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ABSTRACT: Investigations detailed herein provide insight
regarding the mechanism of stereochemical inversion of
stereogenic-at-Ru carbene complexes through a nonolefin
metathesis-based polytopal rearrangement pathway. Computa-
tional analyses (DFT) reveal that there are two key factors that
generate sufficient energy barriers that are responsible for the
possibility of isolation and characterization of high-energy, but
kinetically stable, intermediates: (1) donor—donor interactions
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Understanding the critical role of anionic ligands in catalytic olefin metathesis. O

that involve the anionic ligands and the strongly electron donating carbene groups and (2) dipolar effects arising from the syn
relationship between the anionic groups (iodide and phenoxide). We demonstrate that a Brensted acid lowers barriers to
facilitate isomerization, and that the positive influence of a proton source is the result of its ability to diminish the repulsive

electronic interactions originating from the anionic ligands.

The implications of the present studies regarding a more

sophisticated knowledge of the role of anionic units on the efficiency of Ru-catalyzed olefin metathesis reactions are discussed.
The electronic basis for the increased facility with which allylic alcohols participate in olefin metathesis processes will be
presented as well. Finally, we illustrate how a better understanding of the role of anionic ligands has served as the basis for
successful design of Ru-based Z-selective catalysts for alkene metathesis.

B INTRODUCTION

Catalytic olefin metathesis (OM) has transformed the manner in
which organic molecules of many shapes and sizes are prepared.
In spite of its enormous impact, however, there are critical
shortcomings that limit the scope of this important class of
transformations;' a full range of catalyst-controlled Z- or E-
selective processes for formation of di- or trisubstituted alkenes
are among crucial but difficult challenges that remain
unaddressed. Solutions to such shortcomings require the design
of efficient and stereoselective catalysts, a task that demands a
more complete appreciation of the fundamental mechanistic
principles that govern OM.

A unique characteristic of OM, illustrated in Scheme 1A, is that
the M=C bond undergoes a “side change” on each occasion a
metallacyclobutane (mcb) is formed and cleaved to reveal a
different carbene complex.” A ring-closing metathesis (RCM) or
cross-metathesis (CM) reaction thus proceeds via several mcb
intermediates and involves a string of side changes. With a
stereogenic-at-metal complex containing a chiral ligand, a “side
change” implies a stereochemical inversion and formation of
energetically distinct and spectroscopically detectable diaster-
eoisomeric entities characterized by individual reactivity and
selectivity profiles. A better appreciation of the relative reactivity
of each isomeric complex is central to our understanding of the
mechanistic nuances of OM, since such factors influence
reactivity and/or stereoselectivity of a transformation.

Diastereomeric carbene complexes may interconvert by non-
OM-based pathways as well as through processes that are
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Scheme 1. Two Distinct Rearrangement Pathways Available
to Pentacoordinate Ru-Based Carbene Complexes
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generally referred to as polytopal rearrangements (Scheme 1B).’
Such stereoisomeric interconversions are relevant to catalytic
OM, since high reactivity and/or stereoselectivity depends on
each diastereomeric complex participating in a separate segment
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Scheme 2. Different Types of Ru-Based Complexes Used in Catalytic Olefin Metathesis
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of the catalytic cycle, and non-OM-based isomerizations can
cause diminished yields and low diastereo- or enantiomeric ratios
(dr and er, respectively). Additionally, catalytic OM is a type of
polytopal rearrangement, meaning that a detailed comprehen-
sion of the principles that govern non-OM-based isomerizations
might lead to a more perceptive analysis of selectivity and
reactivity trends, as well as impart information needed for the
design of more effective and stereoselective catalysts.

Herein, we first present the results of our studies regarding
thermally induced and Brensted acid catalyzed polytopal
isomerization of stereogenic-at-Ru carbene complexes. By
means of extensive DFT calculations, key electronic factors
that influence the facility of the aforementioned rearrange-
ments—particularly those originating from the anionic ligands—
are elucidated; this includes analysis of the impact of a proton
Lewis acid on the rate of various polytopal rearrangements. In the
concluding segment, the relationship between the principles that
govern non-OM-based isomerizations and those that have an
effect on catalytic OM reactions are scrutinized in three different
settings: (1) We analyze the role of the electronic effects that
originate from the anionic ligands of a Ru complex on the rate of
arepresentative OM process. (2) We probe the electronic factors
involving anionic ligands that give rise to the more facile OM
transformations with allylic alcohols. (3) We dissect the
electronic principles that have culminated in the successful
design of Ru-based complexes for Z-selective OM.

B RESULTS

1. Polytopal Rearrangements and Relevance to
Catalytic Olefin Metathesis. Interconversion of metal
carbenes via mcb complexes entails reorganization of the ligands
surrounding the transmon metal in a manner akin to a polytopal
rearrangement.*"® OM-based isomerizations engender diverse
outcomes, depending the metal complex involved. A Ru carbene
can belong to three general stereochemical categories (Scheme
2): Type I pertains to nonstereogenic-at-Ru complexes that are
either achiral (e.g, 1)” or contain a chiral ligand (e.g, 2).°
Furthermore, there are stereogenic-at-Ru carbenes that may be
divided into two different sets: Type II, comprised of complexes
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with only achiral ligands (e.g,, 3) ,>°~° and Type III, which contain
a chiral ligand (e.g,, 4-6).>7&~!!

