.19, H 6.92. Found: C
69.23, H 6.94. HRMS (DART) found (caled): m/z 900.30661
(900.30851) [Cs,H,**CIOP 'RuS + HJ*.

[P(—6-50;-C¢H,)(Cy),]CIRu(=CH-0-O'PrC4H,), 5. Under an
inert atmosphere 2-(dicyclohexylphosphino)benzenesulfonic acid
(202.7 mg, 0.571 mmol) and silver carbonate (83.3 mg, 0.302
mmol) were suspended in 20 mL of THF. After 1 h the solution was
filtered followed by the addition of Hoveyda—Grubbs first-generation
catalyst (123.3 mg, 0.205 mmol), and the mixture was stirred at room
temperature for 24 h. The solvent was removed under reduced
pressure, and the residue was passed through a silica gel column using
n-hexane/diethyl ether (1:3) as eluent. Following this, the solvent of
the collected brown fraction was removed in vacuo, and the product
was dissolved in a little THF. Precipitation with n-pentane yielded 40
mg (yield = 30%) of complex 5. '"H NMR (500.13 MHz, CD,CL,): §
1835 (d, *Jup = 6.1 Hz, 1H), 8.05—8.03 (m, 1H), 7.80—7.58 (m, SH),
7.26 (d, Y = 84 Hz, 1H), 7.20 (¢, yy = 7.4 Hz, 1H), 542 (sep d,
Yum = 64, 21 Hz, 1H), 3.12-3.05 (m, 1H), 2.77-2.69 (m, 1H),
2.37-2.28 (br, 1H), 2.04—1.59 (br, 17H), 1.88 (d, ¥y = 6.3 Hz, 3H),
171 (d, gy = 64 Hz, 3H), 1.52—1.09 (m, 8H). “C{'H} NMR
(12576 MHz, CD,CL): 6 305.68, 305.57, 155.66, 155.65, 145.87,
145.80, 132.29, 132.19, 132.15, 132.09, 131.25, 131.24, 128.03, 127.99,
126.65, 126.39, 124.67, 123.51, 114.34, 78.53, 35.30, 35.07, 35.01,
34.79, 30.12, 27.69, 27.61, 27.50, 27.44, 27.41, 27.35, 27.24, 27.16,
27.10, 26.66, 26.15, 26.04, 26.02, 22.08, 21.89. 3P NMR (202.46
MHz, CD,CL,): 6 52.19. Anal. Caled (%) for C,gH;ClO,PRuS-0.13
THEF-0.13 n-pentane: C 53.33, H 6.23. Found: C 53.69, H 6.39.
HRMS (ESI*) found (caled): m/z 661.08644 (661.08581)
[Cy3H;°CIO,P 'RuS + Na]*.

[P(-6-503-C¢H,) (Cy),1(-S-2,4,6-Ph-C4H,)Ru(=CH-o-
O'PrCgH,), 6. In a glovebox, complex S [P(—6-SO5-C4H,) (Cy),]-
CIRu(=CH-0-O'PrC¢H,) (64.5 mg, 0.101 mmol) and potassium
2,4,6-triphenylbenzenethiolate (41.3 mg, 0.110 mmol) were suspended
in THF (S mL), and the mixture was stirred at room temperature for
12 h. The dark green solution was filtered, and the solvent removed in
vacuo. Dark green crystals of 6 (82 mg, 0.0839 mmol, 84%) were
grown by layering a solution of the crude product in dichloromethane
with n-pentane at low temperature (=32 °C). '"H NMR (600.17 MHz,
CD,CL,): 6 15.61 (d, *J,yp = 6.0 Hz, 1H), 7.88—7.84 (m, 1H), 7.82 (br
d, ¥ = 7.0 Hz, 1H), 7.60—7.55 (m, 2H), 7.55—7.43 (m, 7H), 7.40
(tt, 3y = 7.7, 1.7 Hz, 2H), 7.35 (br t, 3yy = 6.9 Hz, 1H), 7.31 (tt,
3w = 7.3, 1.3 Hz, 1H), 7.18 (brs, 1H), 7.10 (br t, *J;; = 6.6 Hz, 1H),
7.05—6.87 (m, 7H), 494 (sep, Juy = 6.6 Hz, 1H), 2.70-2.57 (m,
2H), 2.56—2.46 (br m, 1H), 2.11=2.01 (br m, 1H), 196171 (br m,
7H), 1.67—1.22 (m, 12H), 1.38 (d, >y = 6.6 Hz, 3H), 1.17 (d, ¥y =
6.6 Hz, 3H), 1.10~0.90 (m, 2H), 0.56—0.43 (m, 1H). “C{'H} NMR
(150.91 MHz, CD,Cl,): & 275.44, 275.36, 152.97, 149.55, 147.25,
147.19, 147.11, 14541, 143.77, 141.59, 141.21, 140.98, 138.70, 131.82,
13127, 130.90, 130.86, 130.75, 129.14, 129.04, 128.61, 128.56, 128.14,
127.87, 127.59, 127.49, 127.08, 126.89, 126.55, 126.33, 125.97, 124.48,
123.08, 115.39, 79.83, 34.33, 34.16, 34.01, 33.83, 28.48, 27.70, 27.62,
27.55, 2740, 27.35, 27.33, 27.27, 27.11, 27.07, 26.77, 26.49, 26.43,
26.20, 26.18., 21.95, 20.70. 3'P NMR (202.46 MHz, CD,Cl,): & 48.68.
Anal. Caled (%) for Cy,HgsO,PRuS,-0.36 n-pentane-0.19 THEF: C
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66.88, H 6.26. Found: C 66.59, H 6.43. HRMS (ESI*) found (calcd):
m/z 963.22366 (963.22205) [Cs,HssO,4P '"RuS, + Na]*.

[P(—6-0-C4H,)('Bu),](-S-2,4,6-Me-C¢H,)Ru(=CH-0-OPrC4H,)
(8a). In a glovebox [P(—6-O-C¢H,) (t-Bu),]CIRu(=CH-0-O'PrC¢H,)
(103.2 mg, 0.198 mmol) and potassium 2,4,6-trimethylbenzenethiolate
(43.1 mg, 0.226 mmol) were suspended in THF (8 mL), and the
mixture was stirred at room temperature for 12 h. The solvent was
removed in vacuo. The residual was dissolved in n-pentane and filtered
over Celite. After the solvent was removed in vacuo a red powder of 8a
was obtained (116 mg, 0.182 mmol, 92%). '"H NMR (500.13 MHz,
CD,CL): 6 14.83 (d, *Jyp = 5.2 Hz, 1H), 7.46—7.37 (m, 2H), 7.36—
7.31 (m, 1H), 7.05 (ddt, *J;; = 84, 7.0, 1.4 Hz, 1H), 6.98 (dt, 3y =
7.4, 1.0 Hz, 1H), 6.89—6.00 (br, SH), 6.65—6.55 (m, 3H), 4.50 (sep d,
3 = 62, 1.4 Hz, 1H), 2.96-2.05 (br, 6H), 2.16 (s, 3H), 1.75 (d,
iy = 13.8 Hz, 9H), 1.56 (d, ¥y = 13.4, 9H), 1.42 (s, 1H), 1.30 (m,
8H). BC{'H} NMR (125.76 MHz, CD,CL,): & 245.87, 245.78, 177.55,
177.45, 152.34, 152.33, 144.51, 139.06, 134.38, 132.72, 131.92, 131.91,
127.98, 126.74, 123.34, 12271, 121.22, 120.91, 118.44, 118.36, 116.07,
116.02, 114.74, 76.43, 40.23, 40.06, 35.10, 34.93, 32.13, 32.11, 30.52,
28.56, 26.74, 21.13, 21.02, 20.99. *'P NMR (202.46 MHz, CD,Cl,): §
93.07. Anal. Calcd (%) for C3H,50,PRuS-0.2S n-pentane: C 62.72, H
7.38. Found: C 63.14, H 7.09. HRMS (ESI") found (caled): m/z
639.20112 (639.19996) [C43H,s0,P '“RuS + H]". )

[P(—6-0-C¢H,)(‘Bu),](-S-2,4,6-Ph-C4H,)Ru(=CH-0-O'PrC¢H,)
(8b). In a glovebox [P(—6-O-C¢H,)(t-Bu),]CIRu(=CH-0-O'PrC4H,)
(108.8 mg, 0.208 mmol) and potassium 2,4,6-triphenylbenzenethiolate
(82.3 mg, 0.219 mmol) were suspended in THF (6 mL), and the
mixture was stirred at room temperature for 12 h. The solution was
filtered, and the solvent removed in vacuo. The residual was dissolved
in n-pentane and filtered. After the solvent was removed in vacuo the
remaining crude product was dissolved in a minimum amount of
dichloromethane. Dark red crystals of 8b (63 mg, 0.076 mmol, 37%)
were grown upon layering the solution with n-pentane at low
temperature (—32 °C). '"H NMR (500.13 MHz, CD,CL,): § 13.97 (d,
Jup = 5.4, 1H), 7.82~7.76 (m, 2H), 7.62—7.57 (m, 2H), 7.50 (d, *Jyn
=2.2 Hz, 1H), 7.47-7.37 (m, 4H), 7.37—7.27 (m, 3H), 7.25—7.16 (m,
2H), 7.09—7.04 (m, 2H), 7.01 (tt, *Jyyy; = 7.4, 1.2 Hz, 1H), 6.94—6.87
(m, 2H), 6.87-6.75 (m, 4H), 6.47—6.41 (m, 1H), 6.41-6.34 (m, 1H),
4.71 (sep d, 3y = 6.2, 0.7 Hz, 1H), 1.59 (d, ¥,y = 13.8 Hz, 9H), 1.38
(d, ¥ = 6.2 Hz, 3H), 1.18 (br d, *fy = 12.1 Hz, 9H), 0.98 (d, ¥y
= 62 Hz, 3H). BC{'H} NMR (125.76 MHz, CD,CL,): § 247.95,
247.84, 1.77.43, 177.33, 153.46, 153.45, 14895, 147.47, 144.44,
143.80, 143.63, 141.60, 141.29, 138.11, 132.69, 131.63, 131.50, 129.13,
128.78, 127.83, 127.49, 127.45, 127.25, 127.1S5, 126.71, 126.69, 125.74,
123.25, 122,93, 121.04, 120.73, 118.17, 118.10, 115.64, 115.59, 113.27,
76.87, 40.13, 39.96, 35.09, 34.93, 31.90, 31.88, 28.15, 21.87, 20.67. 3'P
NMR (20246 MHz, CD,Cl,): & 90.25. Anal. Caled (%) for
C,3H5,0,PRuS:0.2 n-pentane-0.6 DCM: C 66.98, H 6.19. Found: C
66.71, H 5.96. HRMS (ESI*) found (calcd): m/z 824.24873
(824.24814) [CysH;,0,P 'RuS + H]".
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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, (*R21,

olefin
" isomerization

n-allyl cycle

[\
deactivation Mes~NssN~Mes
T
Ril
~— 7 o
olefin regeneration C-H activation
metathesis

olefin
isomerization
hydride cycle

/ Z
/ NN/
) L CAY
Cl—Ru==7
q
p

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 7°-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 S. The same qualitative
trends in the relative 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.

H 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
generation catalyst 1 (Chart 1) and its phosphine-free
congener known as the Hoveyda—Grubbs second generation
catalyst 2,% have become widely used in organic synthesisl and
are to an increasing extent being adopted in industrial

Chart 1. Grubbs Second Generation 1 and Hoveyda—Grubbs
Second Generation 2 Catalysts
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e L

|C| |
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Mes = 2,4,6-trimethylphenyl
Cy = cyclohexyl
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valorization of renewable feedstocks and production of natural
products and pharmaceuticals.*’

These developments are striking in view of the low
productivities of the ruthenium catalysts. Even if exceptional
turnover numbers (TONs, several hundred thousand) have
been reported with some highly reactive substrates and under
solvent free conditions,® ruthenium metathesis catalysts
typically deactivate after only a few thousand turnovers,”” as
compared to TONSs typically in the range of 1—10 million for
industrial processes.® Even after 20 years of effort in academia
and industry, these catalysts are possibly the least productive 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 synthesis’ and
can approach stoichiometric amounts for peptide modification
reactions such as stapling.'’ High catalyst loadings are costly,
unsustainable given the scarcity of ruthenium, and a critical
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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 isomer-
ization in the form of double-bond migration. In some cases,
isomerization may compete with, or even dominate over,
metathesis and thus seriously compromise both selectivity and
yield.""'* Even if metathesis-related isomerization may some-
times be exploited for synthetic purposes,13 this side reaction is
a symptom of catalyst decomposition and is usually an
unwanted 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 identification
of isomerization-active species, but the nature of these
decomposition products still remains elusive. Ruthenium
hydrides are widely thought to be responsible, but none of
the known metathesis-related hydrides‘z']4 appear to be
sufficiently 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 nanoparticles is an important step forward.
However, decomposition reactions leading to both the
isomerization-active molecular species and the nanoparticles
are still unknown, which makes it difficult to prevent catalyst
decomposition and isomerization.

Three guidelines may help guide the search for candidate
decomposition reactions: First, the relatively low TONs for
common metathesis catalysts”” imply that decomposition
typically should be 3—4 orders of magnitude slower than
metathesis, which (according to transition state theory)
translates into a difference in rate-determining barriers
amounting to ca. 5—7 kcal/mol. Second, isomerization is a
symptom of catalyst decomposition, and a candidate decom-
position pathway should lead to highly active olefin isomer-
ization catalysts. A good portion of the decomposition must
therefore be substrate-triggered, as absence of I-alkene
substrate leads to decomposition products mediating isomer-
ization with too low rates.'® Third, these catalysts should
operate with a mechanism consistent with the experimental
observations, in particular the information derived from the
deuterium labeling study of Wagener and co-workers.'®
Addition of deuterated 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 involving 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 activation of the CDj groups.'® Activation of
N-heterocyclic carbene (NHC) aryl C—H bonds of ruthenium
olefin metathesis catalysts is indeed a well-known catalyst
deactivation reaction,'”*® but so far, no such C—H activation
products, hydride or other, with appreciable isomerization
activity have been identified.

Identifying such isomerization-active decomposition prod-
ucts and establishing a decomposition—isomerization reaction

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
methylidene, and proceeds via an allyl hydride to liberate
propene.”

Indeed, using allylbenzene as a model 1-alkene substrate in
density functional theory (DFT) explorations of decomposition
mechanisms, we discovered a surprisingly facile (consistent
with Guideline 1), stepwise 1,2-shift leading to a breakdown of
the metallacyclobutane and loss of methylidene analogous to
that triggered by ethylene. The alkylidene-free ruthenium
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 synthesizing and
testing a donor-stabilized version of this compound.

B 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.

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,
homocoupling of a given substrate requires three metathesis
events: the first to initiate the catalyst by replacing the
precursor alkylidene and another two to complete the
productive coupling between two substrate molecules. The
rate of isomerization seems to be independent of the initiation
rate,”” and only the barrier to productive metathesis is
considered here in comparison with barriers of candidate
decomposition reactions. Consistent with findings of computa-
tional mechanistic studies,”® the transition state of cyclo-
reversion (TSowms/ome Scheme 1) has been taken to be rate
determining for metathesis in the present work. This means
that, for our model substrate allylbenzene, an olefin known to
be prone to isomerization,”’ the barrier to metathesis is
determined by AGF = G(TSomsjoms) — G(2) = 23.5 keal
mol ™!, This and other barriers calculated relative 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 Decomposi-
tion. A summary of the computational checks as to whether
the 77-allyl mechanism might compete with olefin metathesis is
given in the following; see the Supporting Information for
details. We first recalculated, using the current computational
model, the ethylene-triggered, r]3—ally1 route to loss of
methylidene, proposed by van Rensburg and co-workers*>**
(Scheme S2), and found the key transition state for f-hydride
transfer in the unsubstituted ruthenacyclobutane 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.””**
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Scheme 1. 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 OMS), alkene binding and dissociation reactions are
assumed to occur with low or no barrier on the potential energy
surface (PES),*® and are unlikely to influence the kinetics
signiﬁcantly.26

However, not even careful removal of ethylene during
metathesis and low catalyst loading to minimize decomposition
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 Supporting
Information.

Instead, the above-described facile ethylene-triggered 7-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 the substrate in the van
Rensburg mechanism (Scheme S2) and found the overall
barrier to decomposition, via TSop/vrsar 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
Introduction) required for candidate decomposition routes,
suggesting that this is a catalyst decomposition pathway worth
pursuing. The higher barrier to allylbenzene-triggered decom-
position is reflected in a relatively late transition state for j-
hydride transfer (Ru—Hj = 1.63 A compared to Ru—Hy = 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 #’-allyl-like
transition state of the ethylene-triggered reaction. The question
is whether I-alkenes still can trigger methylidene loss by
following a different route for the 1,2-shift.

Alternative 1-Alkene-Triggered Route to Methylidene
Loss. To build on the above-mentioned, established ethylene-
triggered decomposition of the unsubstituted ruthenacyclobu-
tane, the exploration of new pathways for 1-alkene-triggered
decomposition will assume substrate binding and cycloaddition
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
pronounced than for 1-alkenes, and it is generally assumed
that methylidene intermediate OMS is implicated in catalyst
decomposition, while the catalyst precursor plays, if any, a very
minor role." %%

As shown in the complete 1-alkene-triggered decomposition
pathway of Scheme S5 (see Scheme 2 for a summary),
coordination of the substrate allylbenzene to OMS gives the 7-
complex OM6 (14.7 kcal mol™), from which cycloaddition
leads to the metallacyclobutane OM7 (2.7 kcal mol™"). Looking
for alternatives to a direct 1,2-hydride shift in OM?7, 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 f-hydride transfer.”* We thus
wondered whether expansion of the four-membered ring of
OM?7 (Scheme 2) might facilitate the hydride shifts leading to
loss of methylidene. Indeed, from the trigonal bipyramidal
metallacyclopentane R8, which is less stable, by 4.2 kcal mol ™},

Scheme 2. 1-Alkene-Triggered Metathesis Catalyst Decomposition Starting from Metallacyclobutane OM7“

Lel TSraBRS Lol Lol
R |29.5] Ra
LD A/ ) = e
pr’ cl Ph cis
om7[2.7] R5[20.0] R6A [12.9]

PhE\_
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“Gibbs free energies (geometry optimization, ®B97XD/cc-pVDZ; single-point energies, PBE-D3BJ/cc-pVQZ; see the Supporting Information 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 OM?7 from 2, and see Scheme S5 for additional intermediates and
transition states. The Gibbs free energy of minimum energy crossing points (MECPs) has been estimated as descrlbed in ref 35. After catalyst
initiation, the alkene blndlng and dissociation reactions are assumed to involve low or no barrier on the PES,”® and are unlikely to influence the
kinetics sxgmﬁcantly
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Scheme 3. Isomerization and Alkylidene Regeneration Initiated by R21 and R21
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“Gibbs free energies (geometry optimization, @B97XD/cc-pVDZ; single-point energies, PBE-D3BJ/cc-pVQZ; see the Supporting Information 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 parentheses, 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 for additional intermediates, transition states, and disfavored reaction pathways. The Gibbs free energy of minimum
energy crossing points (MECPs) has been estimated as described in ref 35. 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 26.

than OM7, a 1,3-shift to the former methylidene moiety, along
with scission of the ruthenium—carbon bonds, leads to a 7-
complex, R9 (13.0 keal mol™"), with an agostic bond between
the terminal methyl group of p-ethylstyrene (ES) and
ruthenium. The reductive elimination via TSgg/po (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 facile
reductive elimination, the metallacyclopentane R8, can be
reached from the metallacyclobutane OM7. A direct 1,2-
hydrogen shift, via TSop/rg has a prohibitively high barrier
(39.6 keal mol™) relative to 2 (Scheme S5). Remarkably,
however, the barrier can be reduced to below 30 kcal mol™" by
performing the 1,2-shift in a stepwise manner. The rate-

determining of these steps is the formation of the agostic RS via
TSrap/rs (295 keal mol™, optimized geometry in Figure S18).
In comparison, the subsequent formation of hydride complexes
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 OM?7 gives the metal-
lacyclopentane R8 with an overall barrier, via TSgqp/rs (29.5
keal 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 SS5) is comparably fast, which means that
allylbenzene-induced methylidene loss from OMS may occur
with an overall barrier in agreement with Guideline 1 (5—7 keal
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mol™") of the Introduction. Alternative pathways exist (see the
Supporting Information), but none can compete with that of
ring expansion to R8 and rupture to give R9, which is favored
by 3 keal mol™" compared to the barrier defined by TSop7/vrsa
of the van Rensburg mechanism (Scheme S2). This energy
difference is small but confirmed using two different density
functionals (PBE-D3BJ and M06; see Table S8).