In the case of a Type I system (Scheme 3A), a square
pyramidal (sp) olefin 7 complex (7) undergoes degenerate OM
via a trigonal bipyramidal (tbp) mcb (8)."* Due to the
enantiotopic (e.g,, 1) or diastereotopic (e.g, 2) relationship of
the anionic ligands (Cl), such a side change or “stereochemical

inversion” is not detectable. On the contrary, with stereogenic-at-

Scheme 3. Olefin Metathesis-Based Polytopal
Rearrangements with Different Types of Ru-Based
Complexes
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Scheme 4. Non-Olefin Metathesis-Based Polytopal Rearrangement Pathways with Stereogenic-at-Ru (Type III) Complexes

heat Pathway 1: stereochemical inversion l
Pr}zf’h
NN RO phPh ]
LY i‘
mo N
HOAC ,d;; N PO Me?ﬁr P heat
E— \
»PrO \ cp. 2, 'fﬁu,olpr S i-Pro f (o]
10h i-PrO Oi-Pr
/ Oi-Pr H 1 \ L
endo-anti — ! ‘H® exo-syn exo-anti
14 bh 15¢H 16 17 L e 19
I-Prt

high-energy carbene

L = solvent or alkene

low-energy carbene

Pathway 2: stereochemical inversion

O

\ (:)F-F‘I’

Oi-Pr

~ Ph

Oi-Pr 18

Ru carbenes, nonproductive OM results either in the
interconversion between two enantiomeric (Scheme 3B; S-9
— R-9via 10) or diastereomeric forms (Scheme 3C; 11 — 13 via
12). In the latter instance (11 — 13), the difference in reactivity
between the chemically distinct Ru—olefin complexes can allow
an OM transformation to proceed with exceptional chemo-
selectivity.”*"® Such attributes have been exploited toward the
design of alternating copolyrnerizationzc_g and ring-opening/
cross-metathesis (ROCM).”"* It should be mentioned that
chemoselectivity has been observed in OM reactions promoted
by nonstereogenic-at-Ru complexes that contain unsymmetri-
cally substituted monodentate NHC ligands; in these instances,
generation of diastereomeric carbene species hinges on the
barrier for rotation around the Ru—CN"¢ bond."

To obtain additional information regarding the pathways that
are available for facile interconversion of the diastereoisomeric
complexes, we isolated and characterized a high-energy Ru
carbene diastereomer 14endo-anti (Scheme 4), and investigated
its fluxional behavior.>'*~'” (The term endo refers to a carbene
that is pointing within the cavity generated by the biphenyl
bridge; the term exo is indicative of a Ru==C that is positioned
below the mesityl substituent of the NHC moiety. Similarly, syn
and anti denote complexes wherein the carbene unit’s
isopropoxy group is chelated to the Ru center cis or trans to
the NHC ligand, respectively.) We determined that, without an
alkene present, thermally induced stereochemical inversion by
non-OM-based polytopal rearrangement leads to the formation
of the thermodynamically favored diastereomer 17exo-anti. We
demonstrated that non-OM-based rearrangement of 14endo-
anti to 17exo-anti (Scheme 4), conversion of 14endo-anti to
17exo-anti (pathway 1), and CM of 14endo-anti with styrene to
generate 18 and exo benzylidene 19 (pathway 2) are competitive.
We showed that the latter events occur on a similar time scale and
are therefore capable of perturbing OM reaction sequences and
can culminate in low efficiency and stereoselectivity.” Never-
theless, the chemoselectivities observed in the alternating
copolymerization with complex 6 (Scheme 2) suggest that the
distinct diastereomeric carbene species (Scherne 3C) can
maintain a certain degree of configurational stability,”® and that
non-OM-based polytopal rearrangements might require higher
energy barriers.
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We subsequently discovered that the addition of a Brensted
acid (e.g,, 12 mol % HOAC) facilitates the conversion of 14endo-
anti to 16exo-syn, which is an intermediate en route to 17exo-
anti.> We proposed that the latter rearrangement could involve
transition state 15eH' (Scheme 4), such that donor—donor
electronic repulsion arising from the trans relationship between
the carbene and the anionic phenoxide ligand is minimized. We
posited that the above observations are relevant to the
mechanism of OM reactions, as the same energy-raising
donor—donor interactions could diminish mcb stability to
reduce reaction rates, particularly in cases where cycloaddition
is turnover-limiting.

2. Computational Studies.'® 2.1. General Considerations. To
carry out the computational investigations, we opted for the structurally
truncated complexes shown in Scheme 5. The omission of the diphenyl
backbone, the p-methyl group of the mesityl substituent, the side chains
of the bidentate alkylidene, as well as the exchange of the isopropyl for a
methyl group on the chelating ether oxygen (O?), was to achieve
minimal conformational complexity and for reducing computational
cost. The reaction coordinate involving the complexes in Scheme §,
wherein the two carbene ligands [i.e., the NHC (C') and the alkylidene
(C?)] and the Ru center are held at a fixed position, were investigated.

Scheme $. Structurally Truncated Complexes Used in the
Computational Studies
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Figure 1. Computed potential energy surface in gas phase (PES; BP86/basis1) illustrating the thermally induced polytopal rearrangement that results in
stereochemical inversion of the Ru carbene complex (endo — exo-anti). For a complete list of bond lengths and angles, a three-dimensional
representation of the PES, and an illustrative animation, see the Supporting Information; sp = square pyramidal, ts = transition state, int = intermediate.
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Figure 2. Computed structures (BP86/basis1) for formation of octahedral intermediate int2 (via ts2) and its rearrangement through ts3; H atoms are
omitted for clarity; dy, . = distance between the Ru and C atoms of the o-methyl group.

From the suggested perspective, stereochemical inversion (endo — exo-
anti) results in the rotation of the NHC group and concomitant
transposition of the anionic phenoxide (O') and iodide (I) ligands.
2.2. Thermally Induced Polytopal Rearrangements. The calculated
potential energy surface in Figure 1 corresponds to the thermal
polytopal rearrangement of the higher energy, but kinetically stable,
endo carbene (sp geometry, apical alkylidene carbene C%"
portion of Figure 1) to the corresponding thermodynamically preferred
exo-anti diastereomer (E, = —5.3 kcal/mol). The initial conversion of
endo to the isolable sp exo-syn (E, = 6.0 kcal/mol) involves a series of
isomerizations that proceed via two additional structures that have not
been observed spectroscopically: intl, possessing a distorted sp
geometry with the basal anionic O' ligand deviated out of plane, and
octahedral int2 arising from a C—H/Ru agostic interaction. The barrier
associated with ts2 (32.9 kcal/mol) is rate limiting, and the final exo-syn
to exo-anti transformation takes place via a single transition state (ts4,
E,q = 25.0 kcal/mol). The overall process thus consists of three
permutations, each leading to an exchange between two basal ligands
(see bottom of Figure 1). The result of the first sequence (endo — ts1 —
intl) is the interchange of O' and O? whereas the final succession (exo-

see lower
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syn — ts4 — exo-anti) entails the swapping of I for O% The net result of
transformation of intl to exo-syn is the transposition of the anionic
ligands (O' and I). The latter interconversion proceeds stepwise via ts2,
int2, and ts3 and involves a change in coordination number (five — six
— five) because of the formation and rupture of a C—H/Ru agostic
interaction involving an NHC methyl group.

The progression in Figure 1 commences with the widening of the
O'—Ru—C?angle from endo to ts1, which results in the tightening of the
O>—Ru—C'. Next, recontraction of the O'—Ru—C?> angle generates
intl, the distorted sp geometry of which is likely imposed by the
bidentate NHC, preventing relaxation to an sp arrangement. Next, the
permutation of O' and I proceeds via octahedral int2, which is the
highest energy intermediate, probably since anionic groups O' and I are
trans to electron donor units C* and C', respectively. The expansion of
the O'—=Ru—C? in ts2 causes the iodide to reside trans to C; this is
facilitated by a C—H/Ru agostic interaction involving a mesityl o-methyl
group (Figure 2). The distance between the Ru atom and the o-methyl
in ts2 decreases from 3.61 A to 2.49 A when int2 is formed. The
sterically congested octahedral int2, which contains a tridentate, a
bidentate, as well as a monodentate ligand, undergoes a dissociative

dx.doi.org/10.1021/ja410606b | J. Am. Chem. Soc. 2014, 136, 3439—3455
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Figure 3. Evaluation of solvent effects for the thermally induced rearrangement of endo to exo-anti with density functionals BP86 and @B97XD. For
analysis of solvent effects with the MO06 functional, see the Supporting Information.
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Supporting Information; ts = transition state, int = intermediate.

ligand displacement en route to exo-syn. The C—H agostic interaction is
removed upon movement of O, a structural adjustment manifested by
the increase in distance between the transition metal center and the
carbon atom of the o-methyl group to 2.98 A in ts3 (cf. Figure 2) when
the O'—Ru—C? angle contracts. The structure of exo-syn resembles an
sp geometry™® wherein the iodide is distorted out-of-plane (I-Ru—C; =
156.0°). The final step is the rearrangement of O' and I from a cis
orientation in exo-syn to the thermodynamically preferred trans
alignment in exo-anti; the widening of the I-Ru—C? angle in ts4
makes available a coordination site trans to C' that can be occupied by
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O’ Complex exo-anti is thus generated by the I—Ru—C? angle
becoming smaller.

It should be noted that we have compared the results shown in Figure
1 (BP86) with the performance of recently developed density
functionals that have been corrected for the treatment of dispersion
interactions. Application of M06 and wB97XD functionals does not
appear to have a significant effect on the qualitative description of the
potential energy surface presented in Figure 1 (Figure 3, solid curves).
Quantitatively, however, a minor to significant reduction of the overall
barrier (ts2) is predicted (32.9, 31.0, and 27.8 kcal/mol for BP86, M06,

dx.doi.org/10.1021/ja410606b | J. Am. Chem. Soc. 2014, 136, 3439—3455
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Figure S. Selected computed structures (BP86/basis1) for the proton-catalyzed polytopal rearrangement including displacement vectors in transition
states; H atoms are omitted for clarity; int = intermediate, ts = transition state.

and wB97XD, respectively) and a similar stabilization is calculated for
the intermediate exo-syn (6.0, 3.4, and 2.0 kcal/mol for BP86, M06, and
®B97XD, respectively).

Next, we turned to probing the influence of different organic solvents
of varying polarities on single-point energy calculations (Figure 3,
dashed curves). Through application of the BP86 functional we
established that benzene lowers the energy of ts2 by 1.4 kcal/mol and
dichloromethane has a stronger influence in the same direction (3.0
keal/mol, Figure 3A); similar stabilizations were observed for int2 —
ts4. Calculations in dichloromethane (wB97XD) point to an overall
barrier as low as 23.7 kcal/mol (ts2) and a reduction in the energy of
exo-syn to the extent that, in line with the experimental findings, it
becomes more stable than endo (—1.2 kcal/mol, Figure 3B). On the
other hand, changing the density functional or polarity of the medium
has minimal effect on the relative energy of endo and exo-anti (see below
for further discussion regarding dipolar effects). The inclusion of the
diphenyl backbone in modeling studies resulted in a small increase in the
energies of ts1, int1, and ts4 (by 2.3, 3.9, and 2.4 kcal/mol, respectively),
exerting negligible influence on the relative energy between endo and
exo-anti.”®