Finally, liberation of f-ethylstyrene from R9 is thermody-
namically favored and proceeds via a facile change of spin
state® to the spin-triplet 3R9, which is 13.1 kcal mol™" more
stable than the singlet, followed by the alkene dissociation,
which can be assumed to occur without a barrier on the
potential 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 metathesis homocoupling. The most favored of
the latter two pathways requires only 6.0 kcal mol™ more
activation (via TSgsp/rs at 29.5 kcal mol™" relative to 2) than
metathesis.

This implies (from transition state theory) that decom-
position to form 3R21 is 3 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 catalyst
decomposition. In fact, pyridine adducts (with three coordi-
nated pyridine molecules, presumably a spin-singlet complex)
of this 12-electron compound have been isolated as metathesis
catalyst decomposition products.”’

In comparison, 3R21 itself is only a short-lived intermediate.
Still, it is, in fact, more stable than the 14-electron methylidene
OMS, as judged from the lower calculated free energy of 3R21.
The latter, even if being a 12-electron complex, increases its
stability by occupying the same number (seven) of molecular
orbitals as OMS.

The Allylic Isomerization Cycle. Allylbenzene binding to
3R21 leads, via 3R22 (3.9 kcal mol™!, Scheme S6) and facile
spin crossover,” to the singlet R22, at —8.4 kcal mol™". From
R22, hydride transfer to ruthenium to reach the #’-allyl
complex R23 is facile. The subsequent rotation of the substrate
via TSgy3/ra4 i, consistent with earlier studies,®® associated with
a comparably high free energy (8.3 kcal mol™) and results in
the relatively stable 7°-allyl hydride R24.

From R24, a facile second hydride transfer generates the
isomerized f-methylstyrene coordinated to ruthenium, R25. A
second spin crossover brings the system back to the spin-triplet
PES but at an overall cost (59 kcal mol™)* likely to
contribute to determining the efficiency of the allylic isomer-
ization cycle. Finally, ’R25 liberates the [-methylstyrene
isomerization product and regenerates 3R21, at —9.7 kcal
mol™" and thus 5.3 kcal mol™" lower than at the start of the
cycle, reflecting the reaction exergonicity (see Scheme 3).

A similar 77-allyl hydride isomerization mechanism, albeit
without consideration of spin crossover, was originally
suggested as a catalyst decomposition pathway”” but has also
been explored computationally in isomerization of propene.”**

The efficiency of the allylic mechanism is largely determined
by the two relatively stable intermediates with 7-coordinated
olefin (R22) or allyl (R24). The effective barriers to allyl
formation from R22 (R22 — TSgy3/re4) and to spin inversion

in the product internal olefin complex from R24 (R24 —
MECPy,;) are in the same range (16—17 kcal mol™"), 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 Supporting Information.
Assuming no competing reactions or deactivation from the
allylic cycle and a spin-change barrier for MECPg,g in the
middle of the range (5—9 kcal mol™"), the turnover frequency
(TOF) is estimated to be in the range 1—1.5 s™! and to fall
below 1 s7* 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 Isomeriza-
tion. In addition to mediating the above rn’-allyl-type
isomerization, the 12-electron spin-triplet *R21 may initiate
intramolecular C—H activation and hydride-mechanism isomer-
ization. However, this requires spin pairing, which costs 11-15
kcal mol™ relative to 2. The resulting spin-singlet R21 is
electron deficient, 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 endergonic and results in 7-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 f-hydrogen may be
eliminated with a barrier (via TSgyop/r30) 7-6 keal mol™ above
R29B. From the resulting 7-complex hydride R30, the
subsequent S-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 — TSg;/pa7
(10.8 kcal mol™ under standard-state conditions; see the
Supporting Information) is to a large extent rate-determining,
while the corresponding energy span R31 — TSgyos/ragp (10.4
kecal mol™) is the most important 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 allylbenzene
concentration of 0.02 M; see the Supporting Information)
than that of the above allylic cycle for all relevant
concentrations.

Regeneration of Ruthenium Alkylidene. Arene-stabi-
lized R21 and analogues thereof are known as olefin metathesis
catalysts,™*" and should therefore be expected to form
ruthenium 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 m-complexes and the
transition 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 #-allyl complexes of the allylic mechanism, we have
studied two other substrate-induced routes to alkylidene, the
details of which are given in the Supporting Information.

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
contraction. Both involve rate-determining transition states
with a free energy 26—27 kcal mol™! above that of R22, the
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most stable prebarrier intermediate. These barriers are much
higher than that of isomerization itself, and the two alkylidene-
formation pathways starting from the 77*-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 leadin%
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 molecule. The
reverse reaction, here termed alkylidene formation via dinuclear
ruthenium alkene activation, should proceed via the same
transition state. This transition state (TSs,op1:0ms 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 TSs/opmic0ms Strongly suggests that
the metathesis activitgr 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
binding of alkene is the subject of a future study. However, the
much higher barrier (at 17.5 kcal mol™, via TSVARyg,,) for
dissociation of p-cymene from § compared to that of the alkene
scission to give alkylidene (TSs/omisoms) makes p-cymene
dissociation stand out as the most likely rate-determining step
of the alkylidene formation from S.

Predicted Overall Reactivity of the 12-Electron
Compound and Its 18-Electron Adducts. DFT calculations
predict *R21 to be a key catalyst decomposition intermediate
that reacts 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 S, which is stabilized by a p-
cymene molecule (Scheme 3). Dissociation of p-cymene
generates the 12-electron compound. However, unlike the 12-
electron compound, 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 costly spin inversion if it is to be generated from S.
Thus, instead of reaching the 12-electron compound via the
triplet 35, p-cymene is predicted to dissociate from $ 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 toluene. The latter has a calculated binding free
energy (16.3 kcal mol™") to R21 only 2 kcal mol™ lower than
that of p-cymene. In other words, the observed isomerization
activity of § as well as 2 and other metathesis catalysts should
be higher in solvents that do not contain 7°-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 3R21, (ii) it may form a relatively stable
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
activation step depends on the unsaturated ruthenium center,

entrance into the hydride cycle (iii) will be disfavored by high
concentration of the alkene substrate. In neat substrate,
substrate 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. However, 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 ruthenium alkene
activation also appears to be possible and involves dissociation
of p-cymene from $ and coupling of two different ruthenium
complexes and a substrate, although the mechanistic details will
have to be left for a future study.

Synthesis of the Predicted Isomerization Catalyst
Precursor. 18-Electron adducts such as the p-cymene-
stabilized complex § (Scheme 4) are known.’*****>% In

Scheme 4. Synthesis of Compound $
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fact, S and analogues 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-diisopropylphenyl)imidazol-2-ylidene) have
been studied 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, $ itself has so far only been synthesized in situ.**
For example, whereas (IMes)(1°-p-cymene)RuCl, was easily
prepared by reacting (p-cymene)RuCl, dimer 4 with 2 equiv of
IMes, corresponding attempts at reachin§ S 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 S; see Scheme 4.

After the reaction, most of the THF was removed in vacuo,
and at low temperature (—32 °C), small red crystals suitable for
synchrotron-radiation X-ray structure analysis (Figure S6) were
obtained from the resulting concentrated solution. Compound
S can be described as a distorted octahedral complex with an
axial carbene ligand (SIMes), two cis-positioned equatorial
chloride ligands, and the 7°-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 an Isomerization Catalyst. Initially, S was
tested in neat allylbenzene, using elevated temperatures (80—
100 °C) and low catalyst loadings (1—100 ppm) to promote

DOI: 10.1021/jacs.7b07694
J. Am. Chem. Soc. 2017, 139, 1660916619



Journal of the American Chemical Society

123

dissociation of the 7°bound p-cymene; see Scheme S and
Table 1.

Scheme S. Conversion of Allylbenzene into Metathesis and
Isomerization Products with 2 and §

cat. #Spp other
\/\Ph I L/Ph + \/‘lph + isomerization
products
6 7 8 )

Iso

Table 1. Conversion of Neat Allylbenzene and Selectivity
toward the Isomerization Products (ISO)

entry cat. cat load. (ppm) T (°C) t(h) conv.” (%) ISO” (%)
1 S 1 80 1 1 100°
20 4 100°
2 N 3 80 1 3 73
3 S N 80 1 4 67°
4 N 10 80 1 8 63°
4 17 79¢
N N 10 100 1 12 75¢
4 28 86°
6 N 100 80 1 47 S1
7 2 1 80 1 10 22°
4 11 32
8 2 10 80 1 83 8
4 93 14
9 80 4 0

“Determined by 'H NMR analysis of the reaction mixture. "Combined
yields of the primary (8) and secondary isomerization products
(together labeled 1SO)* 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.

First, consistent with computational prediction, S predom-
inantly 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 isomerization products
may be generated from the transformation of the latter
compounds.46 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 S and the Supporting
Information.

The selectivity toward isomerization increases with decreas-
ing catalyst loading (Figure 1 and entries 1—4 and 6), with 8
being the sole product detected when using only 1 ppm of
complex § (entry 1), and high temperature also favors
isomerization (entries 4 and S). This suggests that alkylidene
formation 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 § at elevated catalyst
concentrations but should approach the second order at very
low concentrations of 5. Accordingly, the rate of alkylidene

100

50

1510 20 40 60

catalyst loading of 5, ppm

80 100

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

formation should be at its maximum at the start of the
experiment, and should fall as the concentration of § drops.
This is consistent with the observed falling metathesis activity
with the progress of the reaction (Figure 2) and at lower

loading of § (Figure 1).
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> @
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Figure 2. Percentage of isomerization products (ISO (%)) with time
during conversion of neat allylbenzene with § at 80 °C. See entries 2—
4 of Table S2 in the Supporting Information.

The above-described barrierless entry, via route iii, into the
hydride-mechanism isomerization cycle suggests that hydrides
such as R27 might form in the absence of alkene. Indeed,
higher isomerization activity and selectivity were observed 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 Figure S2.
However, mercury-poisoning experiments17 indicate that
heating 5 in the absence of substrate also generates isomer-
ization-active ruthenium nanoparticles; see Table S2. Similar
signs of ruthenium nanoparticles are not observed in ordinary
catalytic tests without preheating of S.
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The above considerations and observations suggest that
more weakly coordinating solvents, without the possibility to
stabilize R21 by #°-coordination, in combination with low
catalyst and substrate concentrations should promote gen-
eration of ruthenium hydrides and thus isomerization. In
addition, polar solvents are expected to disfavor formation of
the dinuclear ruthenium complexes of the alkylidene formation
pathway (Scheme 3). This means that nonpolar and #°-
coordinating solvents like toluene and p-cymene should favor
olefin metathesis, while noncoordinating and more polar
solvents such as tetrahydrofuran and dichloromethane should
promote olefin isomerization. Indeed, tests of 5 in a solution of
allylbenzene in pentane, including 10% of dichlorometane
(here termed a P/D mixture) to fully dissolve the complex,
confirm the isomerization-boosting effect; see Table 2. For

Table 2. Conversion and Selectivity toward Isomerization
(ISO) of Allylbenzene at High Substrate Dilution and Room
Temperature (22 °C)

cat. load. [S] t conv.”  ISO”

entry cat. (mol %) solvent, S (mM) (h) (%) (%)
1 s 1 P/D¢ 20 1 9 1007
4 100 1007

2 2 1 P/D¢ 20 1 52 13
4 63 33

3 s 1 P/D* 10 1 94 1007
4 100 1007

4 5 1 P/D 5 1 81 1007
4 100 1007

5 s 1 P/D° 0.25 1 49 1007
4 93 1007

6 s 0.1 P/D¢ 025 1 3 1007
4 9 1007

26 25 1007

7 s 1 THF 20 1 91 100
4 98 1007

8 2 1 THF 20 1 44 37
4 83 64

9 s 1 CH, 20 1 51 2
4 70 36

0 2 1 CH, 20 1 52 13
4 75 25

“Determined by GC analysis of the reaction mixture. 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.
n-Pentane/dichloromethane (9:1). dCompound 8 was the only
observed product.

example, at room temperature, almost all of the allylbenzene is
converted to the isomerization product 8 in just 1 h (entry 1),
which is very different from that obtained in toluene solution
(entry 9). The catalytic potency of S is perhaps best illustrated
by the fact that, in the P/D mixture, turnover frequencies
(TOFs) and numbers (TONSs) essentially stay intact even in
dilution (0.25 iM, entry 6) typical of solvent impurities.** And
remarkably, not even traces of the self-metathesis product 7 or
other secondary isomerization products could be detected in
any of the catalytic tests of S 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 S, may
affect the outcome of metathesis experiments even when

present in tiny concentrations. Moreover, the catalytic activity
of § only decreases moderately with the substrate dilution
(Figure 3), consistent with the computational predictions for
both the allyl and the hydride cycle.

100

920

80 °

70

conversion, %

60

500y

40

0.25 5 10 15 20
substrate concentration, mM
Figure 3. Conversion of allylbenzene to 8 at different substrate

concentrations in 1 h, using 1 mol % of § in P/D solvent mixture at
room temperature. See entries 1 and 3—5 of Table 2.

In striking contrast with the above perfect selectivity for
isomerization, self-metathesis dominates in identical concen-
trations of § in toluene (entry 9). This is expected from the
above-discussed thermodynamic stability of 18-electron toluene
analogues of 5 under such conditions, and the suggested
tendency 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
recorded under identical conditions using the Hoveyda—
Grubbs second-generation catalyst 2 (entry 10), suggesting
that, under these conditions, § is partly converted to alkylidene
at the start of the experiment.

The above considerations can also help explain the catalytic
outcome when using the Hoveyda—Grubbs second-generation
catalyst 2 in different solvents. Early in the experiment, 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 S, while toluene lowers the observed isomerization rate
and instead seems to promote formation of alkylidene from S.
In other words, *R21 generated by decomposition of 2 will
tend to form 18-electron analogues of S in toluene, leading to
dinuclear ruthenium reformation of metathesis-active alkyli-
denes. 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 metathesis
efficiency.

Bl CONCLUSIONS

Our computational and experimental results point at the spin-
triplet 12-electron compound SIMes(Cl),Ru (*R21) as an
important contributor to alkene isomerization when using
second-generation catalysts such as 2 in olefin metathesis,
adding to known sources of metathesis-related isomerization,
such as ruthenium nanoparticles.” Except for some computa-
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tional 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
alkylidene, among them established ones such as bimolecular
coupling®*' and ethylene-triggered breakdown of unsubsti-
tuted metallacyclobutane.” ~**

Here, molecular-level calculations have shown how alkyli-
dene 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
mechanism> ™ or by 1l-alkenes via a novel mechanism
involving 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 allylbenzene self-metathesis, consistent with Guideline 1
of the Introduction.

Importantly, the new catalyst decomposition pathway
explains why the presence of substrate is required to reach
compounds of sufficient isomerization activity,"® thereby
fulfilling Guideline 2. *R21 may initiate either allylic-mechanism
isomerization or, after formation of a cyclometalated Ru-
hydride complex, hydride-mechanism isomerization (Scheme
3). The latter mechanism offers the first explanation for the
deuterium of a labeled catalyst (3) being found in isomerization
products,18 thereby fulfilling Guideline 3.

Whereas the spin crossover at the end of the catalyst
decomposition, to give the alkene complex 3R9 before
liberating *R21, is facile compared to the rate-determining
ring expansion, change of spin state is predicted to be part of
the bottleneck of the allylic isomerization cycle. In contrast,
spin inversion is not part of the hydride cycle. However, to
enter this, the isomerization cycle predicted to be the most
efficient, a spin state change from 3R21 to R21 is necessary.

The calculations also suggest that two alkylidene-free
ruthenium complexes may regenerate alkylidene by activating
an alkene, the reverse of the known bimolecular loss of
alkylidene.”*'

The computationally predicted isomerization-initiating ca-
pacity of >R21 and its spin-singlet congener R21 was confirmed
by synthesizing and testing the p-cymene-stabilized R21 ().
The isomerization activity of S is particularly high under
conditions favoring liberation of R21 by dissociation of p-
cymene at the same time as hampering the formation of
dinuclear aggregates, whereas a nonpolar solvent capable of 7°-
coordination (toluene) dampens isomerization.

Identical catalytic tests of 2 show the same isomerization-
dampening effect of toluene, indicating that $ and 2 share
catalytic isomerization cycles. As 2, S can, under the right
conditions, also promote olefin metathesis, and the two
compounds display the same qualitative trends in the relative
metathesis and isomerization selectivities. This suggests that §
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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Supplementary results from catalytic tests

Table S1: Homocoupling of allylbenzene with 8b under different reaction conditions.

entry catload additive”  solvent [sub] T t conv’ yield® 7
(mol %) M) (°C) (h) (%) (%) (%)

1 1 neat 20 0.5 10 6 83
1 21 13 81

4 69 26 73

8 98 32 52

2 1 neat 40 0.5 24 16 79
1 49 24 76

4 99 17 26

3 1 neat 60 0.5 97 19 45
1 100 11 28

4 2 neat 20 0.5 19 11 83
1 32 18 82

85 31 68

8 100 20 26

5 4 neat 20 0.5 24 12 83
1 35 19 32

87 32 71

8 100 24 40

6 1 toluene 4 20 0.5 6 2 82
1 9 5 81

4 25 15 80

8 59 21 76

16 97 19 54

7 1 THF 4 20 1 9 3 81
30 9 83

8 56 13 30

16 94 12 65

8 1 p-cymene 4 20 1 6 3 82
19 11 80

8 43 18 77

16 89 19 62

9 1 toluene 1 20 1 6 1 81
4 14 5 78

8 29 8 75

16 71 109) 68

S2
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10 1 toluene 2 20 1 6 2 80
4 16 8 78

8 41 12 75

16 90 13 61

11 1 toluene 3 20 1 9 4 81
4 32 11 79

8 67 14 72

16 99 11 46

12 1 toluene 4 40 0.5 10 6 78
1 19 11 77

4 88 18 59

13 1 QUI neat 20 4 29 28 49
8 42 41 47

14 1 PPA neat 20 4 9 4 63
8 12 5 62

15 1 TCPO neat 20 4 37 25 81
8 55 36 81

24 94 36 69

16 1 H,O neat 20 4 25 12 81
8 25 12 82

“QUI = 2,6-dichloro-1,4-benzoquinone (1 equiv with respect to the cat), PPA = phenylphosphoric acid
(1 equiv with respect to the cat), TCPO = tricyclohexylphosphine oxide (5 equiv with respect to the
cat), 1 drop H,0. "Determined by "H NMR analysis. "H NMR yields (values in parentheses are
isolated yields).