2.3. Acid-Catalyzed Polytopal Rearrangement. We have inves-
tigated the potential energy surface for the transformation of the endo
complex in the gas phase, wherein the anionic phenoxide (O') is
protonated (endoeH', blue curve, Figure 4). Although the ligand
movement occurs in a similar manner compared to the thermally
induced variant (red vs blue curve), distinct structural attributes are
evident. Importantly, there is a significant lowering of the barrier for the
conversion of endoeH* to exo-syneH" (E, for ts2eH* = 10.6 kcal/mol
vs 32.9 kcal/mol for ts2). What is more, a new intermediate int0eH" is
located in addition to int1eH* and int2eH", and there is a change in the
highest energy point from ts2 in the thermally induced polytopal
rearrangement to ts4eH" in the proton-catalyzed process (E, = 19.5
kcal/mol).

Examination of the Bronsted acid promoted reaction coordinate
(Figure 4, left to right) provides other noteworthy information
regarding the effect of the Lewis acid. One consequence of phenoxide
(O") protonation is the elongation of the Ru—O' bond from 1.99 A in
endo to 2.14 A in endoeH". Moreover, an additional H-bond involving
the O? ligand is generated due to the propinquity of the two oxygen
ligands (O' and O?). Thus, as illustrated in Figure SA, there is an initial
expansion of O'—Ru—C? angle in endoeH* that generates the
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octahedral intO®H" in order to allow for the formation of an H-bond
with the jodide ligand. Consequently, the O2.--H distance increases from
2.33 Ain endoeH" to 3.00 A in tsOeH*, while the I---H is reduced from
4.31 Ain tsOeH" to 2.73 A in intOe H*. Another notable attribute of this
pathway is that the available coordination site trans to the iodide in
intOeH" appears to be stabilized by the z-electron density of the
aromatic unit of the biphenyl bridge (Figure SA). Ensuing movement of
O? trans to the halide generates sp complex int1eH*. In comparison
with the thermally promoted process, in which the intl — int2
rearrangement is associated with a barrier of 14.1 kcal/mol, conversion
of intleH" to the octahedral complex int2e¢H* requires no more than
1.8 kcal/mol.

Complex ts4eH" (E,; = 19.5 kcal/mol) holds a proton bridge that
links anionic ligands O' and I (distance for I:-H = 3.10 A, Figure SB),
leading to its stabilization relative to the neutral form (ts4, E,y = 25.0
kcal/mol). Additionally, we were able to locate transition state structure
ts4aeH" (blue circle in Figure 4; E,4 = 24.3 kcal/mol), which is
energetically similar to ts4 likely because the proton is not associated
with the iodide (Figure SB, right side). The stabilization offered by
ts4eH" appears to be insufficient to allow for conversion of the exo-syn
to the exo-anti complex to be accelerated in the presence of acetic acid.

B DISCUSSION

1. The Driving Force for Rearrangement of endo to exo-
anti Carbene. The computational studies detailed above
involve processes that have a higher energy endo carbene as
their starting point. Why is an endo complex energetically less
favored?

The origin of the energy difference between endo and exo-anti
complexes can be found in the structural analysis depicted in
Figure 6. In the endo complex the mesityl substituent is rotated to
situate it above the iodide ligand as a result of the smaller I-Ru—
C'—N dihedral angle (40.2° in endo vs 92.2° in exo-anti, Figure
6, parts A and A"). Such geometry produces steric strain between
the iodide and the mesityl ring, as indicated by the reduced
C°_T and CMe—1 distances in the endo isomer (3.70 and 4.04 A
vs 4.78 and 4.12 A in exo-anti); as a consequence, the mesityl
substituent is forced to tilt (C'=N—C#*—C*™ dihedral angle of
113.0° vs 100.6° in exo-anti, Figure 6, parts B and B').

dx.doi.org/10.1021/ja410606b | J. Am. Chem. Soc. 2014, 136, 3439—3455
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Figure 6. Analysis and comparison of representative key structural features of endo and exo-anti (BP86/basis1).

The wider [I-Ru—C; (99.8° in endo vs 92.3° in exo-anti) and
the contracted I[-Ru—C? angles (96.7° in endo vs 101.8° in exo-
anti) are consistent with there being a more severe repulsion
between the iodide and mesityl substituents within the endo
complex. We did not detect a significant influence by the
diphenyl backbone and polar media on the relative energy
between endo and exo-anti (see above).

2. Interactions Contributing to Rearrangement Rates
and the Influence of a Brgnsted Acid Catalyst. In spite of
the stereochemical inversion being exothermic by 5.3 kcal/mol,
the higher energy endo complex can be isolated by routine silica
gel chromatography.® The basis of the contrast between
energetics and kinetic stability is 2-fold: donor—donor
interactions and dipolar effects arising from the anionic ligands.
Below, we dissect the origin of the kinetic stability of the endo
complex and provide a rationale for why the aforementioned
factors are minimized by a Bronsted acid, leading to the isolation
of the lower energy exo-syn isomer but not the energetically most
favored exo-anti complex.

2.1. Donor—Donor Interactions Involving Anionic Ligands.
The destabilizing interactions between the O' and I and neutral
electron donating carbene C' and C? which arise from their
residing opposite to one another (trans influence), may be
qualitatively evaluated by calculating the negative charge
accumulation on the anionic ligands as a function of the reaction
coordinate (Figure 7).2' Three distinct donor—donor inter-
actions (A, B, and C) emerge through examination of the
structures of intermediates and transition states associated with
the thermally induced rearrangement (Figure 7, top): (A) O'
trans to C?in ts1, ts2, int2, and ts3; (B) iodide trans to C' in ts2,
int2, ts3, and exo-syn; and (C) iodide trans to C* in ts4.
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2.1.1. Interactions Involving the Anionic O' Ligand (labeled
A, top of Figure 7). The graphical representation of the O'—Ru—
C? angle as a function of the reaction coordinate indicates two
maxima at 162.0° and 170.6°, the first of which corresponds to
ts1 and the second includes ts2, int2, and ts3, peaking at int2
(Figure 7a, red curve). A strong trans influence is manifested by
elongation of the Ru—O" bond (1.99 A in endo to 2.07 A in ts1
and 2.17 A in ts2; Figure 7b, red curve). The concomitant
negative charge accumulation (APT charges) on the phenoxide
O/, illustrated in Figure 7c, is consistent with an analogous
repulsive interaction between the same anionic ligand and the C*
of the Ru==C unit. The diminution of destabilizing donor—
donor interactions involving anionic O' as a result of its
protonation becomes markedly evident when the rearrangement
of intl — int2 is compared to intleéH" — int2eH'. The
distorted sp geometry of intl probably originates from
minimization of a strong trans influence caused by the O' and
C? ligands, as represented by the relatively deep local minimum
shown in Figure 7a (red curve). The higher barrier for ts2 (E,, =
32.9 kcal/mol), which is responsible for the unusual kinetic
stability of endo, is likely because subsequent rearrangement to
generate int2 necessitates an expansion of the O'—Ru—C? angle
and the overcoming of unfavorable donor—donor interactions.
In contrast, the elongation of the Ru—O' bond in ts2eH" (2.54 A
vs 2.17 A in ts2) resulting from protonation of O' translates to a
lesser amount of donor—donor repulsion in int1eH", leading to
its sp geometry (cf. shallow minimum in Figure 72, blue curve) to
render ts2eH* more energetically accessible (E,q = 10.6 kcal/
mol).

2.1.2. Interactions Involving the Anionic lodide Ligand
(labeled B and C, top of Figure 7). The plots of the I-Ru—C"

and [-Ru—C? angles as a function of the reaction coordinate
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reveal that the iodide ligand is situated trans to Clints2, int2, ts3,
and exo-syn (Figure 7d), whereas it resides opposite to C* in ts4
(Figure 7e). Additionally, the two maxima in parts d and e of
Figure 7 correlate with the longer Ru—I bond lengths (Figure 7f,
red curve), leading to electron density accumulation on the
halide; the most negative partial charge on the iodide is in ts4
(Figure 7g). One consequence of O' protonation is the
shortening of the Ru—I bond (2.83 A in ts4 to 2.78 A in
ts4eH", cf. Figure 7f, blue curve), which is likely due to enhanced
Lewis acidity of the transition metal in the protonated complex.
Unlike the positive effect of a proton on the minimization of
donor—donor interactions between O' and C? in ts2eH", the
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trans influence between the I and C? ligands is not minimized in
ts4eH", probably because the halide alone represents a relatively
inferior H-bond acceptor. Consequently, ts4eH" emerges as the
rate-limiting transition state under acid-catalyzed conditions.
These findings explain why the acid-catalyzed process does not
proceed beyond the formation of exo-syn (cf. blue curve, Figure
4), whereas the thermal protocol delivers the lowest energy exo-
anti complex.

2.2. Dipolar Interactions. A sizable dipole moment is the
consequence of charge separation within a molecule, leading to
its relative destabilization in the gas phase compared to a polar

medium.'” In a polytopal rearrangement, there is charge
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redistribution among the ligands, altering dipole moments,
leading to attendant increase or decrease in repulsive forces
especially between anionic ligands. Analysis of the endo to exo-
anti isomerization points to a substantial degree of dipolar eftects
(cf. Figure 8).

Representation of dipole moments as a function of the
reaction coordinate, depicted in Figure 8a, suggests a strong
correlation with the O'—Ru—I angle (Figure 8b, red curve). The
increased polarity of exo-syn (9.5 D, Figure 8A) originates from
the syn arrangement of the anionic ligands (O' and I), whereas
their anti relationship points to an overall dipole minimization, as
observed in endo and exo-anti complexes (3.5 and 3.9 D,
respectively). The high dipole moment of exo-syn (vs endo) is
likely the reason for its destabilization in the gas phase (E, = 6.0
kcal/mol), while there is a significant lowering of its energy in
polar media (see above).

A consequence of the O' protonation is the lowering of
electron—electron repulsion between the lone pairs on the
anionic ligands that are in a syn relationship; this is evidenced by
the decrease in O'—Ru—I angle (90.5° in exo-syn vs 81.9° in exo-
syneH"; Figure 8b, blue curve). We calculate that exo-syneH" is
stabilized by 11.6 kcal/mol relative to exo-syn, whereas exo-
antieH" is only 1.8 kcal/mol lower in energy compared to exo-
anti (Figure 8A,B). The generation of secondary H-bonds, as
shown in Figure 8¢, underscores the ability of a proton to
decrease electronic repulsion through more than a single point of
contact. The O%--H interaction in endoeH*, which gives rise to
diminution of charge repulsion between the anionic O' and the
neutral O? is ruptured in favor of an H-bond with the iodide in
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intOeH" — ts4eH". The O*-H association is re-established in
exo-antieH" when the I---H interaction is no longer viable.