Procedure catalytic testing

Under inert atmosphere (Ar), in a glove box, a vial (3 ml) was charged with 3-5 mg of catalyst after which
the additive, solvent and substrate were weighed into the vial to obtain the desired concentration, mol% of
catalyst and additive concentration. After capping the vial, the reaction mixture was heated in an
aluminum block placed on a standard laboratory heater and attached to a thermostat, a small stirring
magnet ensured continuous agitation. At timed intervals a small amount of reaction mixture was taken,
transferred in an NMR tube and diluted up to 0.7 ml with CDCl;. The 'H NMR analysis of the samples
was carried out as explained in J. Am. Chem. Soc. 2013, 135, 3331-3334.

Analytical data

NMR-spectra of compounds 4, 5, 6, 8a and 8b

S3
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Figure S2: 13C{IH} NMR spectrum of compound 4 in CD,Cl,. (a) Full spectrum. (b) Expanded
region between 132 and 122 ppm. (¢) Expanded region between 31 and 21 ppm.
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Crystallographic data

Table S2: Crystal and structure refinement data for 4, 6 and 8b.

Compound 4 6 8b

Crystal data

Chemical formula C52H62C10PRUS' C5H]2 C52H5504PRU82'CH2C12 C4RH5102PRUS'CH2C12

M, 974.71 1025.04 908.91

Crystal system, Monoclinic Monoclinic Monoclinic

Space group P2y/n P2y/n P2i/n

Temperature (K) 103 103 103

a b cA) 12.419 (3), 15.046 (3), | 13.0441 (10), 23.8002 12.8196 (5), 17.0380
27.038 (6) (18), 15.4295 (12) (6), 20.3621 (7)

Q) 97.968 (3) 94.932 (1) 105.436 (1)

V(A% 5003.5 (17) 4772.4 (6) 4287.1 (3)

V4 4 4 4

F(000) 2064 2128 1888

D, Mg/m®) 1.294 1.427 1.408

Radiation type
No. cell param.
reflections

0%

4 (mm™)

Crystal size (mm)
Appearance

Data collection

No. meas. reflections
No. indep. reflections
No. refl. with I > 2a(1)
Rinl

emaxs Hmin (O)

(sin /2 ) pax (A7)

h

k
l

Refinement
Method

R[F? > 26(F%)]
wR(F?)

S

No. reflections

No. parameters
No. restraints
(A/O-)max

Apmaxs Apmin (G~A_3)

Mo Ka, A=0.71073 A
9968

2.5-24.9

0.48

0.34 x 0.23 x 0.11

Irr. Prism, dark purple

52714
9135
6492
0.136
254,1.7
0.603
-14—14
-18—18
-32—-532

Full-matrix least
squares on F*
0.098

0.200

1.16

9135

563

504

0.001
2.39,-1.33

Mo Ka, A=0.71073 A
9753

2.3-31.0

0.61

0.31 x 0.28 x 0.11

Irr. Prism, purple-brown

84499
15193
13180
0.035
31.0, 1.7
0.725
-18—18
-34—34
22522

Full-matrix least squares
on F*

0.041

0.109

1.06

15193

570

0

0.002

1.37,-0.94

Mo Ka, 4 =0.71073 A
9886

2.4-30.0°

0.62

0.18 x 0.08 x 0.04
Irr. Prism, purple

71691
12539
10038
0.077
30.1, 2.0
0.705
-18—18
—24—23
—-28—28

Full-matrix least
squares on F”
0.041

0.106

1.06

12539

513

0

0.001
2.97,-0.79
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Computational results

Table S3: Comparison of calculated selectivity

Cat. AAE' G, AAHY G, AAG G, AAG* 1"
3.4 3.6 3.4 3.1
3 0.2 0.1 0.2 -0.8
4 1.3 1.4 1.2 0.9
6 3.0 3.1 3.0 2.4
8a 0.3 0.2 -0.1 0.3
8b 0.9 1.2 1.2 1.6
9 0.5 0.7 0.5 0.8
10 2.3 2.4 2.1 1.5

“The relative energies [kcal/mol] are a measure of Z-selectivity, AAG 101Gas = AG(E) o1Gas - AG(Z) 1o1Gas. The conformations that
minimize Gibbs free energy in toluene were used.
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Table S4: Single point energies in gas phase and in solution (PBE-D3(BJ), a.u.), thermal
corrections to enthalpy and Gibbs free energy («B97XD, a.u.), of the investigated structures

Cat. Ega" Erof Heor” Geon”

PC, 1 -3264.69418115 -3264.73999768 1.021759 0.882935
TS4(E), 1 -3459.59085972 -3459.64325498 1.130475 0.982125
TS4(Z), 1 -3459.59633281 -3459.64815053 1.130159 0.982137
TS4(E), 3 -2995.80411710 -2995.84629565 0.802577 0.685537
TS4(Z), 3 -2995.80446161 -2995.84557808 0.802748 0.686132
PC. 4 -3386.47917539 -3386.52464587 1.081138 0.950014
TS4(E), 4 -3581.36584113 -3581.41693038 1.189376 1.049338
TS4(Z), 4 -3581.36785955 -3581.41845007 1.189165 1.049411
PC,6 -3545.82292906 -3545.86965579 1.014532 0.883592
TS4(E), 6 -3740.71637229 -3740.76865359 1.122446 0.982818
TS4(Z), 6 -3740.72117159 -3740.77288098 1.122313 0.982874
TS1,1 -3264.66940309 -3264.71785757 1.019800 0.879939
TS1,6 -3545.80741206 -3545.8537404 1.013325 0.883553
AC1, 1 -3264.67566255 -3264.72370127 1.020615 0.879364
ACl1, 6 -3545.80769757 -3545.85344439 1.013386 0.880767
TS2,1 -3613.32945336 -3613.38187534 1.194623 1.037868
TS2,6 -3894.45919775 -3894.51312622 1.186971 1.037868
Pi-C, 1 -3613.33101661 -3613.38285135 1.196041 1.040535
Pi-C, 6 -3894.46440687 -3894.51743728 1.188527 1.039872
TS3,1 -3613.32326093 -3613.3751295 1.195107 1.040461
TS3,6 -3894.46137844 -3894.51469808 1.187985 1.041592
Dissociated sulfonate, 6 -3545.77626772 -3545.83133119 1.013079 0.880360
PC, 8a -2267.91672243 -2267.94283179 0.749629 0.641895
TS4(E), 8a -2462.80493386 -2462.83815602 0.857111 0.740639
TS4(Z), 8a -2462.80534495 -2462.8393378 0.857148 0.741285
PC, 8b -2842.67602801 -2842.71400848 0.929171 0.796732
TS4(E), 8b -3037.56503359 -3037.610056 1.028371 0.896004
TS4(Z), 8b -3037.56648443 -3037.61218787 1.027930 0.895552
PC,9 -2997.40640113 -2997.45068568 0.998941 0.872775
TS4(E), 9 -3192.29382266 -3192.34485661 1.106910 0.971843
TS4(Z), 9 -3192.2946278 -3192.34616449 1.106584 0.971847
TS4(E), 10 -3501.72675097 -3501.77984765 1.257687 1.118423
TS4(Z), 10 -3501.73042881 -3501.78265547 1.257535 1.118811
S -348.646582766 -348.656469867 0.171612 0.130063
A -502.385841095 -502.397149269 0.236094 0.186306

“SCF energies in gas phase and toluene. PThermal correction to enthalpy. “Thermal correction to Gibbs free energy. S = substrate
(allylbenzene), A = 2-isopropoxystyrene
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Background

Catalyst used in deuterium labeling study
Chart S1. The deuterium-labeled catalyst of Wagener and co-workers.'

CD;3 D3C
Ph N+ .N
CI/ _ S
a L= e
L—Ru-PCy;
AN
Cl

CD3 DyC

3 Cy = cyclohexyl

Experimental part

Experimental methods

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich of which [(p-cymene)RuCl]»
and 1,3-bis(2,4,6-trimethylphenyl)-imidazolinium chloride were used as received. n-Pentane, p-cymene,
benzene-ds and inhibitor-free tetrahydrofuran (THF) were degassed, dried over calcium hydride (CaH,),
and subsequently filtered over basic alumina (Brockmann I, activated three days at 220 °C in vacuo)
before use. Toluene and dichloromethane were purified using an MBraun solvent purification system
(“Grubbs’ column”) and treated further as the solvent mentioned above. Chloroform-d was dried over
CaH, and distilled trap-to-trap. The carbene 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene
(SIMes) was synthesized from 1,3-bis(2,4,6-trimethylphenyl)-imidazolinium chloride according to
literature procedure.’

Allylbenzene of high purity is needed to reproduce the experiments shown in Table S2 and S3. All the
allylbenzene used here was dried over CaH,, distilled under vacuum (40 °C, 13 mbar), degassed, and
filtered over basic alumina before use and stored in the glovebox at —32°C. The kind of impurities present
in different batches of allylbenzene depends both on the supplier and on the lot number. Two different
lots, from two different suppliers, were used in the present work. For the first of these (98%, Sigma-
Aldrich, A29402, Lot No. SHBF0568V), a purity >99.9% (determined by gas chromatography (GC))
could be achieved by following the above-described purification procedure. This allylbenzene was used
for most of the experiments. For a handful of experiments (entries 10-15 in Table S2), a second lot of
allylbenzene (98%, Acros Organics, 102890250, Lot No. A0361159), purified to 99.8% following the
above-described procedure, was used. The two purified lots gave comparable results in catalytic
experiments. A few other lots were also tested. In some of these we discovered unidentified impurities,
present even after purification. These impurities affected the catalytic performance of both 5 and 2 and
hindered direct comparison of individual catalytic results between lots, in particular in combination with
low catalyst loadings. Nonetheless, our experience is that the general trends reflected by the experiments
presented here are always reproduced, regardless which allylbenzene lot is used.

NMR spectra were recorded on Bruker Biospin AV500 and AV600 spectrometers. Chemical shifts are
reported relative to the residual solvent peaks.” The HRMS DART mass spectrum was recorded by means
of a DART-100 ion source from IonSense Inc. (Saugus, MA, USA) interfaced to a JMS-T100LC
AccuTOF™ mass spectrometer from JEOL USA, Inc. (Peabody, MA, USA). The ions were transported
into the orthogonal accelerating time of flight (TOF) single stage reflectron mass analyzer by a high
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frequency and high voltage quadrupole ion guide. Detection was achieved with a dual micro channel plate
detector. Elemental analysis was performed using an Elementar Vario EL III analyzer.

Gas chromatography (GC) analyses were performed on an Agilent technologies 7890A instrument
equipped with a 7693 auto sampler, split/splitless injection port, Agilent technologies DB-WAX (30 m x
200 um x 0.2 pm) column, and FID detector. In general, area percentages were reported. However, if
metathesis products were present in the sample, the area percentages of the substrate, isomerization
products and metathesis products were corrected according to their respective effective carbon numbers
(ECN).* Details about the temperature programs and the settings used can be found in Table S1.

Suitable crystals for diffraction experiments were immersed in Paratone-N (Hampton Research). The
crystal specimen was mounted inside a MiTiGen MicroLoop and single crystal Bragg diffraction data
were collected at 103 K using an Oxford Cryosystems, Cryostream 700 Plus N, open flow blower, on the
PILATUS@SNBL diffractometer’ at the BMO1A station of the Swiss—Norwegian Beamlines at the ESRF
(Grenoble, France). The wavelength of the synchrotron radiation was set to £ = 17.71 keV (0.6999 A).
The data were collected by way of three ¢ scans of 60 minutes each, with an angular step of 0.1° in a
shutter-free mode with the PILATUS2M detector. The resulting 5400 frames were binned three times to
give 1800 frames, and finally binned ten times to produce 180, 1.0 degree frames.

The raw data were processed with the SNBL Toolbox.? The integrated intensities were extracted from the
frames, scaled, and corrected for absorption with the CrysAlisPro software.® The crystal structure was
solved with SHELXT and refined with SHELXL version 2016/6.°

(SlMes)(I]6—p-cymene)RuClz (5): In an argon-filled glovebox, a solution of SIMes (153.8 mg, 0.502
mmol) in 4 ml of THF was very slowly (dropwise, 15 min) added to a suspension of [(p-cymene)RuCl,],
(143.0 mg, 0.234 mmol) in 6 ml of p-cymene/THF (1:1). The reaction was followed with 'H NMR. When
complete conversion into the desired product was reached, most of the THF was removed from the
reaction mixture in vacuo. Dark red-brown crystals of 5 were obtained from this solution at low
temperature (—32 °C). After washing the crystals with p-cymene (2 x 0.5 ml) followed by n-pentane (2 x
0.5 ml) and drying in vacuo a light-brown powder of 5 (75.0 mg, 0.122 mmol, 26.0%) was obtained. 'H
NMR (600.17 MHz, C¢Dq): 6 6.77 (s, 4H), 4.87 (d, *Jun = 6.1 Hz, 2H), 4.39 (d, *Jus = 5.9 Hz, 2H), 3.20
(s, 4H), 2.52-2.44 (m, 13H), 2.13 (s, 6H), 1.72 (s, 3H), 1.06 (d, *Ju = 7.0 Hz, 6H). *C{'H} NMR (150.91
MHz, C¢Dg): 6 202.60, 140.15, 137.41, 136.86, 129.39, 102.00, 96.39, 87.24, 86.87, 52.64, 30.87, 22.93,
21.04, 19.65, 18.12. Anal. Caled (%) for C3;H4oCIN,Ru-0.17CoH 4(p-cymene): C 61.79 H 6.72 N 4.41
Found: C 63.40 H 6.57 N 4.14. Although the lack of stability of this compound gives results that are
outside the range viewed as establishing analytical purity, they are provided to illustrate the best values
obtained to date. HRMS (DART) found (calcd): m/z 576.19344 (576.19358) [C31H4CIN,'"'Ru]".

Procedure for catalytic testing: self-metathesis and isomerization of allylbenzene

Experiments in neat substrate. Under inert atmosphere (Ar), in a glove box, stock solutions of 5 (MW:
612.65) and 2 (MW: 626.62) were obtained by dissolving 1.4 mg of the compound in 5 g of toluene.
Aliquots (0.9, 2.7, 4.6, 9.2 and 92.6 mg) of the stock solution were loaded into vials (4 ml), followed by
the removal of the solvent in vacuo and addition of 50 mg of allylbenzene, to obtain catalyst loadings of 1,
3, 5, 10 and 100 ppm, respectively. After capping the vial, the reaction mixture was heated in an
aluminum block placed on a standard laboratory heater and attached to a thermostat. A small stirring
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magnet ensured continuous agitation. At timed intervals about 10 pL of reaction mixture was taken,
transferred in an NMR tube, diluted up to 0.7 ml with CDCl;, and a "H NMR spectrum was recorded.

Conversions and yields were determined by comparing the integrals of the two terminal olefin protons
(CH,) peaks of the substrate with those of the olefinic protons of the individual products.” Tests using
hexamethylbenzene as internal standard have previously confirmed the reliability of this procedure.'
Some of the samples were also analyzed by gas chromatography. GC samples were prepared by either
loading the previously mentioned NMR sample in a GC vial or by taking about 10 pL of reaction mixture.
In both cases, the samples were diluted up to 1.5-2 ml with n-hexane and injected in the GC using the
method described below. The area percentages obtained with samples containing metathesis products were
corrected for the higher response of the FID for these products versus the response of the substrate and
isomerization products. The effective carbon numbers (ECN) of the substrate and of the different products
were calculated according to literature procedure, and used to determine the corrected area percentages.”
Standards of the starting material and of the products, either purchased from commercial sources (6 and
10) or prepared in our laboratory (7-9 and 11-13), were employed to determine the GC retention times as
well as to assist the analysis of the "H NMR spectra. Conversions and yields obtained with the GC method
were compared with those from 'H NMR analysis, and the difference between the results was found to be
within + 2%.

Experiments in neat substrate in the presence of Hg(0). The procedure described above for
experiments in neat substrate was followed, except for the fact that one drop of Hg(0) (ca. 200 mg) was
added to the vial after the solvent had been removed in vacuo and before the addition of allylbenzene.
Experiments in solution. Under inert atmosphere (Ar) in a glove box, a stock solution of 5 was produced
by dissolving 1.8 mg of 5 in 529.5 mg of DCM followed by further dilution up to 4.0 g with n-pentane. A
stock solution of 2 in n-pentane/DCM (9:1) was obtained in a similar fashion. Following this, a stock
solution of the substrate was produced by dissolving 52.2 mg allylbenzene in n-pentane to reach 4.0180 g
in total. From both stock solutions (of catalyst and allylbenzene respectively), appropriate aliquots,
depending on the desired substrate concentration and catalyst loading, were taken and transported into a
vial (10 ml) containing the appropriate amount of n-pentane to reach a total volume of 4 ml. After capping
the vial, the reaction mixture was placed on a standard laboratory stirrer with a stirring magnet ensured
continuous agitation. At timed intervals, 0.5-1 ml of reaction mixture was transferred into a GC vial. The
samples were injected in the GC without prior dilution using the method described below. The absence of
metathesis products, and similar response factors of the substrate and isomerization products allows for
direct use of peak area percentages. Standards of the starting material and of the products, either
purchased from commercial sources (6 and 10) or prepared in our laboratory (7-9 and 11-13), were
employed to determine the GC retention times.

The experiments in THF and toluene were performed according to the procedure described above using
similar stock solutions of 5, 2 and allylbenzene, in THF and toluene respectively. General. The catalytic
performance of compounds such as 5 in ring-opening metathesis is known to improve significantly upon
visible-light irradiation of the reaction vessel.'' The effect of light on the present catalytic tests is expected
to be very small, as the experiments were carried out inside a glovebox using glass vials that were shielded
from direct light by the aluminum block in which they were placed.
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GC settings

Table S1: Configuration and settings of the GC.

Parameter Setting
Inlet port

T (°C) 250

Type split/constant flow
Split ratio 20:1

Vini (ul) 0.1
Carrier gas He

i (cm/sec) 24.276
Column

Type DB-WAX
L (m) x do (pm) x de(um) 30 x 200 x 0.2
Oven program

To (°C) 40

thold 0 (mln) 0

Tramp 1 (°C/min) 20

T, (°C) 230

thola 1 (Min) 4

Tramp 2 (°C/min) -

T (°C) -

Thotd 2 (min) -
Detector

Type FID

T (°C) 300

Vi (ml/min) 30

V air (ml/min) 300
Vcol+mkup (ml/mln) 40
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Detailed results of catalytic tests

Scheme S1: Metathesis and isomerization products identified in reaction mixtures.

SM | SM + | I+E I+ CM SM +1+CM I+E+SM
NP cat. {‘,J\’\Ph e {\Ph P,,J\/Ph Ph
Ph—™ + \/L"Ph + + + l
Ph ~Ph Ph Ph Ph

6 Ka 9 10 11 13 j
SM = self-metathesis Y
| = isomerization
E = ethenolysis
CM = cross-metathesis 150

Table S2: Self-metathesis and isomerization of neat allylbenzene with 5 and 2 at high temperature.

entry  Cat. Cat. load T t(h) Conv.” 7 8 9 10 1 IS0’ (%)
(ppm) (°C)

1 5 1 80 1 0.7 - 0.7 - - - 100
20 3.8 - 3.8 - - - 100

2 5 3 80 1 2.6 0.7 1.9 - - - 73
4 5.5 0.8 4.7 - - - 85

24 10.2 0.7 9.5 - - - 93

3 5 5 80 1 4.0 13 2.7 - - - 67
4 8.6 1.5 7.1 - - - 83

24 202 1.1 19.1 - - - 95

4 5 10 80 1 8.0 3.0 5.0 - - - 63
4 17.4 3.6 138 - - - 79

24 39.4 27 351 15 0.1 - 93

162 48.5 30 430 12 0.1 0.2 94

5 5 10 100 1 122 3.1 9.1 - - - 75
4 28.1 39 240 02 - - 86

6 5 100 80 1 47.1 232 169 10 17 43 51
7 2 1 80 1 9.7 7.6 2.1 - - - 22
4 10.6 72 3.4 - - - 32

8 2 10 80 1 826 760 34 14 03 15 8
4 93.1 80.1 73 33 05 1.9 14

4 97.5 710 116 123 03 23 27

9 - - 80 4 0.0 - - - - - -
10¢ 5 10 100 1 19.0 59 131 - - - 69
11¢  5+Hg0)¢ 10 100 1 33.0 54 274 - 0.2 - 84
12¢  5¢ 10 100 1 28.4 41 242 - 0.1 - 86
13¢5+ Hg0)’ 10 100 1 132 35 9.7 - - - 74
14¢ 5/ 10 100 1 39.5 1.0 383 - 0.2 - 97
15¢  Hg(0)“ - 100 1 0.0 - - - - i i

“Determined by 'H NMR analysis of the reaction mixture. "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 1H NMR and GC analysis. Compounds 12 and 13 were not observed. “Allylbenzene used in this
experiment was purchased from Acros Organics (102890250, Lot A0361159) and purified according the procedure
described in the Experimental methods section. Reaction performed in the presence of ca. 200 mg of Hg(0). “Pretreated
by heating a solution of the catalyst in toluene at 100 °C for 1 h in absence of substrate and used after removal of the
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solvent. “The catalyst was preheated in toluene at 100 °C for 1 h in absence of substrate. Toluene was then removed by
vacuum and p-cymene was added to the residual, and the resulting mixture was heated at 100 °C for 1 h. The residual,
after removal of the solvent, was used as the catalyst.

Catalytic tests with thermally pretreated catalyst 5. The DFT-derived mechanism of Scheme 3 of the
main paper predict that, in absence of alkene substrate, dissociation of p-cymene from 5 should lead to
ruthenium hydrides such as R27 and R31. To probe this hypothesis we have tested 5 before and after a
thermal pretreatment in toluene (Table S2; compare entries 10 and 12). This heat treatment promotes
exchange of the p-cymene ligand, as shown in "H NMR studies (see Figure S1) of the decomposition of 5
in anhydrous benzene-d,."> Importantly, these 'H NMR studies also revealed a weak signal (ca. 5% of the
area of one proton of the initial complex) at —6.01 ppm after heating the solution for one hour at 80°C,
consistent with a ruthenium hydride, see Figure S2. Ruthenium hydrides such as R27 and R31 are
electronically and sterically unsaturated and are expected to decompose, for example via dimerization, to
unknown species of lower energy. The assumption that the heat treatment results in decomposition is
supported by the fact that the effects of the heating are not reversible. Instead, a second round of heat
treatment in p-cymene (also this at 100°C for 1h) after the first one in toluene results in ever higher
isomerization activity (compare entries 12 and 14).

Ruthenium nanoparticles have recently been shown to form during olefin metathesis and to be
isomerization active.”’ The isomerization activity of pretreated 5 is reduced in the presence of Hg(0)
(compare entries 12 and 13), which strongly suggests that nanoparticles do indeed form during heat
treatment of 5. This hypothesis is also supported by the fact that the surface of the mercury changes from
shiny to matt during the experiment. Interestingly, when Hg(0) is used as an additive to non-pretreated S,
the catalytic activity almost doubled (entries 10 and 11). Hg(0) in absence of 5 is inert under identical
conditions (cf. entries 11 and 15), and the gloss of the mercury surface was retained during the reaction.
The effect of mercury on the catalytic performance of non-pretreated 5 is not understood. Mercury could
perhaps promote the dissociation of the arene ligand, or favor the formation of one of the hydride species
R27 and R31. Alternatively, it could also participate as a cocatalyst in one of the two isomerization cycles
depicted in Scheme 3 of the main paper. At any rate, this result confirms that nanoparticles play, if any,
only a minor role in the catalytic isomerization reactions promoted by 5. Summarizing, preheating 5 in
absence of substrate leads to partial and irreversible decomposition. The decomposition products are
dominated by nanoparticles, the isomerization activity of which can be reduced by Hg(0). '"H NMR studies
of the decomposition of 5 in anhydrous benzene-ds suggest that the decomposition initially leads to
ruthenium hydrides. With decomposition reducing the amount of 5, less alkylidene will be formed via
dinuclear ruthenium alkene activation (Scheme 3). This explains the lower yields of the self-metathesis
product 7 in the experiments including pretreatment.
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Table S3: Self-metathesis and isomerization of neat allylbenzene with 5 and 2 at high substrate dilution and at room
temperature (22 °C).

entry Cat. cat solvent  [S] t Conv 7 8 9 10 11 12 13 ISO“*
load mv) B () (%)
(mol%)
1 5 1 P/D¢ 20 1 96.4 - 96.4 - - - - - 100
4 100.0 - 100.0 - - - - - 100
2 2 1 P/D¢ 20 1 522 47.1 0.3 - 1.0 2.4 - 1.3 13
4 63.1 48.4 0.5 2.6 1.2 7.7 0.2 1.3 33
3 5 1 P/D¢ 10 1 94.0 - 94.0 - - - - - 100
4 100.0 - 100.0 - - - - - 100
4 5 1 P/D* 5 1 81.4 - 81.4 - - - - - 100
4 9.7 - 99.7 - - - - - 100
5 5 1 P/D¢ 0.25 1 493 - 49.3 - - - - - 100
4 92.5 - 92.5 - - - - - 100
6 5 0.1 P/D* 0.25 1 3.1 - 3.1 - - - - - 100
4 8.7 - 8.7 - - - - - 100
26 247 - 24.7 - - - - - 100
7 5 1 THF 20 1 91 - 91 - - - - - 100
4 98 - 98 - - - - - 100
8 2 1 THF 20 1 443 27.9 9.0 - 6.4 0.8 - - 37
4 83.2 30.1 31.1 - 19.5 23 - - 64
9 5 1 C;Hg 20 1 50.7 395 1.1 - 3.8 6.3 - - 22

4 701 452 16 09 43 160 05 1.6 36
10 2 1 CHg 20 I 515 448 08 - 11 44 - - 13
4 754 566 05 27 19 117 03 17 25

“Determined by GC analysis of the reaction mixture using the effective carbon numbers (ECN) to estimate the response
factors.* ®Combined yields of the primary (8) and secondary isomerization products (together labeled ISO) compared to total
yields also including the self-metathesis product 7. “n-Pentane/dichloromethane (9:1).
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'H-NMR-spectra of 5 at different temperatures

! i i B
N<.N E e
CeDe. T . cl, ¢ .

i ‘Ru d i

A e E
p_ | D €

A A

D D

D

A

353K

£ d’
f de Bc+* b a
h  gbcM l c| ¢ ] _ALL“ 33K

[ r\f de (& et A,
I i+*
W | LR Y P | I
| e |, o a
I i+* f'\“ ‘d b A
U | h g poM I | T
FII f dle ‘ C+‘kb Al
e &
e h epeM 1 c/ /1 o
— : ..
,I‘ it ' d’Bx b A2
e h & DpoM 0 I S Y A1

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 ppm

Figure S1: Stacked 'H-spectra (8 7.5-0 ppm, 500.13 MHz, C¢Ds ) of 5 showing the gradual dissociation of p-cymene
and subsequent association of C¢Dg with increase of temperature. Capital letters denote resonances associated with p-
cymene, small letters denote resonances associated with compound 5, and resonances associated with the assumed
C¢Dg complex are indicated with the prime symbol. *Unidentified impurity, DCM = dichloromethane, spectra shifted

0.4 ppm w.r.t. each other.
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Figure S2: Stacked 'H-spectra (from 6 —4.8 to —7.6 ppm, 500.13 MHz, C¢Ds ) of 5 showing formation of a hydride
complex at increased temperature. Spectra non-shifted w.r.t. each other.
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Analytical data
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Figure S3: "H NMR spectrum of 5 in CgDs.
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Crystallographic data

Figure S6: X-ray crystal structure of 5 with displacement ellipsoids drawn at 50% probability level. H-atoms are
omitted for clarity. Selected geometrical parameters: Rul-C1 = 2.113(4) A, Rul-Cll = 2.412(1) A, Rul-CI2 =
2.405(1) A, Rul-C22 = 2.185(5) A, Rul-C23 = 2.204(4) A, Rul-C24 = 2.242(4) A, Rul-C25 = 2.233(4) A, Rul-
C26 = 2.196(4) A, Rul-C27 = 2.164(4) A, C1-Rul-Cll = 92.5(1)°, CI-Rul-CI2 = 81.7(1)°, C1-Rul-C22 =
117.3(2)°, C1-Rul-C23 = 153.7(2)°, C1-Rul-C24 = 163.6(1)°, C1-Rul-C25 = 126.5(1)°, C1-Rul-C26 = 100.1(1)°,
C1-Rul-C27 = 95.9(2)°, Cl1-Rul-CI2 = 86.25(4)°, N1-C1-N2 = 106.1(3), C1-N1-C4 = 132.6(3), C1-N2-C13 =
130.4(3).

The bond distances and angles are comparable to those of the IMes-coordinated analogue of 5,"* although
the Ru-Cnpc bond is slightly shorter in 5 (2.113 vs. 2.142 A), probably reflecting the stronger back
donation from ruthenium to the saturated NHC.'® The rotational conformation of the p-cymene ligand is
also different, which is reflected, e.g., in the torsion Cl1-Rul-C22-C28 being —35° in 5 and 101° in the
IMes analogue.

Table S4: Crystal data and structure refinement for complex 5.

Identification code CBF

Empirical formula C31 Hy Cl, N> Ru

Formula weight 612.62

Temperature 103(2) K

Wavelength 0.6999 A

Crystal system Monoclinic

Space group P2y/n

Unit cell dimensions a=8.76752(16) A a=90°.
b=24.8251(4) A B=103.145(2)°.
c=13.7094(3) A y=90°.

Volume 2905.72(10) A3

4 4

Density (calculated) 1.400 Mg/m?

Absorption coefficient 0.706 mm™!

F(000) 1272
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Crystal size

Crystal colour/habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.620°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

183

0.050 x 0.015 x 0.002 mm?
Brown/Thin lath

1.616 to 24.620°.
-10<h<10,-29<k<29,-16<1<16
16821

4808 [R(int) = 0.0500]

93.4%

Semi-empirical from equivalents
1.00000 and 0.77574
Full-matrix least-squares on F?
4808 /0/334

1.027

R1=10.0483, wR2 = 0.1233
R1=10.0596, wR2 = 0.1303

n/a

2.100 and —0.525 e.A™3
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Table S5: Bond lengths [A] and angles [°] for complex 5.

C(1)-N(1) 1.349(5)
C(1)-N(Q2) 1.353(5)
C(1)-Ru(1) 2.113(4)
N(1)-C(4) 1.440(5)
N(1)-C(3) 1.469(5)
CI(1)-Ru(1) 2.4125(10)
Ru(1)-C(27) 2.165(4)
Ru(1)-C(22) 2.186(4)
Ru(1)-C(26) 2.196(4)
Ru(1)-C(23) 2.205(4)
Ru(1)-C(25) 2.233(4)
Ru(1)-C(24) 2.243(4)
Ru(1)-C1(2) 2.4047(10)
C(2)-N(Q2) 1.484(5)
C(2)-C(3) 1.520(5)
C(2)-HQ2A) 0.9900
C(2)-H(2B) 0.9900
N(2)-C(13) 1.430(5)
C(3)-H(3A) 0.9900
C(3)-H(3B) 0.9900
C4)-C(9) 1.392(6)
C(4)-C(5) 1.402(6)
C(5)-C(6) 1.399(7)
C(5)-C(10) 1.485(7)
C(6)-C(7) 1.385(8)
C(6)-H(6) 0.9500
C(7)-C(8) 1.373(8)
C(7)-C(11) 1.525(7)
C(8)-C(9) 1.397(6)
C(8)-H(8) 0.9500
C(9)-C(12) 1.506(6)
C(10)-H(10A) 0.9800
C(10)-H(10B) 0.9800
C(10)-H(10C) 0.9800
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C(11)-H(11A)
C(11)-H(11B)
C(11)-H(11C)
C(12)-H(12A)
C(12)-H(12B)
C(12)-H(12C)
C(13)-C(18)
C(13)-C(14)
C(14)-C(15)
C(14)-C(19)
C(15)-C(16)
C(15)-H(15)
C(16)-C(17)
C(16)-C(20)
C(17)-C(18)
Cc(17)-H(17)
C(18)-C(21)
C(19)-H(19A)
C(19)-H(19B)
C(19)-H(19C)
C(20)-H(20A)
C(20)-H(20B)
C(20)-H(20C)
C(21)-H(21A)
C(21)-H(21B)
C(21)-HQ21C)
C(22)-C(27)
C(22)-C(23)
C(22)-C(28)
C(23)-C(24)
C(23)-H(23)
C(24)-C(25)
C(24)-H(24)
C(25)-C(26)
C(25)-C(29)
C(26)-C(27)

0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.401(6)
1.408(6)
1.403(6)
1.505(6)
1.385(6)
0.9500
1.380(7)
1.513(6)
1.393(6)
0.9500
1.499(6)
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800
1.401(6)
1.408(6)
1.497(6)
1.387(6)
0.9500
1.423(6)
0.9500
1.406(6)
1.514(6)
1.415(6)
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C(26)-H(26)
C(27)-HQ27)
C(28)-H(28A)
C(28)-H(28B)
C(28)-H(28C)
C(29)-C(31)
C(29)-C(30)
C(29)-H(29)
C(30)-H(30A)
C(30)-H(30B)
C(30)-H(30C)
C(31)-H(31A)
C(31)-H(31B)
C(31)-H(31C)
N(1)-C(1)-N(2)
N(1)-C(1)-Ru(1)
N(2)-C(1)-Ru(1)
C(1)-N(1)-C(4)
C(1)-N(1)-C(3)
C(#)-N(1)-C(3)
C(1)-Ru(1)-C(27)
C(1)-Ru(1)-C(22)
C(27)-Ru(1)-C(22)
C(1)-Ru(1)-C(26)
C(27)-Ru(1)-C(26)
C(22)-Ru(1)-C(26)
C(1)-Ru(1)-C(23)
C(27)-Ru(1)-C(23)
C(22)-Ru(1)-C(23)
C(26)-Ru(1)-C(23)
C(1)-Ru(1)-C(25)
C(27)-Ru(1)-C(25)
C(22)-Ru(1)-C(25)
C(26)-Ru(1)-C(25)
C(23)-Ru(1)-C(25)
C(1)-Ru(1)-C(24)

0.9500
0.9500
0.9800
0.9800
0.9800
1.521(6)
1.525(6)
1.0000
0.9800
0.9800
0.9800
0.9800
0.9800
0.9800

106.1(3)

128.3(3)

125.13)

132.6(3)

114.1(3)

112.03)

95.86(15)
117.28(14)
37.56(17)
100.15(15)
37.86(17)
68.09(17)
153.66(15)
66.51(16)
37.41(15)
78.22(16)
126.54(15)
67.87(16)
80.85(16)
37.01(16)
66.64(15)

163.59(15)
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C(27)-Ru(1)-C(24)
C(22)-Ru(1)-C(24)
C(26)-Ru(1)-C(24)
C(23)-Ru(1)-C(24)
C(25)-Ru(1)-C(24)
C(1)-Ru(1)-C1(2)
C(27)-Ru(1)-CI(2)
C(22)-Ru(1)-C1(2)
C(26)-Ru(1)-C1(2)
C(23)-Ru(1)-C1(2)
C(25)-Ru(1)-C1(2)
C(24)-Ru(1)-C1(2)
C(1)-Ru(1)-CI(1)
C(27)-Ru(1)-CI(1)
C(22)-Ru(1)-CI(1)
C(26)-Ru(1)-CI(1)
C(23)-Ru(1)-CI(1)
C(25)-Ru(1)-CI(1)
C(24)-Ru(1)-CI(1)
CI(2)-Ru(1)-CI(1)
N(@2)-C(2)-C(3)
N(Q2)-C(2)-H(2A)
C(3)-C(2)-H(2A)
N(2)-C(2)-H(2B)
C(3)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
C(1)-N(2)-C(13)
C(1)-N(2)-C(2)
C(13)-N(2)-C(2)
N(1)-C(3)-C(2)
N(1)-C(3)-H(3A)
C(2)-C(3)-H(3A)
N(1)-C(3)-H(3B)
C(2)-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(9)-C(4)-C(5)