The impact of dipolar effects on transition states ts2¢ H" and
ts4eH" is illustrated in Figure 8C. In addition to reducing
donor—donor interactions between O' and C? in ts2eH",
minimization of electron—electron repulsion between the lone
pairs on the anionic ligands leads to substantial stabilization
relative to ts2 (—22.3 kcal/mol). On the other hand, the higher
donor—donor interaction between I and C* in ts4eH" (cf. Figure
7) is only partially compensated by the lowering of electronic
repulsion by the I---H to result in a minor stabilization relative to
ts4 (—5.5 kcal/mol).

3. Stabilization of Intermediates and Transition States
through an Agostic Interaction. Two related types of metal—
ligand association have been put forward as crucial in
determining the energetics of the polytopal rearrangements.
One interaction corresponds to the isomerization converting the
endo complex to its exo-anti isomer, proceeding via ts2; the latter
transition structure contains an incipient stabilizing C—H agostic
interaction®” that can decrease the barrier to octahedral int2 (cf.
Figure 2). Further analysis of the geometry of int2 shows that the
C—H bond involved in the agostic interaction undergoes
significant elongation (1.18 A) relative to the nonparticipating
C—H bonds (1.10 A).** Various Ru(II) complexes®*** have
indeed been shown to contain agostic interactions that, in some
instances, result in C—H insertion. 2526 An analogous association
corresponds to a coordinatively unsaturated center being
stabilized through an interaction with the Lewis basic z cloud
of an aromatic rmg 54 As depicted for int0eH* (Figure SA), the
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same type of metal—ligand interaction might be at play when the
endoeH" is transformed to the exo-syneH" complex.

4. Mechanistic Implications Regarding the Role of
Anionic Ligands on Olefin Metathesis Reactions and
Catalyst Design. The investigations detailed above point to the
critical role of anionic ligands within a Ru-based carbene complex
in determining the facility with which polytopal rearrangements,
whether OM-based or otherwise, proceed. Our investigations
imply that examination of the mechanistic details of catalytic OM
reactions or efforts toward designing efficient and stereoselective
Ru-based complexes should take into account the influence of
anionic ligands on the stability of the relevant transition states
and intermediates. Below, we provide illustrative instances
regarding a mechanistic investigation, a diastereoselective
reaction development, and a catalyst design initiative.

4.1. Influence of Anionic Ligands on the Energetics of OM
Reactions. Several investigations’” >' have explored the
structure—activity relationship of the first-**** and second-
generation”®” Ru complexes regarding the effect of the neutral
phosphine®’***?“"8 or NHC® units and that of anionic
groups.”” Substitution of the chlorides with other halides,””
sulfonates,”*® triflate,** carboxylates,”®** perfluorocarboxy-
lates,>~*! isocy;inel'ces,39d’e perhalophenolates,* nitra-
tes,”8371% alkyl groups,’® and thiolates*’ has been demon-
strated to influence the rate of OM reactions. In most cases, a
significant increase in reactivity has been observed for strongly o-
donatingzgg’h’44 and sterically bulky***" NHC**® and electron-
withdrawing anion ligand combinations.””*
the development of stereoselective complexes, however, the
majority of efforts have been centered on steric modification of
neutral (NHC) groups.>***® Catalyst development based on
alteration of the anionic units has been less common, and it is

In connection with
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only more recently that research efforts have resulted in
identification of stereoselective Ru complexes where alteration
of such ligands has played a critical role (cf. 4—6, Scheme
2) 9104324528

To elucidate further the importance of anionic ligands, we
chose to probe the details of a degenerate process involving a
dimethoxide versus a dichloride complex.*® Typically, in such
instances, the diminished reactivity of Ru carbenes with the more
strongly donating units (e.g, OMe) is attributed to the low
binding affinity of a substrate.>’ The investigations detailed
above show that there are other prominent electronic factors that
originate from anionic units and impact reactivity and stereo-
selectivity. To highlight the fundamental similarities between
non-OM-based polytopal rearrangement and OM, we set out to
extend the orbital analysis originally put forth by Straub;*® the
results of such studies are presented below.

The energy diagram for nonproductive CM involving propene
in dichloromethane, a process that results in a side change of the
carbene unit (14ely — 14e2y; X = Cl, OMe), is presented in
Figure 9.'® We opted for the electronic energy (AE in kcal/mol)
as the descriptor since it reflects the individual enthalpic
contributions. Furthermore, we selected the M06-L functional®
since it has been shown to reproduce bond dissociation energies
more correctly due to superior treatment of noncovalent
interactions (vs BP86, values for which appear in parenthe-
ses).ng_d

Analysis of the barriers associated with the potential energy
surfaces indicates that alkene association/dissociation as well as
OM-based rearrangement are energetically less favored with the
stronger 7-electron donating methoxide ligands. Binding of an
alkene to the coordinatively unsaturated Ru-dimethoxide
(14elgy) is favored by —4.7 kecal/mol (red path, Figure 9),
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affording 7 complex pclgy, with a “vertical” carbene; here, the
substituents are oriented toward the NHC and the bound
propene (the term “inactive” has been previously used).”®
Rotation of the Ru=C to the “horizontal” (or “active”) form
(substituents perpendicular to the NHC and the coordinated
propene) followed by cycloaddition affords mcbgy,. The
sequence involving the dichloride complex (blue path, Figure
9) has several notable attributes. Alkene coordination is more
exothermic (—12.6 kcal/mol), partly due to the higher energy
LUMO (d,?) of 14e1y and diminished Lewis acidity of the Ru-
dimethoxide.>* Furthermore, the Ru=C is horizontally disposed
in pclgy, ready for the cycloaddition that generates mcb,;, an
intermediate that is significantly lower in energy than its
dimethoxy counterpart (mcbgyg). The low substrate binding
affinity in the case of the Ru-dimethoxide species, combined with
a higher barrier toward OM-based rearrangement (pcloye —
tslone), result in an overall higher free energy barrier (AG in
kcal/mol) compared to the Ru-dichloride (cf. Figure 10).%*

ts1 ope ts201e
18.9 18.9
(32.3) (32.3)

AG [keal/mol]
MO6L/basis2py,//MO6L/basIS 1445 phase
(BP86/basis2p,,//BP86/basis1

reaction coordinate

gas phase
N

Figure 10. The effect of Cl (blue) and OMe (red) ligands on
nonproductive CM with propene. Surface of the Gibbs free energy
(AG) in solution (dichloromethane) referenced to 14e complexes at the
MO6-L/basis2 level of theory; values calculated with BP86/basis2 are in
parentheses. pc = 7 complex, mcb = metallacyclobutane, ts = transition
state.