78.71(15)
67.23(15)
66.06(15)
36.33(15)
37.08(15)
81.75(10)
151.46(13)
160.63(11)
114.27(12)
123.23(11)
90.63(11)
95.58(10)
92.52(10)
122.30(13)
89.16(13)
157.10(12)
81.97(11)
139.94(11)
103.50(10)
86.24(4)
101.4(3)
111.5
111.5
111.5
111.5
109.3
130.3(3)
114.7(3)
114.7(3)
103.4(3)
1.1
1.1
1.1
1.1
109.0
122.3(4)
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C(9)-C(4)-N(1)
C(5)-C(4)-N(1)
C(6)-C(5)-C(4)
C(6)-C(5)-C(10)
C(4)-C(5)-C(10)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6)
C(5)-C(6)-H(6)
C(8)-C(7)-C(6)
C(8)-C(7)-C(11)
C(6)-C(7)-C(11)
C(7)-C(8)-C(9)
C(7)-C(8)-H(8)
C(9)-C(8)-H(8)
C(#)-C(9)-C(8)
C(4)-C(9)-C(12)
C(8)-C(9)-C(12)
C(5)-C(10)-H(10A)
C(5)-C(10)-H(10B)
H(10A)-C(10)-H(10B)
C(5)-C(10)-H(10C)
H(10A)-C(10)-H(10C)
H(10B)-C(10)-H(10C)
C(7)-C(11)-H(11A)
C(7)-C(11)-H(11B)
H(11A)-C(11)-H(11B)
C(7)-C(11)-H(11C)
H(11A)-C(11)-H(11C)
H(11B)-C(11)-H(11C)
C(9)-C(12)-H(12A)
C(9)-C(12)-H(12B)
H(12A)-C(12)-H(12B)
C(9)-C(12)-H(12C)
H(12A)-C(12)-H(12C)
H(12B)-C(12)-H(12C)
C(18)-C(13)-C(14)
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119.3(4)
117.8(4)
116.7(5)
121.7(4)
121.5(4)
122.4(5)
118.8
118.8
118.9(4)
121.6(6)
119.5(5)
121.6(5)
119.2
119.2
118.1(4)
121.0(4)
121.0(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
121.2(4)
S20



C(18)-C(13)-N(2)
C(14)-C(13)-N(2)
C(15)-C(14)-C(13)
C(15)-C(14)-C(19)
C(13)-C(14)-C(19)
C(16)-C(15)-C(14)
C(16)-C(15)-H(15)
C(14)-C(15)-H(15)
C(17)-C(16)-C(15)
C(17)-C(16)-C(20)
C(15)-C(16)-C(20)
C(16)-C(17)-C(18)
C(16)-C(17)-H(17)
C(18)-C(17)-H(17)
C(17)-C(18)-C(13)
C(17)-C(18)-C(21)
C(13)-C(18)-C(21)
C(14)-C(19)-H(19A)
C(14)-C(19)-H(19B)
H(19A)-C(19)-H(19B)
C(14)-C(19)-H(19C)
H(19A)-C(19)-H(19C)
H(19B)-C(19)-H(19C)
C(16)-C(20)-H(20A)
C(16)-C(20)-H(20B)
H(20A)-C(20)-H(20B)
C(16)-C(20)-H(20C)
H(20A)-C(20)-H(20C)
H(20B)-C(20)-H(20C)
C(18)-C(21)-H(21A)
C(18)-C(21)-H(21B)
H(21A)-C(21)-H(21B)
C(18)-C(21)-H(21C)
H(21A)-C(21)-HQ21C)
H(Q21B)-C21)-H(21C)
C(27)-C(22)-C(23)

120.6(4)
117.8(4)
118.0(4)
119.6(4)
122.3(4)
121.7(4)
119.1
119.1
118.3(4)
121.0(4)
120.7(4)
123.0(4)
118.5
118.5
117.4(4)
120.0(4)
122.4(4)
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
109.5
117.1(4)
S21

189




190

C(27)-C(22)-C(28)
C(23)-C(22)-C(28)
C(27)-C(22)-Ru(1)
C(23)-C(22)-Ru(1)
C(28)-C(22)-Ru(1)
C(24)-C(23)-C(22)
C(24)-C(23)-Ru(1)
C(22)-C(23)-Ru(1)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
Ru(1)-C(23)-H(23)
C(23)-C(24)-C(25)
C(23)-C(24)-Ru(1)
C(25)-C(24)-Ru(1)
C(23)-C(24)-H(24)
C(25)-C(24)-H(24)
Ru(1)-C(24)-H(24)
C(26)-C(25)-C(24)
C(26)-C(25)-C(29)
C(24)-C(25)-C(29)
C(26)-C(25)-Ru(1)
C(24)-C(25)-Ru(1)
C(29)-C(25)-Ru(1)
C(25)-C(26)-C(27)
C(25)-C(26)-Ru(1)
C(27)-C(26)-Ru(1)
C(25)-C(26)-H(26)
C(27)-C(26)-H(26)
Ru(1)-C(26)-H(26)
C(22)-C(27)-C(26)
C(22)-C(27)-Ru(1)
C(26)-C(27)-Ru(1)
C(22)-C(27)-H(27)
C(26)-C(27)-H(27)
Ru(1)-C(27)-H(27)
C(22)-C(28)-H(28A)

123.4(4)
119.5(4)
70.4(2)
72.0(2)
129.5(3)
122.6(4)
73.3(2)
70.6(2)
118.7
118.7
130.2
120.3(4)
70.3(2)
71.1(2)
119.8
119.8
131.6
117.6(4)
120.0(4)
122.4(4)
70.0(2)
71.8(2)
131.03)
121.1(4)
72.9(2)
69.9(2)
119.5
119.5
130.4
121.2(4)
72.0(2)
72.3(2)
119.4
119.4
128.6
109.5
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C(22)-C(28)-H(28B) 109.5
H(28A)-C(28)-H(28B) 109.5
C(22)-C(28)-H(28C) 109.5
H(28A)-C(28)-H(28C) 109.5
H(28B)-C(28)-H(28C) 109.5
C(25)-C(29)-C(31) 113.4(4)
C(25)-C(29)-C(30) 108.9(4)
C(31)-C(29)-C(30) 110.6(4)
C(25)-C(29)-H(29) 107.9
C(31)-C(29)-H(29) 107.9
C(30)-C(29)-H(29) 107.9
C(29)-C(30)-H(30A) 109.5
C(29)-C(30)-H(30B) 109.5
H(30A)-C(30)-H(30B) 109.5
C(29)-C(30)-H(30C) 109.5
H(30A)-C(30)-H(30C) 109.5
H(30B)-C(30)-H(30C) 109.5
C(29)-C(31)-H(31A) 109.5
C(29)-C(31)-H(31B) 109.5
H(31A)-C(31)-H(31B) 109.5
C(29)-C(31)-H(31C) 109.5
HG1A)-C(31)-HBIC) 109.5
H(31B)-C(31)-H(31C) 109.5
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Table S6: Torsion angles [°] for complex 5.

N(2)-C(1)-N(1)-C(4) -167.9(4)
Ru(1)-C(1)-N(1)-C(4) 20.0(6)
N(2)-C(1)-N(1)-C(3) 2.2(4)
Ru(1)-C(1)-N(1)-C(3) -174.4(3)
N()-C(1)-N(2)-C(13) 170.9(4)
Ru(1)-C(1)-N(2)-C(13) -16.6(6)
N(1)-C(1)-N(2)-C(2) -1.9(4)
Ru(1)-C(1)-N(2)-C(2) 170.6(3)
C(3)-C(2)-N@)-C(1) 4.9(4)
C(3)-C(2)-N(2)-C(13) -169.1(3)
C(1)-N(1)-C(3)-C(2) 5.2(4)
C(4)-N(1)-C(3)-C(2) 173.8(3)
N(2)-C(2)-C(3)-N(1) -5.5(4)
C(1)-N(1)-C(#H-C(9) 76.1(5)
C(3)-N(1)-C(#H-C(9) -89.8(4)
C(1)-N(1)-C#H-C(5) -113.1(5)
C(3)-N(1)-C(4)-C(5) 81.0(4)
C(9)-C(4)-C(5)-C(6) -0.4(6)
N(1)-C(4)-C(5)-C(6) -171.0(4)
C(9)-C(4)-C(5)-C(10) -176.9(4)
N(1)-C(4)-C(5)-C(10) 12.5(6)
C(4)-C(5)-C(6)-C(7) 0.3(7)
C(10)-C(5)-C(6)-C(7) 176.7(4)
C(5)-C(6)-C(7)-C(8) -1.4(7)
C(5)-C(6)-C(7)-C(11) -179.8(4)
C(6)-C(7)-C(8)-C(9) 2.7(7)
C(11)-C(7)-C(8)-C(9) -178.9(4)
C(5)-C(4)-C(9)-C(8) 1.7(6)
N(1)-C(4)-C(9)-C(8) 172.1(4)
C(5)-C(4)-C(9)-C(12) -179.5(4)
N(1)-C(4)-C(9)-C(12) 9.1(6)
C(7)-C(8)-C(9)-C(4) -2.8(6)
C(7)-C(8)-C(9)-C(12) 178.3(4)
C(1)-N(2)-C(13)-C(18) 99.4(5)
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C(2)-N(2)-C(13)-C(18)
C(1)-N(2)-C(13)-C(14)
C(2)-N(2)-C(13)-C(14)
C(18)-C(13)-C(14)-C(15)
N(2)-C(13)-C(14)-C(15)
C(18)-C(13)-C(14)-C(19)
N(2)-C(13)-C(14)-C(19)
C(13)-C(14)-C(15)-C(16)
C(19)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-C(20)
C(15)-C(16)-C(17)-C(18)
C(20)-C(16)-C(17)-C(18)
C(16)-C(17)-C(18)-C(13)
C(16)-C(17)-C(18)-C(21)
C(14)-C(13)-C(18)-C(17)
N(@)-C(13)-C(18)-C(17)
C(14)-C(13)-C(18)-C(21)
N(2)-C(13)-C(18)-C(21)
C(27)-C(22)-C(23)-C(24)
C(28)-C(22)-C(23)-C(24)
Ru(1)-C(22)-C(23)-C(24)
C(27)-C(22)-C(23)-Ru(1)
C(28)-C(22)-C(23)-Ru(1)
C(22)-C(23)-C(24)-C(25)
Ru(1)-C(23)-C(24)-C(25)
C(22)-C(23)-C(24)-Ru(1)
C(23)-C(24)-C(25)-C(26)
Ru(1)-C(24)-C(25)-C(26)
C(23)-C(24)-C(25)-C(29)
Ru(1)-C(24)-C(25)-C(29)
C(23)-C(24)-C(25)-Ru(1)
C(24)-C(25)-C(26)-C(27)
C(29)-C(25)-C(26)-C(27)
Ru(1)-C(25)-C(26)-C(27)
C(24)-C(25)-C(26)-Ru(1)
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-87.8(5)
-88.6(5)
84.2(4)
-6.1(6)

-178.1(3)

173.0(4)
0.9(6)
2.0(6)

-177.1(4)

1.3(6)
178.4(4)
-0.5(6)

-177.7(4)

-3.4(6)
171.6(4)
6.8(6)
178.6(4)

-168.1(4)

3.7(6)
-1.7(6)
179.8(4)
54.0(4)
-55.8(3)
125.7(4)
-0.3(6)
52.6(3)
-52.8(4)

2.6(6)
54.8(3)

-179.8(4)
-127.6(4)

52.2(3)
2.9(6)
179.4(4)
52.8(3)
-55.7(3)
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C(29)-C(25)-C(26)-Ru(1) 126.6(3)
C(23)-C(22)-C(27)-C(26) 1.4(6)
C(28)-C(22)-C(27)-C(26) 179.8(4)
Ru(1)-C(22)-C(27)-C(26) -55.2(4)
C(23)-C(22)-C(27)-Ru(1) 56.6(3)
C(28)-C(22)-C(27)-Ru(1) -125.0(4)
C(25)-C(26)-C(27)-C(22) 0.9(6)
Ru(1)-C(26)-C(27)-C(22) 55.1(4)
C(25)-C(26)-C(27)-Ru(1) -54.2(3)
C(26)-C(25)-C(29)-C(31) -171.1(4)
C(24)-C(25)-C(29)-C(31) 11.3(5)
Ru(1)-C(25)-C(29)-C(31) -82.3(5)
C(26)-C(25)-C(29)-C(30) 65.2(5)
C(24)-C(25)-C(29)-C(30) -112.3(4)
Ru(1)-C(25)-C(29)-C(30) 154.1(3)
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Computational part

Computational methods

Geometry optimizations.
All DFT calculations were performed with the Gaussian 09 suite of programs.'® All molecular geometries

were optimized using Head-Gordon's long-range- and dispersion-corrected hybrid density functional
©B97XD" as implemented in Gaussian 09. This functional has been found to provide geometries of
ruthenium-based olefin metathesis catalysts and other homogeneous catalysts in excellent agreement with
those of X-ray diffraction."® The "ultrafine" grid, a pruned grid consisting of 99 radial shells and 590
angular points per shell, was chosen for numerical integrations. Use of the internal option 10p=(1/7=67)
tightened the maximum force of the geometry optimization convergence criteria from 4.50-10* a.u. to
1.01-10™* a.u. along with the accordingly scaled maximum displacement. Dunning's correlation-consistent
valence double- plus polarization basis sets,'’ retrieved (as cc-pVDZ) from the EMSL basis set exchange
database,”® were used for all elements except ruthenium, for which the Stuttgart 28-electron relativistic
effective core potential (ECP28MDF)*! was used in combination with the accompanying correlation-
consistent valence double-{ plus polarization (EMSL: cc-pVDZ-PP)* basis set.”' All stationary points
were characterized by the eigenvalues of the analytically calculated Hessian matrix. Finally, the minima
and transition states along the favored catalyst decomposition and isomerization pathways were connected
by intrinsic reaction coordinate (IRC),”* calculations. For each thus connected elementary step, the energy
as a function of the path length is shown below.

Single-point energy calculations.
Single-point (SP) calculations were performed with the generalized gradient approximation (GGA)

functional of Perdew, Burke and Ernzerhof (PBE) as implemented in Gaussian 09. Grimme's empirical
dispersion corrections with Becke-Johnson damping (D3BI) were added to the PBE SP energies.”* The
PBE-D3BJ functional was chosen due to the excellent performance of the counterpoise-corrected PBE-
D3BJ functional in reproducing experimental gas-phase relative energies of ruthenium-mediated olefin
metathesis.”> The present large SP basis sets (see below) should result in only negligibly basis set
superposition errors (BSSEs), and the PBE-D3BJ energies were thus used without counterpoise
corrections. In addition, to check how sensitive the calculated relative free energies are to modification of
the density functional, SP calculations were performed also with the hybrid meta-GGA functional.*® Of
particular relevance for the present work is the fact that M06 has been parameterized to handle
intermediate-range correlation, transition-metal chemistry, and transition states, and has been shown to
perform excellently for ruthenium-based olefin metathesis-related chemistry.”” The total energies derived
from MO6 are given in Table S8.

Numerical integrations were performed with the “ultrafine” grid of Gaussian 09 and the self-consistent
field (SCF) density-based convergence criterion was set to 10°. Ruthenium was described by the
ECP28MDF relativistic effective core potential’' accompanied by a correlation-consistent valence
quadruple-{ plus polarization basis set of cc-pVQZ-PP quality (primitive (14s11p10d3f2glh), contracted
[6s6p5d3f2glh]);®" see below for sample Gaussian 09 input files. Carbon and hydrogen atoms were
described by valence quadruple-C plus polarization (EMSL: cc-pVQZ)™ basis sets.' For all other atoms
the valence quadruple-C plus polarization (cc-pVQZ) basis sets were augmented by accompanying diffuse
functions'**® (EMSL: aug-cc-pVQZ Diffuse).?’
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Electrostatic and non-electrostatic solvation effects were taken into account by using the polarizable
continuum model (PCM) in combination with the “Dis”, “Rep”, and “Cav” keywords and the built-in
program values (dielectric constant, number density, etc.) for tetrahydrofuran.”>* The solute cavity was
constructed using the united atom topological model with atomic radii optimized for Hartree—Fock
(termed “UAHF”)**' Gibbs free energies were calculated for a temperature of 298.15 K and a standard
state corresponding to 1 M solution (but exhibiting infinite-dilution, ideal-gas-like behavior), which means

that a standard-state correction AG,—>>=1.89 kcal mol ™' (= RT:In(24.46)) was added to the calculated

latm—1M
free energy of each molecule to account for the standard-state change from 1 atm to 1 M.% Therefore, the
following expressions were used to calculate the Gibbs free energies.

THF THF T=298.15K T=298.15K .
GPBE—D3BJ = EPBE—D3BJ + AGwB97XD + AGI atm—I1M Equation 1
THF THF T=298.15K T=298.15K .
GM(){) = EM()6 + AGmB97XD + AGmma]M Equation 2

where Eg;; p3py and EATA];ﬁF are the potential energies resulting from single point calculations with PBE-
D3BJ and M06 functionals, respectively, including the contributions from the implicit solvation model,

AG;@%’;SK is the thermal correction to the Gibbs free energy calculated at the geometry optimization

T=208.15K .
level, and AG, "y is the standard state correction.

Minimum energy crossing points and the probability of spin crossing.
Minimum energy crossing points (MECPs) between spin singlet and triplet states were located using the

program of Harvey et al. (version: November-2009)*? in conjunction with Gaussian 09.'® The functional,
basis sets, and integration grid were as described above for regular geometry optimizations. MECPs were
optimized to a maximum electronic energy gradient below 1.0-10™* a.u, similar to that of regular stationary
points, and with the difference in energy between spin states below 0.00050 a.u.. All the thus optimized
geometries were confirmed to be minima (and thus MECPs) on the seam of crossing, as determined from
the all-positive eigenvalues of the state-averaged Hessian matrix®® calculated using the Glowfreq
program,** version November-2015. Whereas the enthalpic cost of spin inversion is associated with
reaching the seam of intersection between the two spin surfaces and is represented by the MECP, the
probability that the system will cross from one potential energy surface to the other can be thought of as
contributing to the activation entropy of the spin-forbidden reaction. Since the spin-crossing probability is
lower than unity, the effective activation free energy resulting from adding such an entropic contribution
will be higher than for an analogous spin-allowed reaction.® In the present work, following the approach
described by Holthausen, Schneider and co-workers,*® a spin-crossing-related addition of 1-5 kcal mol™

has been used (AG ), while the regular thermochemical contributions to give free energies of the

pXover

MECPs have been obtained as averages for the two spin states of the minimum close to the crossing point.
To summarize, the effective free energy range for MECP X is calculated as:

G(X )gg}l;D3BJ =EX )E;E—D}BJ +AG(X );2:73;31( +AG(X )Ljfx?ill:f + AGpXover Equation 3
where:
_ (\THF _ 1\THE
E(X)ggls.msj = EX.5- O)PBE-DSBJ +EX.S DPBE'MBJ Equation 4

2
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_ (\T=298.15K _ 1)T=298.15K
AG(X);?;;XISK - AG(X’S — O)WB97XD + AG(X’S l)waxn Equation 5

2

and AG

range.

pXover 15 1 and 5 keal mol ™ respectively for the lower and upper end of the effective free energy

Association and dissociation of olefins and arenes.

Whereas a DFT study of Hoveyda-Grubbs-type catalysts (2 and analogues thereof) found decoordination
of the olefinic Hoveyda ligand formed by cross-metathesis with a sterically demanding alkene substrate to
give the highest-lying transition state of the catalyst initiation,”’ smaller alkylidenes allow much faster
binding and dissociation of alkenes and other neutral ligands. For example, a DFT study of ethyl vinyl
ether (EVE) coordination to a series of 14-electron ruhenium benzylidene complexes found, in all cases,
smaller barriers to EVE binding than to both cycloaddition and binding of tricyclohexylphosphine to
reform the 16-electron precursor.”” The present alkene binding and dissociation reactions involve Ru
complexes of smaller (methylidene) or no alkylidene and can be expected to require less structural
rearrangement than those of (substituted) benzylidene complexes. To illustrate, even dissociation of p-
cymene from 5 was here found, after extensive scans of the potential energy surface (PES), to occur
without a potential energy barrier.

Even if some of the present bimolecular addition and dissociation reactions do not have barriers on the
PES above those defined by complete separation of the two molecules, the corresponding free energy
surfaces have maxima corresponding to variational transition states. Some of these, such as the
dissociation of methyl styrene from *R25 to give *R21, are of too low energy to influence the kinetics, and
their energies have not been given in the schemes. The free energy of other variational transition states
have been estimated by reversing the Eyring equation,”® using a rate constant estimated for the addition
reactions. These reactions, which do not have potential energy barriers, should proceed close to the
diffusion limit, corresponding to a rate constant of ca. 4:10° M s in most common solvents.® The
corresponding estimate for the Eyring-derived free energy barrier of these addition reactions is thus 4.4
keal mol”. This procedure has been followed for elementary steps (labeled TSVAR) where diffusion-
limited association/dissociation is expected to influence the kinetics.

In general, dissociation of internal alkenes has been assumed to follow a dissociative mechanism, an
example being the product release from *R25 after the rate-determining spin inversion from the R25 in the
allylic isomerization cycle. The main alternative, associative product release via allylbenzene binding to
R25, seems unlikely judged from the fact that the bis-allylbenzene complex R32 is 13.9 kcal mol™" less
stable than the mono-allylbenzene R22.

Calculation of kinetic parameters.

Turnover frequencies (TOF), degrees of TOF control (Xror), and turnover numbers (TON) were estimated
according to the energetic span model***' using the AUTOF program.***
was used for the calculation of TOF and XroF, the Excel version (kindly provided by the author) was used
for the calculation of TONSs. If not otherwise specified, the values of TOFs and degrees of TOF control
refer to zero conversion values calculated at 298.15 K with an initial substrate concentration of 7.5 M,
which corresponds to almost neat substrate.

Whereas the Fortran version

Calculation of thermochemical corrections for R21.
The analytical calculation of the Hessian matrix for R21, performed as described above, results in a

negative eigenvalue corresponding to an imaginary frequency, i20 cm '. This suggests that R21 is a

S29




198 PAPER II: SUPPORTING INFORMATION

transition state. However, single point energy evaluations along the corresponding mode, which was
performed by single-step IRC calculations in both directions with variable step lengths, could not identify
any point with lower energy than the stationary point, thus demonstrating that this is indeed a minimum
(Figure S7).
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Figure S7: Energy profile generated by taking a single step of varying length in both forward and backward
directions along the intrinsic reaction coordinate corresponding to the imaginary mode obtained from analytical
calculation of the Hessian matrix of R21.

The alleged imaginary frequency resulting from the analytical calculation of the Hessian is an artifact due
to the reduced-quality integration grid used in the analytical calculation of second derivatives (i.e., “SG1”
rather than the “ultrafine” integration grid used for energy and gradient calculations).” The
thermochemical corrections for R21 were thus based on a numerically obtained Hessian matrix. The
values corresponding to the inflexion point in the plot of this quantity against the numerical differentiation
step (N = 75 in Figure S8) were used to calculate the free energy of R21. Such plots (i.e., thermochemical
correction vs. numerical differentiation step length) obtained for five other complexes of this work (Figure
S9 to Figure S13), show that the analytically calculated corrections are usually smaller (i.e., more
stabilizing) than the inflexion points. Therefore, the choice made for R21 is a rather conservative one: it
avoids over-stabilization of this species while preventing the exceedingly high value (i.e., de-stabilization)
of the thermochemical correction that would result from the inaccurate analytical Hessian (Figure S8).
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Figure S8: Thermochemical correction to the Gibbs free energy calculated for R21 with the analytical Hessian, and
with numerical Hessian obtained varying the numerical differentiation step.
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Figure S9: Thermochemical correction to the Gibbs free energy calculated for 2 with the analytical Hessian, and
with numerical Hessian obtained varying the numerical differentiation step.
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Figure S10: Thermochemical correction to the Gibbs free energy calculated for OMS5 with the analytical Hessian,
and with numerical Hessian obtained varying the numerical differentiation step.
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Figure S11: Thermochemical correction to the Gibbs free energy calculated for R26A with the analytical Hessian,
and with numerical Hessian obtained varying the numerical differentiation step.
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Figure S12: Thermochemical correction to the Gibbs free energy calculated for R26 with the analytical Hessian, and
with numerical Hessian obtained varying the numerical differentiation step.
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Figure S13: Thermochemical correction to the Gibbs free energy calculated for OM7 with the analytical Hessian,
and with numerical Hessian obtained varying the numerical differentiation step.
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Assessment of known decomposition mechanisms

To assess whether already proposed decomposition mechanisms may compete with olefin metathesis, we
first recalculated the highest-lying transition states of the well-known ruthenacyclobutane decomposition
mechanisms, proposed by van Rensburg* and co-workers, using published DFT-optimized structures® as
starting geometries for our own geometry optimizations (Scheme S2, left). This mechanism is operative in
the presence of ethylene, an oa-olefin metathesis product, and involves the unsubstituted
ruthenacyclobutane intermediate VR2, the lowest-energy intermediate that is 3.4 kcal mol ' more stable
than 2. From VR2 the next, crucial, step, the scission of the metallacyclobutane resulting in a hydride
transfer to the ruthenium (via TSyravrs), requires 28.2 keal mol ' relative to VR2 (24.8 kcal mol ™ relative
to 2), and the barrier for this decomposition mechanism is thus only 0.8 kcal mol ' higher than that of the
self-metathesis of allylbenzene (main part of the paper, Scheme 1). In other words, the calculations tell
that ethylene slows down metathesis by forming a stable ruthenacyclobutate, VR2, which acts like an
energetic sink,* and from which catalyst decomposition is nearly as likely as continued metathesis.

The detrimental effects of ethylene are well known, and the removal of this volatile product, either by
static vacuum or by argon flow, is often used to improve the efficiency of Ru-based olefin metathesis
catalysts.*® However, catalyst decomposition and isomerization are not eliminated even if ethylene is
removed. In other words, although the van Rensburg mechanism explains the low stability of ruthenium
alkylidene catalysts in the presence of ethylene, these catalysts face additional stability problems, a fact
that strongly suggests that alkene substrates other than ethylene also may trigger catalyst decomposition.

As a first test of this hypothesis of substrate-triggered decomposition, allylbenzene was used as substrate
in the van Rensburg decomposition mechanism (Scheme S2). In this case, the metallacyclobutane OM7
(2.7 kcal molfl) is not a thermodynamic sink and the barrier to decomposition (TSom7vr3a, 32.5 kcal
mol ") is 8.5 kcal mol ™" higher than the barrier to allylbenzene self-metathesis. But even though this means
that the van Rensburg mechanism predicts catalyst decomposition to be much less likely in the absence of
ethylene, the difference between the barriers to metathesis and decomposition (8.5 kcal mol ') is not far
from the target range (5-7 kcal mol™") stated above among the requirements to candidate decomposition
routes. The latter observation is here taken as a first indication that our hypothesis of 1-alkene-triggered
decomposition could be correct, and that we should continue to look for substrate-induced decomposition
reactions with even lower barriers.
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Scheme S2: Ruthenacyclobutane decomposition mechanism of van Rensburg. The Gibbs free energies relative to the
Hoveyda-Grubbs catalyst precursor 2 are given in square parentheses.
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The related n3-allyl alkyl isomerization mechanism of Nolan and Prunet” may also, if the cycle is not
completed, act as a alkylidene-loss decomposition pathway. However, according to the current
calculations, this decomposition route is disfavored compared to the above allyl-hydride mechanism, with
an overall barrier of 37.9 kcal mol"' (Scheme S3).
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Scheme S3: Olefin isomerization mechanism proposed by of Nolan and Prunet.*” The Gibbs free energies relative to
the Hoveyda-Grubbs catalyst precursor 2 are given in square parentheses
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Loss of alkylidene can also result from intramolecular activation of phenylic C—H bonds of N-phenyl
substituted NHC ligands,* and has been studied computationally by Cavallo and co-workers.**° The rate-
determining step is the addition of a hydrogen atom to the alkylidene carbon atom, resulting in the rupture
of a Cyyc—H bond and the n-component of the alkylidene Ru=C bond and in the formation of a Ru-CNHC
and a C—H bond. Extending these computational studies*” to addition of a mesityl-hydrogen to the
methylidene of OMS, formed after one olefin metathesis turnover, results in a relatively low barrier (29.5
keal mol ™, via TSoms/c2), see Scheme S4. However, starting from the methyl-complex OM5 we could not
obtain the hydride alkylidene oxidative addition product found in the early study of the phenyl-substituted
NHC® with the current methylidene/SIMes combination. The high reactivity of the methylidene and the
increased steric hindrance of the mesityl group compared to the phenyl group destabilize the hydride
intermediate CS, thereby possibly explaining the higher stability observed for the SIMes-bearing
catalyst.***! And with no stable hydride C5, the indirect route via hydrogen addition to the reactive
methylidene effectively is blocked.
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Scheme S4: C—H activation pathways of the Hoveyda-Grubbs catalyst 2. The Gibbs free energies relative to the
Hoveyda-Grubbs catalyst precursor 2 are given in square parentheses.
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Attempts at direct formation of a hydride via addition across the ruthenium-methylidene bond led instead
to the agostic C3. The barrier to form C3 (45.4 kcal mol ™", via TSowms/c3) is prohibitively high, excluding
this as a viable route even though a ruthenium hydride complex, C4, can be obtained via oxidative
addition in a second step. In contrast, addition to the Hoveyda-Grubbs catalyst precursor 2 led, in a single
step, to a hydride complex (C1, see Scheme S4), although also this barrier, 53.7 kcal mol ™! via TSy 1, 1S
prohibitively high. Summarizing, the barriers of the C—H activation reactions of Scheme S4 are very high
and these reactions can be excluded as candidate intramolecular decomposition routes to potentially
isomerization-active ruthenium hydrides. However, the formation of the cyclometalated Ru-methyl
complex C2 from OMS is predicted to be relatively facile and it could in principle contribute to the
deactivation of the ruthenium-methylidene intermediate,’ in particular at low substrate concentration and
high temperature.
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New decomposition pathways explored but not discussed in the main part of the
paper

See Scheme S5 for catalyst decomposition pathways that were explored in the current work, but which
were found to be less favorable.

Formation of methyl styrene from R9. The main product of allylbenzene isomerization, (£)-B-
methylstyrene (MS), may be dissociated from R10. However, to form the methyl styrene m-complex R10
(10.0 kcal mol™") one of the hydrogen atoms of the methyl group in ethyl styrene (ES) has to be shifted to
the neighboring carbon atom at the same time as the bond between these two carbon atoms is broken upon
formation of the ruthenium-methylidene bond. Thus, reaching the transition state for this reaction step,
TSrori0, requires a barrier of 60.1 kcal mol . Starting instead from R11, the energy of the corresponding
transition state is 43.4 kcal mol™', which is still prohibitively high, as is, with a barrier of 71.2 kcal mol !,
a direct 1,2-hydrogen shift from the metallacyclopentane intermediate R8 to the m-complex R10.

Decomposition routes from R12. Alternatively, the orientation of the substrate in the first m-complex,
R1, may be reversed to give R12 (10.0 kcal mol ™), from which an isomerization pathway leading to OM5
and liberation of MS is possible. However, as shown in Scheme S5 this pathway, starting with a barrier of
62.3 kcal mol ™', is not competitive.

Ruthenium dialkyl species have been proposed to take part in isomerization pathways* and it is possible
to generate the ‘r]l-allyl methyl complex R20 (via TSrizr20) With a barrier of only 23.6 kcal mol ™. In
contrast, a much higher barrier (39.5 kcal molfl, via TSgromr19) is needed to reach the corresponding
complex R19, which is connected to R20 through a rearrangement of the allyl ligand. The energy
difference between the transition states TSrizrz0 and TSgrori19 can be explained by their geometries. In
TSror19, steric interactions between the mesityl group of the SIMes ligand and the phenyl group of the
substrate force the latter closer to the trans position with respect to the SIMes ligand, which is disfavored
because of the strong frans influence of the carbene ligand.

Hydrides R6A and R6B as isomerization catalysts. Even if these ruthenium hydrides can be reached
with a reasonably low overall barrier (29.5 kcal mol” relative to 2), they are unlikely to be active
isomerization catalysts. To allow for coordination and isomerization of a new substrate, the dangling
olefinic function must be released, and the dissociation from R6A to reach R7 is endergonic (19.1 kcal
mol™ relative to 2). The subsequent binding of allylbenzene adds another 12.3 kcal mol™, reaching well
above 30 kcal mol™ even before starting isomerization of the substrate.

Pathways to methylidene loss without ring expansion. An analogue of R9 coordinated by 1-phenyl-2-
butene (VR4A) may be formed directly, without having to go through ring expansion. However, the direct
route is associated with a barrier (34.6 kcal mol™, via TSomzvraa; se€€ Figure S16 for the optimized
geometry) more than 5 kcal mol™ higher than the rate-determining barrier to R9 via TSgaprs. The ring
rupture transition states TSom7vria and TSggre differ in that the metallacyclopentane ring is more
flexible, largely allowing the cleavage of the second ruthenium-carbon bond to be postponed until
formation of the carbon-carbon double bond has started to stabilize the system. Stabilization is also
obtained by ruthenium-hydrogen interaction during the 1,3-shift. In comparison, less stabilization is
obtained when the smaller ruthenacyclobutane breaks up, cleaving the ruthenium-carbon bonds
simultaneously via a n’-allylic transition state. Related allylic intermediates and transition states for
rupture of the ruthenacyclobutane are also found in the van Rensburg decomposition mechanism discussed
above (Scheme S2).

S38



207

Regeneration of methylidene from R9. Several pathways that close a hypothetical catalytic cycle by
breaking the terminal C-C bond of the coordinated olefin of R9 to regenerate the 14-electron ruthenium
methylidene (OMS) and the isomerization product f-methylstyrene (MS) have been explored. However,
they all involve barriers of at least 39.5 kcal mol™ relative to 2.

Abstraction of benzylic hydrogen in R12. The direct abstraction of the benzylic hydrogen from n-
complex R12, a step that would allow access to a ring-contraction mechanism (i.e., from R14 to R17)
similar to the reverse of the ruthenacyclobutane ring expansion described above, is blocked by an initial
barrier of 62.3 kcal mol™.

Additional intermediates and transition states of the 1-alkene-triggered
decomposition pathway

See Scheme S5 for intermediates and transition states that were not included in Scheme 2 of the main part
of the paper.

The rate-determining step of the ring expansion. The 1,2-shift starts by a low-barrier conformational
change of the metallacyclobutane OM7 and leads to R4B (6.0 kcal mol™), from which an intermediate,
RS, with an agostic bond between one of the benzylic hydrogens of the substrate and the ruthenium, can
be formed via TSgraprs (optimized geometry in Figure S18) with a barrier of 29.5 kcal mol ™ relative to 2.

Formation of the metallacyclopentane from R5. From RS5, the agostic hydrogen atom may be
transferred to ruthenium under scission of a ruthenium—carbon bond to form the hydride alkyl complex
R6A (12.9 kcal mol™). This octahedral complex is distorted due to the strong #rans influence of the
hydride and the alkyl group, resulting in two isomers, R6A and R6B, depending on whether the hydride is
oriented closer to one or the other chloride. The hydride of R6A first migrates, via TSgreames (23.1 kcal
mol'l), to form isomer R6B (15.1 kcal mol'l). Next, the hydride is transferred via TSgreprs, With a
relatively low barrier (17.4 kcal mol™ relative to 2), to the next carbon atom of the substrate, completing
the 1,2-shift and reaching R8.
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Scheme S5: 1-alkene-triggered metathesis catalyst decomposition starting from the metallacyclobutane OM7.*
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“The Gibbs free energies [kcal mol'] relative to the Hoveyda-Grubbs catalyst precursor 2 are given in square

parentheses. This reaction scheme includes disfavored pathways, rendered in gray, and intermediates and transition
states not included in Scheme 2 of the main part of the paper
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Additional mechanistic details of the olefin isomerization cycles

See Scheme S6 for intermediates and transition states that were not included in Scheme 3 of the main part
of the paper.

Formation of the most stable n’-allyl hydride R24. Allylbenzene binding to *R21 leads to *R22 (3.9
kcal mol™, Scheme $6), which may undergo facile spin crossover™ to the singlet R22, at —8.4 kcal mol™,
which is much more stable than R9 due to the increased 1’-character and stronger agostic bond to
ruthenium. From R22, with its agostic C—H bond, hydride transfer to ruthenium to reach the n’-allyl
complex R23 is facile, with the transition state TSgrar23 at —1.7 keal mol. The subsequent rotation of the
substrate via TSgayra4 is, consistent with earlier studies,” associated with a comparably high free energy
(8.3 kcal mol™) and results in the n’-allyl hydride R24.

Formation and dissociation of internal alkene. From R24, a second hydride transfer generates the
isomerized B-methylstyrene coordinated to ruthenium, R25. The associated transition state, TSgra4r25 (0.7
kcal mol']), is of higher free energy than TSgayras (-1.7 kcal mol'l) due to the added steric repulsion
between the phenyl group of the substrate and the mesityl group of the carbene ligand (see Figure S33).
The spin-triplet analogue of R25 (i.e., *R25) is 3.4 kcal mol™" more stable than the singlet, and thus a
second spin crossover brings the system back to the spin-triplet PES. However, the overall cost of this
change of spin state (5-9 kcal mol™)™ is likely to be high enough to contribute to determining the
efficiency of the allylic isomerization cycle. Finally, *R25 liberates the p-methylstyrene isomerization
product and regenerates *R21, at -9.7 kcal mol™ and thus 5.3 kcal mol™ lower than at the start of the cycle,
reflecting the reaction exergonicity (see Scheme 3 of the main part of the paper).