The differences in the degree of donor—donor interactions as a
function of the nature of the anionic ligands shed significant light
on the origin of reactivity differences between the dichloro and
bis-methoxide Ru complexes. Therefore, as a result of stronger
trans influence, the MeO—Ru—OMe angle is smaller, a
geometrical preference that, nonetheless, gives rise to
electron—electron repulsion between the electrons in the p,
orbital on the alkoxides and those in the filled d,, orbital. As has
formerly been pointed out, alleviation of the latter destabilizing
interactions can be achieved through 7-back-donation, which is
only feasible when the carbene adopts the vertical position so
that its vacant p orbital is properly aligned (Figure 11b, right).**
Elongation of the Ru=C>* upon olefin coordination (pcloye)
and its subsequent rotation into the necessary horizontal form
needed for formation of mcbgy,, diminishes z-back-donation. As
a result, the repulsion involving the electrons in the Ru d,, and
those in the anion’s p, orbital increases; to curtail this unfavorable
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interaction, the MeO—Ru—OMe angle must expand (Figure
11b, left).>® The latter adjustment elevates trans influence and
repulsive 77-donation involving the electrons in the p, orbitals;
this results in an elongation of the Ru—OMe bonds (Figure 11d)
and substantial accumulation of charge on the alkoxide ligands
(Figure 1le). The reason as to why the carbene prefers the
vertical orientation in pclgy, might be because steric repulsion
between the bound alkene and the carbene substituent (Figure
11a) costs less than an increase in anionic donor—donor
repulsion. It is for the same reason that formation of mcbgy,, is
more demanding, as it is accompanied by a substantial widening
of the MeO—Ru—OMe angle (9.3°, Figure 11a and 11c).

The aforementioned trans influence is less severe in the case of
less donating ClI ligands, which are better able to accommodate
an increase of electron density. The Cl—Ru—CI angle can
therefore be more linear (blue curve in Figure 11c) and the Ru=
C in pclg can adopt the sterically less demanding horizontal
form where the substituents point away from the sizable NHC or
the bound alkene (Figures 9 and 11a). It is for these reasons that
conversion of pclg to mcbg demands a less significant
expansion of the Cl—Ru—Cl angle (Figure 1lac), a lower
increase in Ru—Cl bond length (Figure 11d), and a smaller
enhancement of charge accumulation on the anionic ligands
(Figure 11e). Accordingly, more of the needed structural change
en route to mcb formation takes place upon alkene coordination,
rendering the subsequent cycloaddition step more facile.

The above analysis demonstrates that the influence of the
anionic ligands within a Ru-based OM catalyst can be critical on
several levels. Depending on the nature of anionic ligand, the
rate-determing step can be altered from olefin association/
dissociation to mcb formation/breakage (cf. Figure 10).

4.2. Electrostatic Interactions Involving Anionic Ligands
and Ru-Catalyzed OM with Allylic Alcohols. The presence of an
allylic substituent in an alkene substrate typically leads to
significant attenuation of efficiency in catalytic OM. Such
diminished reactivity might be the result of steric repulsion
imposed by an adjacent secondary alkyl or aryl group or due to
electronic deactivation imposed by a heteroatom-based sub-
stituent. It is thus anomalous that an allylic alcohol, even one that
is tertiary, reacts at substantially faster rates and requires lower
catalyst loadings.”” Moreover, alcohol additives facilitate certain
OM processes,” and the presence of acetic acid has been shown
to accelerate RCM of diethyl diallylmalonate.>

A combination of two effects likely explains the above
variations in reactivity: (1) Electrostatic attraction (H-bonding)
between a chloride of the Ru complex and the substrate’s
hydroxyl group strengthens substrate binding (Scheme 6).%°
Inspired by the latter concept, a number of OM-based synthesis
strategies have been successfully devised.®" The hydroxyl-based
electrostatic interactions probably have a similar origin as the
Brensted acid-catalyzed polytopal rearrangements. (2) Addi-
tionally, as illustrated in the representative case in Scheme 6,
minimization of the destabilizing donor—donor interactions that
probably exist between the two anionic chloride ligands in Ru—
alkene complex 20 and mcb 21 might serve as the reason for the
lowering of the barrier for the OM-based polytopal rearrange-
ment. Furthermore, similar electrostatic associations can reduce
the barrier to the CM step needed for efficient catalytic turnover,
a principle manifested by conversion of intermediate 22 to
ROCM product 25 via H-bonded complex 24. Such stabilizing
effects, promoted by relatively weak proton donors within a cross
partner molecule, are sufficient to ease an OM process.
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influence in determining the facility with which OM reactions A 2 I \
proceed is central to the design of stereoselective catalysts. The g : R
brief analysis provided below corresponds to two recent HO oy 20 SHUVANene, 220 Rl g OH
examples. 1.0 h, 93% yield
4.3.1. Enforcing Syn Orientation of Anionic Ligands by a 96% Z