C-H activation to form Ru hydride R27. 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. However, this requires spin pairing, which costs 11-15 kcal mol™ relative to 2. The
resulting spin-singlet R21 is electron deficient, very reactive, and is stabilized by almost 7 kcal mol™ by
an n’-arene intramolecular bond with one of the NHC mesityl groups, in a barrierless™ rearrangement to
R26A. Next, a more stable intermediate R26B (1.6 kcal mol™) with an additional agostic bond involving
the o-methyl substituent of the chelating NHC mesityl is obtained. In terms of free energy, the activation
of the agostic C—H bond to form the ruthenium hydride R27 is barrierless.™

The hydride isomerization cycle starting from R27. Coordination of allylbenzene to R27 is slightly
endergonic and results in m-complex R28 (2.1 kcal mol ™), from which the substrate inserts into the
ruthenium hydride bond and maintains an agostic interaction to this hydrogen in the resulting trigonal
bipyramidal, c-alkyl intermediate R29A.. This intermediate is relatively high in energy (8.2 kcal mol™)
because of the wide alkyl-Ru-NHC valence angle (137°), resulting in strong #rans influence from the
NHC. The complex reduces the trans influence by positioning a chloride #rans to the NHC and the alkyl
perpendicular to the NHC, in a rearrangement requiring less than 1 kcal mol ™ of activation relative to
R29A and which stabilizes the trigonal bipyramidal complex by 9.0 kcal mol™. From this more stable
complex, a B-hydrogen may be eliminated, with a barrier (via TSraop/r30) of 7.6 kcal mol™! relative to
R29B, to give R30. From this n-complex hydride, the subsequent f-methylstyrene dissociation to reach
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R31 is exergonic by more than 12 kcal mol™. This hydride, in turn, may isomerize to the 0.2 kcal mol”

less stable R27 from which another isomerization cycle may begin.

Scheme S6: Olefin isomerization initiated by *R21.*
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Cl HR;E I—Ruﬁ\

R29A(8.2| “ph TSR28/R29A r — Ras[24]
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“The Gibbs free energies [kcal mol™] relative to the Hoveyda-Grubbs catalyst precursor 2 are given in square
parentheses. This reaction scheme includes disfavored pathways, rendered in gray, and intermediates and transition
states not included in Scheme 2 of the main part of the paper. See Scheme S7 for alkylidene formation pathways

(rendered in blue) starting from the allylic cycle.
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Additional mechanistic details of the alkylidene regeneration pathways
See Scheme S7 for reactions that were not included in Scheme 3 of the main part of the paper.

Alkylidene formation mechanisms starting from the n’-allyl cycle. The reverse van Rensburg route
proceeds via the allyl-hydride R23 (=7.4 kcal mol™), which is obtained from R22 by a hydride transfer to
ruthenium from one of the benzylic hydrogens. R23 evolves, via TSgrz3r39 at 17.8 kcal mol ™! above 2, into
the corresponding ruthenacyclobutane complex R39 (2.3 kcal mol™) via a second hydride transfer from
ruthenium to the central carbon atom of the allylic ligand.

The ring-contraction path requires coordination of a second allylbenzene molecule to the ruthenium
center, resulting in the bis-alkene complex R32 (6.0 kcal mol") from R22. This intermediate easily (the
barrier is only 9.5 kcal mol™) undergoes an oxidative coupling to form the metallacyclopentane R33 (-3.1
kcal mol™). Similar formation of a metallacyclopentane via oxidative coupling was also suggested as the
key step for the substrate-induced formation of molybdenum™ and tungsten-alkylidene®® olefin metathesis
catalysts. From R33, a metallacyclobutane intermediate R37 (4.3 kcal mol™') can be accessed via a
stepwise ring contraction process, whose steps resemble those of the ring expansion discussed for 1-
alkene-triggered catalyst decomposition (Scheme 2). The barrier of this pathway, via TSr3er37, is 18.4
keal mol™ above 2. Finally, the cycloreversion of the MCB intermediate R37 leads to the Ru-methylidene
complex OMS and 1,5-diphenyl-2-pentene.

Both the above alkylidene-formation mechanisms have to overcome transition states with a free energy ca.
18 kcal mol™ above that of 2, which means that the barriers relative to R22, the most stable intermediate
prior to the rate-determining transition states, are 26-27 kcal mol™. This is below the barrier to alkylidene
loss via TSgr4p/rs, but much higher than the energetic cost of continuing turnovers in the allylic
isomerization cycle. Energetic span models of the allylic cycle in which the two alkylidene-formation
routes are treated as deactivation events, give turnover numbers (TONs) in the millions, regardless of
substrate concentration (see details below). Concluding, the substrate-induced pathways from the allylic
cycle probably contribute to formation of alkylidene, but they cannot be expected to be very efficient.

S43




212 PAPER II: SUPPORTING INFORMATION

Scheme S7: Alkylidene formation starting from the n’°-allyl cycle.”
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“The Gibbs free energies [kcal mol'] relative to the Hoveyda-Grubbs catalyst precursor 2 are given in square
parentheses. This reaction scheme includes intermediates and transition states not included in Scheme 2 of the main
part of the paper.

S44



213

Calculated absolute and relative energies

Table S7: Calculated absolute energies, Gibbs free energy corrections, and absolute and relative Gibbs free energy
of stationary points and minimum energy crossing points (MECPs).

e AG;:B?{;:)SK ETHE THF AGgé{l;D}BJ
@BITXD PBE-D3BJ PBE-D3BJ
Molecule [a.u]® @ [a.u]® [a.u]@ vt 2,]
[a.u.] [kcal mol ']

2 -2403.735179 0.549931 -2402.651325 -2402.098375 0.0
AB = Allylbenzene -348.861485 0.128707 -348.655280 -348.523554 -
TSoms/oma -2598.778797 0.648863 -2597.555964 -2596.904082 23.5
(E)-1,4-Diphenyl-2-butene -619.159040 0.228487 -618.801471 -618.569965 B
oMs -1979.586563 0.387312 -1978.744542 -1978.354211 9.9
Ethene -78.560878 0.028980 -78.507562 -78.475563 -
VR2 -2058.195606 0.443349 -2057.297364 -2056.850996 3.4
TSvr2/vR3 -2058.143460 0.441044 -2057.250158 -2056.806095 24.8
OoMé6 -2328.480486 0.544815 -2327.418006 -2326.870172 14.7
om7 -2328.499448 0.545861 -2327.438125 -2326.889246 2.7
TSnp1/np2 -2328.427952 0.541718 -2327.377911 -2326.833174 379
TSnpa/nes -2328.431523 0.542649 -2327.379729 -2326.834061 37.4
TSomz/vR3a -2328.448445 0.545619 -2327.390500 -2326.841862 325
TSz/c1 -2403.630000 0.548191 -2402.564012 -2402.012802 53.7
c1 -2403.701795 0.554894 -2402.630270 -2402.072358 16.3
TSoms/c2 -1979.532019 0.388522 -1978.714525 -1978.322984 29.5
c2 -1979.572942 0.390564 -1978.742729 -1978.349147 13.1
TSoms/cs -1979.513711 0.388260 -1978.688965 -1978.297686 45.4
c3 -1979.581357 0.392509 -1978.735698 -1978.340171 18.7
TScs/ca -1979.574520 0.389817 -1978.739520 -1978.346684 14.7
ca -1979.581429 0.391760 -1978.747738 -1978.352960 10.7
(E)-1-Isopropoxy-2-(3-
phenylprop-1-en-1-
yl)benzene -772.974476 0.285170 -772.540084 -772.251895 -
R2 -2328.413183 0.539524 -2327.363839 -2326.821297 45.4
R3 -1867.596793 0.534686 -1866.712819 -1866.175115 43.4
HCl -460.805295 -0.011109 -460.641263 -460.649353 -
TSome/om? -2328.478350 0.545800 -2327.416216 -2326.867398 16.4
TSom7/ras -2328.495019 0.550982 -2327.435356 -2326.881355 7.7
TSomz/rs -2328.437929 0.548463 -2327.381971 -2326.830490 39.6
TSom7/vraa -2328.444235 0.542549 -2327.384065 -2326.838497 34.6
R4B -2328.495687 0.548759 -2327.435778 -2326.884001 6.0
TSras/rs -2328.458694 0.551165 -2327.400750 -2326.846566 29.5
R5 -2328.471590 0.549588 -2327.414292 -2326.861685 20.0
TSrs/rea -2328.468504 0.547219 -2327.414429 -2326.864192 18.4
R6A -2328.476340 0.547436 -2327.423446 -2326.872991 129
TSrea/res -2328.458341 0.542595 -2327.402374 -2326.856760 23.1
R6B -2328.473185 0.546312 -2327.418830 -2326.869500 15.1
R7 -2328.462403 0.541183 -2327.407362 -2326.863160 19.1
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R7(AB) -2677.340716
TSres/rs -2328.456488
R8 -2328.496713
TSrs/re -2328.456483
TSrs/r10 -2328.357623
R9 -2328.497304
MECPgg (d)
*R9 -2328.522024
ES = (E)-beta-Ethylstyrene -388.178710
*R21 -1940.310425
TSro/r10 -2328.396470
R10 -2328.485051
R11 -2328.475632
TSr11/(0ms+Ms) -2328.410118
MS = (E)-beta-Methylstyrene -348.868970
R12 -2328.479788
TSraz/r13 -2328.394290
R13 -2328.484252
TSriz/r1a -2328.447236
R14 -2328.488464
TSria/r1s -2328.440212
R15 -2328.469933
TSris/r16 -2328.463241
R16 -2328.478095
R17 -2328.493801
TSri7/r18 -2328.477518
R18 -2328.484250
TSro/r19 -2328.444282
R19 -2328.471086
R20 -2328.481479
TSra0/R13 -2328.467690
5 -2329.756339
MECPs (d)
] -2329.740381
p-Cymene -389.407968
R21 -1940.284273
MECPg;; (d)
*R22 -2289.193045
MECPg;, (d)
R22 -2289.205453
TSraz/R23 -2289.182959
R23 -2289.196813
TSra3/R2a -2289.165028
R24 -2289.200875
TSraa/r25 -2289.191744
R25 -2289.202730
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0.695342
0.546278
0.553485
0.547487
0.542381
0.549108
0.546432
0.543757
0.154569
0.357254
0.543076
0.546033
0.543361
0.536083
0.128557
0.541740
0.542342
0.549521
0.545273
0.548138
0.545823
0.545593
0.546088
0.549606
0.548837
0.542640
0.540327
0.550754
0.549027
0.543639
0.550464
0.574367
0.568386
0.562405
0.176107
0.363197
0.360225
0.512977
0.516237
0.519496
0.513939
0.518004
0.519117
0.520796
0.519183
0.522786
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-2676.065418
-2327.415165
-2327.439111
-2327.405045
-2327.325598
-2327.424937
-2327.420408
-2327.440474

-387.939757
-1939.478726
-2327.343828
-2327.426746
-2327.418599
-2327.363474

-348.663639
-2327.422476
-2327.339589
-2327.411905
-2327.394417
-2327.429541
-2327.396278
-2327.414658
-2327.406356
-2327.421827
-2327.433362
-2327.420344
-2327.428453
-2327.384449
-2327.419609
-2327.429579
-2327.409460
-2328.678474
-2328.635322
-2328.641122

-389.160585
-1939.456764
-1939.457960
-2288.144676
-2288.150733
-2288.170869
-2288.154573
-2288.167867
-2288.143841
-2288.173407
-2288.156057
-2288.166532

-2675.367057
-2326.865868
-2326.882607
-2326.854539
-2326.780198
-2326.872810
-2326.870957
-2326.893698

-387.782169
-1939.118454
-2326.797733
-2326.877694
-2326.872220
-2326.824372

-348.532063
-2326.877717
-2326.794229
-2326.859365
-2326.846125
-2326.878384
-2326.847436
-2326.866047
-2326.857250
-2326.869203
-2326.881506
-2326.874686
-2326.885107
-2326.830676
-2326.867563
-2326.882921
-2326.855977
-2328.101089
-2328.063917
-2328.075698

-388.981459
-1939.090548
-1939.094716
-2287.628680
-2287.631477
-2287.648354
-2287.637615
-2287.646844
-2287.621705
-2287.649593
-2287.633855
-2287.640727

31.4
17.4

6.9
24.5
71.2
13.0

14
-0.1

-4.4
60.1
10.0
13.4
43.4

10.0
62.3
21.5
29.8
9.5
29.0
17.3
22.8
15.3
7.6
11.9
5.3
39.5
16.3
6.7
23.6
-5.2
18
10.8

13.1
10
39

-8.4
-1.7
-7.4

8.3
-9.2

0.7
-3.6



MECPg;s
*R25
TSra1/R26A
R26A
TSra6a/r268
R26B
TSra6s/R27
R27

R28
TSras/R20A
R29A
TSraoa/r298
R29B
TSra98/R30
R30

R31
TSrs1/r27
R32
TSrs2/r33
R33
TSrss/r3a
R34
TSr3a/r3s
R35
TSrss/r3e
R36
TSr3e/ra7
R37
TSraz/r3s
R38
(E)-1,5-Diphenyl-2-pentene
TSra3/r39
R39
TSr3o/ra0
R40
Styrene

TSs/0m1+0ms5
OoM5

(@)
-2289.217478
-1940.280920
-1940.281118
-1940.281091
-1940.286513
-1940.275368
-1940.278333
-2289.163949
-2289.155251
-2289.162672
-2289.158356
-2289.187056
-2289.155670
-2289.159796
-1940.279571
-1940.264313
-2638.091894
-2638.081738
-2638.101869
-2638.059201
-2638.076140
-2638.061952
-2638.080101
-2638.072228
-2638.081791
-2638.065220
-2638.105292
-2638.091682
-2638.093492

-658.463094
-2289.150565
-2289.193215
-2289.174227
-2289.176380

-309.557283
-4229.537241
-2249.900366

0.521574
0.520363
0.365338
0.364400
0.365316
0.366733
0.364272
0.365621
0.518162
0.517137
0.523933
0.524068
0.525379
0.521410
0.522098
0.364718
0.364510
0.682347
0.683000
0.680172
0.674881
0.674091
0.672158
0.673186
0.674418
0.678078
0.680134
0.680814
0.678597
0.677277
0.256945
0.518370
0.522269
0.520234
0.518773
0.101291
0.917401
0.494495

-2288.152501
-2288.169584
-1939.467324
-1939.470606
-1939.471013
-1939.478632
-1939.476929
-1939.482090
-2288.152835
-2288.142232
-2288.148781
-2288.147880
-2288.164567
-2288.148628
-2288.151259
-1939.481531
-1939.464075
-2636.835153
-2636.829334
-2636.846708
-2636.827096
-2636.830273
-2636.814743
-2636.835619
-2636.831700
-2636.834395
-2636.812342
-2636.849255
-2636.835937
-2636.841688

-658.074263
-2288.127957
-2288.163884
-2288.146675
-2288.147895

-309.380524
-4227.661531
-2248.898513

-2287.627908
-2287.646202
-1939.098967
-1939.103187
-1939.102679
-1939.108880
-1939.109639
-1939.113451
-2287.631654
-2287.622076
-2287.621830
-2287.620793
-2287.636169
-2287.624199
-2287.626143
-1939.113794
-1939.096547
-2636.149787
-2636.143315
-2636.163517
-2636.149196
-2636.153164
-2636.139567
-2636.159415
-2636.154263
-2636.153298
-2636.129189
-2636.165423
-2636.154322
-2636.161393

-657.814300
-2287.606568
-2287.638596
-2287.623422
-2287.626103

-309.276214
-4226.741112
-2248.400999

215

-7.0
7.8
5.2
5.5
1.6
1.1

-1.3
2.1
8.1
8.2
8.9

-0.8
6.8
5.5

-6.8
4.0
5.5
9.5

-3.1
5.9
3.4

119

-0.6
2.7
33

18.4

-4.3
2.6

-1.8

17.8

-2.3
7.2
5.6

1.7

“From geometry optimization. bSingle-point energy. “Calculated according to Equation 1, page 28. “Calculated according to
Equation 3, page 28. See the Computational methods section for additional information.

S71




216 PAPER II: SUPPORTING INFORMATION

Table S8: Absolute energies, Gibbs free energy corrections, and absolute and relative Gibbs free energy calculated
using the MO06 single-point energies for selected stationary points.

T=298.15K THF THF AGTHF
Molecule AGm_BtmiD EM()s GM()6 Mo
fa.u]® [a.u]® [a.u]® Wt 2,1
[kcal mol ']

2 0.549931 -2403.596660 -2403.043710 0.0
AB = Allylbenzene 0.128707 -348.820790 -348.689064 -
TSoms/oma 0.648863 -2598.586237 -2597.934355 19.5
(E)-1,4-Diphenyl-2-butene 0.228487 -619.085358 -618.853852 -
oM5 0.387312 -1979.480688 -1979.090357 12.9
Ethene 0.028980 -78.555498 -78.523499 -
OoMé6 0.544815 -2328.328499 -2327.780665 121
om7 0.545861 -2328.345202 -2327.796322 2.3
TSnpa/np2 0.541718 -2328.279827 -2327.735090 40.7
TSnpa/nps 0.542649 -2328.283300 -2327.737632 39.1
TSomz/vr3a 0.545619 -2328.297527 -2327.748889 32.0
(E)-1-Isopropoxy-2-(3-phenylprop-

1-en-1-yl)benzene 0.285170 -772.910110 -772.621921 -
TSome/om? 0.545800 -2328.324158 -2327.775339 15.4
TSom7/ras 0.550982 -2328.343399 -2327.789398 6.6
R4B 0.548759 -2328.343914 -2327.792136 4.9
TSras/rs 0.551165 -2328.307938 -2327.753754 29.0
R5 0.549588 -2328.319519 -2327.766912 20.7
TSrs/rea 0.547219 -2328.316849 -2327.766611 20.9
R6A 0.547436 -2328.324997 -2327.774542 15.9
R8 0.553485 -2328.342201 -2327.785697 8.9
TSrs/re 0.547487 -2328.305790 -2327.755284 28.0
ES = (E)-beta-Ethylstyrene 0.154569 -388.127420 -387.969832 -
*R21 0.357254 -1940.214661 -1939.854388 -15.2
MS = (E)-beta-Methylstyrene 0.128557 -348.830111 -348.698535 -
p-Cymene 0.176107 -389.356739 -389.177613 -
R21 0.363197 -1940.181703 -1939.815488 9.2
R22 0.519496 -2289.060201 -2288.537686 -11.6
TSraz/r23 0.513939 -2289.037300 -2288.520342 -0.7
R23 0.518004 -2289.050041 -2288.529018 -6.2
TSra3/r2a 0.519117 -2289.028911 -2288.506775 7.8
R24 0.520796 -2289.056421 -2288.532606 -8.4
TSraasr2s 0.519183 -2289.043612 -2288.521410 -1.4
R25 0.522786 -2289.056587 -2288.530782 -7.3
R26B 0.366733 -1940.197184 -1939.827432 1.7
TSra6s/R27 0.364272 -1940.189060 -1939.821769 5.2
R27 0.365621 -1940.192009 -1939.823369 4.2
R28 0.518162 -2289.033445 -2288.512264 4.3
TSras/r29A 0.517137 -2289.020618 -2288.500462 11.7
R29A 0.523933 -2289.028959 -2288.502007 10.8
TSra29a/R298 0.524068 -2289.026662 -2288.499575 12.3
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R29B 0.525379 -2289.045420 -2288.517022 13
TSra98/R30 0.521410 -2289.021192 -2288.496763 14.0
R31 0.364718 -1940.185810 -1939.818073 1.6
TSga1/r27 0.364510 -1940.170306 -1939.802777 11.2
TSra3/r30 0.518370 -2289.013363 -2288.491974 17.1

“From geometry optimization. [’Single-point calculation. “Calculated according to Equation 2, page 28. See the
Computational methods section for additional information.
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Results from energetic span models

All energies and energetic spans (3E) are reported in kcal mol™. Molarity is used for concentrations, and
TOFs are reported in s”. The temperature is 298.15 K, and the calculated AG for the isomerization
reaction (AB to ME) is equal to -5.339271 kcal/mol.

n 3 -allyl pathway
Table $9: Energetic span model for the n’-allyl pathway with substrate concentration 7.5 M.

TOF-
Step G (int.) Gt (TS) [Reac] | [Prod] | Xrormt | Xtorrts | Xrorr Xrorp | determini
ng states
°R21 — °R22® 0.000000 8.362788 75 0.00 0.00 0.00
°R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSgazir2s -3.982624 2.756116 0.53 0.00 TDI
R23 — TSrourae -3.035233 12.739682 0.11 0.52 TDTS
R24 — TSpaqras -4.759983 5.115371 0.36 0.00
R25 — MECPg,s 0.803341 11.847314 0.00 0.48 TDTS
°R25 — *R21® -2.632356 -2.632356 0.01 0.00 0.00 0.00
5E 16.72
TOF 1.50
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S10: Energetic span model for the n’-allyl pathway with substrate concentration 0.02 M.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,s XrorR Xrorp determini
ng states
°R21 — *R22® 0.000000 8.362788 0.02 0.03 0.00 0.03
°*R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSgazir2s -3.982624 2.756116 0.52 0.00 TDI
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R23 — TSrourae -3.035233 12.739682 0.10 0.53 TDTS
R24 — TSgaarzs -4.759983 5.115371 0.35 0.00
R25 — MECPg,s 0.803341 11.847314 0.00 0.47 TDTS
°*R25 — *R21® -2.632356 -2.632356 2.67E-5 | 0.00 0.00 0.00
5E 16.72
TOF 1.45
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S11: Energetic span model for the n’-allyl pathway with substrate concentration 5 mM.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror.s Xrorr Xrorp determini
ng states
°R21 — *R22® 0.000000 8.362788 0.005 0.11 0.00 0.11
°*R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSrazir2s -3.982624 2756116 0.47 0.00 TDI
R23 — TSgoaros -3.035233 12.739682 0.10 0.56 TDTS
R24 — TSgaarzs -4.759983 5.115371 0.32 0.00
R25 — MECPg;s 0.803341 11.847314 0.00 0.44
°R25 — °R21® -2.632356 -2.632356 6.67E-6 | 0.00 0.00 0.00
5E 16.72
TOF 1.33
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table $12: Energetic span model for the n’-allyl pathway with substrate concentration 0.25 mM.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,Ts Xror R Xrorp determini
ng states
*R21 — 'R22® 0.000000 8.362788 | 2.50E-4 0.72 0.00 0.72 TDI
°*R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSrozir2s -3.982624 2.756116 0.15 0.00
R23 — TSroaro4 -3.035233 12.739682 0.03 0.73 TDTS
R24 — TSraurzs -4.759983 5.115371 0.10 0.00
R25 — MECPg;s 0.803341 11.847314 0.00 0.26
°R25 - °R21® -2.632356 -2.632356 3.34E-7 | 0.00 0.00 0.00
5E 12.74
TOF 0.42

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

n3-allyl pathway with deactivation via MECPg»
Deactivation path departing from *R21 via MECPg,y, activation barrier with respect to *R21: 17.895123
kcal/mol.

Table S13: Energetic span model for the n’-allyl pathway with substrate concentration 7.5 M and deactivation via
MECPg,;.

TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror.Ts Xror R Xrorp determini
ng states
°R21 — *R22® 0.000000 8.362788 75 0.00 0.00 0.00
’R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSroomas -3.982624 2.756116 0.53 0.00 TDI
R23 — TSrourae -3.035233 12.739682 0.11 0.52 TDTS
R24 — TSpoures -4.759983 5.115371 0.36 0.00
R25 — MECPrgs 0.803341 11.847314 0.00 0.48 TDTS
°R25 - °R21%® -2.632356 -2.632356 0.01 0.00 0.00 0.00
(13 16.72
TOF 1.50
TON 3.7E+4
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S14: Energetic span model for the n’-allyl pathway with substrate concentration 0.02 M and deactivation via
MECPg;;.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,s Xrorr Xrorp determini
ng states
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°R21 — °R22® 0.000000 8.362788 0.02 0.03 0.00 0.03
°*R22 — MECPrz, 8.362788 9.607525 0.00 0.00
R22 — TSrouras -3.982624 2.756116 0.52 0.00 DI
R23 — TSroyros -3.035233 12.739682 0.10 0.53 TDTS
R24 — TSrouros -4.759983 5.115371 0.35 0.00
R25 — MECPg,s 0.803341 11.847314 0.00 0.47 DTS
°R25 — °R21%® -2.632356 -2.632356 2.67E-5 0.00 0.00 0.00
5E 16.72
TOF 1.45
TON 98

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S15: Energetic span model for the n’-allyl pathway with substrate concentration 5 mM and deactivation via

MECPg);.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,s Xrorr Xrorp determini
ng states
°R21 — °R22% 0.000000 8.362788 0.005 0.11 0.00 0.11
*R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSroaras -3.982624 2.756116 0.47 0.00 DI
R23 — TSrasrzs -3.035233 12.739682 0.10 0.56 DTS
R24 — TSroumzs -4.759983 5.115371 0.32 0.00
R25 — MECPg,s 0.803341 11.847314 0.00 0.44
°R25 — *R21® -2.632356 -2.632356 6.67E-6 | 0.00 0.00 0.00
5E 16.72
TOF 1.33
TON 24

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table $16: Energetic span model for the n’*-allyl pathway with substrate concentration 0.25 mM and deactivation
via MECPRZI.

TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,Ts Xrorr Xror,p determini
ng states
°R21 — °R22% 0.000000 8.362788 | 2.50E-4 0.72 0.00 0.72 TDI
°R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSroomes -3.982624 2.756116 0.15 0.00
R23 — TSrosmae -3.035233 12.739682 0.03 0.73 TDTS
R24 — TSroures -4.759983 5.115371 0.10 0.00
R25 — MECPgs 0.803341 11.847314 0.00 0.26
°R25 — °R21® -2.632356 -2.632356 3.34E-7 0.00 0.00 0.00
5E 12.74
TOF 0.42
TON 1.22

IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.

n3-allyl pathway with deactivation via TSgr3e/r37

Deactivation path departing from R22 via TSgsers7, activation barrier with respect to 3R21: 22.822972
kcal/mol. Substrate concentration applied to the deactivation path is equal to that reported in the tables for
the first step.

Table S17: Energetic span model for the n’*-allyl pathway with substrate concentration 7.5 M and deactivation via

TSr3e/r37.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror.1s XrorR Xrorp determini
ng states
*R21 — 'R22® 0.000000 8.362788 75 0.00 0.00 0.00
°R22 — MECPrz2 8.362788 9.607525 0.00 0.00
R22 — TSroomas -3.982624 2.756116 0.53 0.00 TDI
R23 — TSrosmae -3.035233 12.739682 0.11 0.52 TDTS
R24 — TSrouros -4.759983 5.115371 0.36 0.00
R25 — MECPgs 0.803341 11.847314 0.00 0.48 DTS
°R25 - °R21® -2.632356 -2.632356 0.01 0.00 0.00 0.00
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5E 16.72
TOF 1.50
TON 2.7E+6
IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S18: Energetic span model for the n3-allyl pathway with substrate concentration 0.02 M and deactivation via
TSr3er37.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,1s XrorR Xrorp determini
ng states
°R21 — *R22® 0.000000 8.362788 0.02 0.03 0.00 0.03
°*R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSrazir2s -3.982624 2.756116 0.52 0.00 TDI
R23 — TSroyr2s -3.035233 12.739682 0.10 0.53 TDTS
R24 — TSgroures -4.759983 5.115371 0.35 0.00
R25 — MECPg;s 0.803341 11.847314 0.00 0.47 TDTS
°R25 — *R217 -2.632356 -2.632356 2.67E-5 | 0.00 0.00 0.00
SE 16.72
TOF 1.45
TON 1.0E+9

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S19: Energetic span model for the n’-allyl pathway with substrate concentration 5 mM and deactivation via
TSr3er37-

TOF-
Step G (int.) Gt (TS) [Reac] [Prod] Xr0F,int Xror,ts Xrorr Xrorp determini
ng states
°R21 — °R22% 0.000000 8.362788 0.005 0.11 0.00 0.11
*R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSrouras -3.982624 2.756116 0.47 0.00 DI
R23 — TSrasrzs -3.035233 12.739682 0.10 0.56 DTS
R24 — TSpoumzs -4.759983 5.115371 0.32 0.00
R25 — MECPg,s 0.803341 11.847314 0.00 0.44
°R25 — *R21® -2.632356 -2.632356 6.67E-6 | 0.00 0.00 0.00
5E 16.72
TOF 1.33
TON 4.0E+9

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table $20: Energetic span model for the n’*-allyl pathway with substrate concentration 0.25 mM and deactivation
via TSryems7-

TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,Ts XtorR Xrtorp determini
ng states
°*R21 — *R22® 0.000000 8.362788 | 2.50E-4 0.72 0.00 0.72 TDI
*R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSrzzres -3.982624 2.756116 0.15 0.00
R23 — TSrosmae -3.035233 12.739682 0.03 0.73 TDTS
R24 — TSroures -4.759983 5.115371 0.10 0.00
R25 — MECPgzs 0.803341 11.847314 0.00 0.26
°R25 — °R21® -2.632356 -2.632356 3.34E-7 0.00 0.00 0.00
5E 12.74
TOF 0.42
TON 8.1E+10

IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.

n3-allyl pathway with deactivation via TSgr23/r39
Deactivation path departing from R23 via TSgz3rs9, activation barrier with respect to SR21: 22.237843
kcal/mol.
Table S21: Energetic span model for the n’-allyl pathway with substrate concentration 7.5 M and deactivation via
TSr23/r30-

Step ‘ G (int.) ‘ Gt (TS) ‘ [Reac] ‘ [Prod] ‘ Xrornt ‘ Xror1s

TOF-
determini

Xror R ‘ Xrorp
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ng states
°R21 — °R22% 0.000000 8.362788 75 0.00 0.00 0.00
*R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSroomzs -3.982624 2.756116 0.53 0.00 DI
R23 — TSrosmas -3.035233 12.739682 0.11 0.52 DTS
R24 — TSrouras -4.759983 5.115371 0.36 0.00
R25 — MECPrgs 0.803341 11.847314 0.00 0.48 DTS
°R25 - °R21® -2.632356 -2.632356 0.01 0.00 0.00 0.00
5E 16.72
TOF 1.50
TON 7.5E+6

“The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S22: Energetic span model for the n’-allyl pathway with substrate concentration 0.02 M and deactivation via

TSR231R39~
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror.1s Xrorr Xrorp determini
ng states
*R21 - °R22® 0.000000 8.362788 0.02 0.03 0.00 0.03
°R22 — MECPx,, 8.362788 9.607525 0.00 0.00
R22 — TSroomas -3.982624 2.756116 0.52 0.00 TDI
R23 — TSrourae -3.035233 12.739682 0.10 0.53 TDTS
R24 — TSraurzs -4.759983 5.115371 0.35 0.00
R25 — MECPrgs 0.803341 11.847314 0.00 0.47 TDTS
°R25 — °R21® -2.632356 -2.632356 2.67E-5 0.00 0.00 0.00
5E 16.72
TOF 1.45
TON 7.5E+6

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S23: Energetic span model for the n’-allyl pathway with substrate concentration 5 mM and deactivation via

TSr23/r30.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror,s Xrorr Xrorp determini
ng states
°R21 — °R22% 0.000000 8.362788 0.005 0.11 0.00 0.11
°R22 — MECPgz, 8.362788 9.607525 0.00 0.00
R22 — TSpoores -3.982624 2.756116 0.47 0.00 TDI
R23 — TSrourae -3.035233 12.739682 0.10 0.56 TDTS
R24 — TSroumzs -4.759983 5.115371 0.32 0.00
R25 — MECPgs 0.803341 11.847314 0.00 0.44
°R25 — *R21® -2.632356 -2.632356 6.67E-6 | 0.00 0.00 0.00
5E 16.72
TOF 1.33
TON 7.5E+6

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S24: Energetic span model for the v’ -allyl pathway with substrate concentration 0.25 M and deactivation via

TSra3/r39.
TOF-
Step G (int.) Gt (TS) [Reac] [Prod] XroF,int Xror.Ts Xrorr Xror,p determini
ng states
°R21 — °R22% 0.000000 8.362788 | 2.50E-4 0.72 0.00 0.72 TDI
*R22 — MECPg,, 8.362788 9.607525 0.00 0.00
R22 — TSroomes -3.982624 2756116 0.15 0.00
R23 — TSrosmae -3.035233 12.739682 0.03 0.73 TDTS
R24 — TSroures -4.759983 5.115371 0.10 0.00
R25 — MECPrgys 0.803341 11.847314 0.00 0.26
°R25 - °R21® -2.632356 -2.632356 3.34E-7 0.00 0.00 0.00
5E 12.74
TOF 0.42
TON 7.5E+6

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
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Hydride pathway
Table S25: Energetic span model for the hydride pathway with substrate concentration 7.5 M.
G TOF-
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror,s Xrorr Xrorp determini
te) ng states
R27 — R28"® 0.000000 3.357300 7.5 0.05 0.00 0.13
R28 — R29A® 3.357300 9.522203 0.00 0.03
R29A — TSgrzoar298 9.522203 10.172489 0.00 0.10
R29B — TSr2es/r30 0.524281 8.035072 0.00 0.01
R30 — R31® 6.815185 6.815185 0.01 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.94 0.87 TDITDTS
SE 10.82
TOF 6.3E+4
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S26: Energetic span model for the hydride pathway with substrate concentration 0.02 M.
G j TOF-. .
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror,Ts XrorRr Xror,p etir;mm
te)
states
R27 — R28® 0.000000 3.357300 0.02 0.40 0.00 0.98
R28 — R29A"” 3.357300 9.522203 0.00 0.24
R29A — TSraoaraes 9.522203 10.172489 0.00 0.72 TDTS
R29B — TSr2es/r30 0.524281 8.035072 0.00 0.02
R30 — R31¢ 6.815185 6.815185 267E-5 | 0.00 0.00 0.00
R31 — R27%® -5.554984 5.267529 0.60 0.02 TDI
SE 10.39
TOF 1.3E+3
®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S27: Energetic span model for the hydride pathway with substrate concentration 5 mM.
G TOF-
Step (intermedia G1 (TS) [Reac] [Prod] XroF int Xror,Ts Xrorr Xrorp determini
te) ng states
R27 — R28® 0.000000 3.357300 0.005 0.41 0.00 1.00
R28 — R29A® 3.357300 9.522203 0.00 0.24
R29A — TSgr2oar208 9.522203 10.172489 0.00 0.73 TDTS
R29B — TSr2es/r30 0.524281 8.035072 0.00 0.02
R30 — R31@ 6.815185 6.815185 6.67E-6 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.59 0.00 DI
SE 10.39
TOF 325
“IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S28: Energetic span model for the hydride pathway with substrate concentration 0.25 mM.
G TOF-
Step (intermedia Gi (TS) [Reac] [Prod] XroF,int Xror,ts Xrorr Xrorp determini
te) ng states
R27 — R28" 0.000000 3.357300 2.50E-4 0.41 0.00 1.00
R28 — R29A"” 3.357300 9.522203 0.00 0.24
R29A — TSgzoar298 9.522203 10.172489 0.00 0.73 TDTS
R29B — TSr2es/r30 0.524281 8.035072 0.00 0.02
R30 — R31® 6.815185 6.815185 3.34E-7 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.59 0.00 TDI
SE 10.39
TOF 16

IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.
Hydride pathway with deactivation via MECPg»;

Deactivation path departing from R27 via MECPg,, activation barrier with respect to R27: 14.755717
kcal/mol.
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Table S29: Energetic span model for the hydride pathway with substrate concentration 7.5 M and deactivation via

MECPg,;.
¢ deI:n:ini
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror,s Xrorr Xrorp ng
te)
states
R27 — R28® 0.000000 3.357300 75 0.05 0.00 0.13
R28 — R29A® 3.357300 9.522203 0.00 0.03
R29A — TSrasarass 9.522203 10.172489 0.00 0.10
R29B — TSrzosr3o 0.524281 8.035072 0.00 0.01
R30 — R31® 6.815185 6.815185 0.01 0.00 0.00 0.00
R31 - R27® -5.554984 5.267529 0.94 0.87 TDI/TDTS
5E 10.82
TOF 6.3E+4
TON 1.3E+4

IThe free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S30: Energetic span model for the hydride pathway with substrate concentration 0.02 M and deactivation via

MECPg;;.
G TOF-
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror.1s Xrorr Xrorp determini
te) ng states
R27 — R28® 0.000000 3.357300 0.02 0.40 0.00 0.98
R28 — R29A® 3.357300 9.522203 0.00 0.24
R29A — TSraoarz08 9.522203 10.172489 0.00 0.72 TDTS
R29B — TSrzesr30 0.524281 8.035072 0.00 0.02
R30 — R31® 6.815185 6.815185 2.67E-5 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.60 0.02 DI
SE 10.39
TOF 1.3E+3
TON 34

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.
Table S31: Energetic span model for the hydride pathway with substrate concentration 5 mM and deactivation via

MECPg,;.
G TOF-
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror.Ts Xrorr Xrorp determini
te) ng states
R27 — R28® 0.000000 3.357300 0.005 0.41 0.00 1.00
R28 — R29A® 3.357300 9.522203 0.00 0.24
R29A — TSg29ar208 9.522203 10.172489 0.00 0.73 TDTS
R29B — TSrzesr30 0.524281 8.035072 0.00 0.02
R30 — R31" 6.815185 6.815185 6.67E-6 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.59 0.00 TDI
SE 10.39
TOF 325
TON 8.39

®The free energy of the product of this elementary step is used as an approximation of that of the transition state.

Table S32: Energetic span model for the hydride pathway with substrate concentration 0.25 mM and deactivation
via MECPRH.

G TOF-
Step (intermedia Gt (TS) [Reac] [Prod] XroF,int Xror.Ts Xrorr Xror,p determini
te) ng states
R27 — R28® 0.000000 3.357300 | 2.50E-4 0.41 0.00 1.00
R28 — R29A® 3.357300 9.522203 0.00 0.24
R29A — TSrooamzes 9.522203 10.172489 0.00 0.73 DTS
R29B — TSraomrao 0.524281 8.035072 0.00 0.02
R30 — R31® 6.815185 6.815185 3.34E-7 | 0.00 0.00 0.00
R31 — R27® -5.554984 5.267529 0.59 0.00 TDI
5E 10.39
TOF 16
TON 0.42
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“The free energy of the product of this elementary step is used as an approximation of that of the transition state.
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