Linker. Complex I in Scheme 7 represents the type of
intermediates involved in the typically E-selective OM reactions
promoted by the commonly used Ru dichloride catalysts.*® As
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previously indicated,'”%* the preference for I is partly due to the

destabilizing electron—electron repulsion and a large dipole
moment in the alternative II, which is derived from olefin
association® and cycloaddition syn to the NHC. Metallacycles
represented by II possess the proper steric environment for
generating Z alkenes.*

In designing a strategy that would favor the intermediacy of II,
we evaluated the possibility of positioning an H-bond between
the iodide and O' ligands in the hope that it would result in
sufficient diminution of unfavorable dipolar effects involved in
the conversion of 14endo-anti to 16exo-syn (via ts2eH*; cf.
Figure 8). We wondered whether similar electrostatic stabiliza-
tion could influence the equilibrium between the two isomers I
and II (Scheme 7) in favor of the latter. Eventually, we judged
that the reduced propensity of a halide ligand to serve as the sole
H-bond acceptor renders such an approach unfeasible (vs a
proton bridge between a halide and phenoxide O' in Figure 8 or
the hydroxyl group in Scheme 6).

We then envisaged that a covalent linker between the anionic
ligands in II might offer a solution for overcoming the
aforementioned unfavorable dipolar effects as well as provide a
way for excluding the intermediacy of I (Scheme 7). We opted to
replace the Cl atoms with a dithiolate unit (cf. 27a,b, Scheme
7). As the representative cases in Scheme 7 indicate, bis-sulfide
complexes 27a and 27b promote efficient and exceptionally Z-
selective ring-opening metathesis polymerization (ROMP) and
ROCM reactions. In addition to underscoring the crucial role of
anionic groups with a Ru complex, the latter advance highlights
the positive influence of a covalent linker® between such ligands
on Z selectivity.

4.3.2. Effect of Bidentate Anions on the Geometry d® Ru
Carbene Complexes. A critical consequence of restricting the
anionic ligands within a small ring structure is that the complex
wherein the two negatively charged donor groups are syn to the
NHC group is disfavored; hence, addition of an alkene anti to the
NHC ligand is no longer possible. The basis for such a preference
merits a brief discussion.

Achiral complexes such as Ru-dichlorides (e.g., 1, Scheme 2)
preferentially adopt an sp geometry, wherein the halide ligands
are situated trans to one another and are syn to the NHC. In
contrast, as illustrated in Scheme 8a, the small bite angle in the
dithiolate group of 27b (88.1°)'® enforces a distorted sp
geometry, wherein the sulfur atoms are forced to be syn with one
residing trans to the N-heterocyclic moiety. The corresponding
high-energy tbp system 28, mentioned above, with both sulfide
units positioned syn to the NHC, represents the higher energy
transition state through which the enantiomers of the stereo-
genic-at-metal complex (R-27b — $-27b) interconvert by a non-
OM based polytopal rearrangement.

Why does a complex such as the tbp species 28 represent a
transition state, while a dichloride Ru carbene, such as 1 or 2
(Scheme 2), corresponds to the lowest energy state?

In a d®RuL,;X, complex with a strongly o-donating and 7-
accepting Ru==C the preferred electronic configuration is one
where the d,>_ orbital is unoccupied while the d,, orbital is
filled."” As illustrated in Scheme 8b (III), such an arrangement
allows for efficient o-donation of the electron density in the
carbene’s sp® orbital into the de_y as well as efficient back-
donation from the transition metal d,, into Ru=C’s p orbital
(IV, Scheme 8b). The anionic halide ligands can establish a
stabilizing overlap with the vacant d,2_ orbital (cf. II, X = CI).
Equally noteworthy is that, as shown in IV, a lowering in the X—
Ru—X angle results in a weak filled—filled interaction with the
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Scheme 8. Effect of a Small Linker Between the Anionic
Ligands on the Preferred Geometry of d® Ru Complexes
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occupied d,, orbital, enhancing back-donation with the
carbene.”® In contrast, a significant reduction of the X—Ru—X
angle through a small covalent linker, as is the case with 28
(88.2°), causes unfavorable electronic effects (see Scheme 8¢).'®
Not only is the association of the bidentate dianionic ligand with
the empty d,>_,? orbital nearly nonbonding (V, Scheme 8c), there
is a destabilizing filled—filled interaction between the sulfide
electrons and those in the occupied d,, orbital (V1).% The latter
factors combine to raise the energy of 28 by approximately 32
kcal/mol above that of 27b.

4.3.3. Relevance to Other Z-Selective Ru-Based Catalyst
Systems. Unlike the aforementioned set of Z-selective dithiolate
complexes, where anti-to-NHC approach is hindered by a sulfide
ligand, in the reactions performed in the presence of Ru carbene
S either syn- or anti-to-NHC mode approach is possible. As a
result, the preference for the intermediacy of complex VIII,
which accounts for the observed Z selectivities,' versus the
presumably E olefin generating VII (Scheme 9), might partly
arise from electronic control through the anionic ligand.”™ As has
been previously suggested, a pathway through VIIIL is favored due
to a combination of several steric and electronic factors.®® What is
more, however, complementary factors that originate from the
electron donating ability of the anionic ligands might be at work

Scheme 9. Electronic Differentiation between Syn-to-NHC
and Anti-to-NHC Approach Induced by an Anionic Alkyl

Ligand
MesN/T_/\N MesN/\_\r\N
Ruiz } = Ru’\é E; }
eo—N\ R R§¢R1
®d 005y,
Ry VII i @ VI

more favorable trans influence
involving the NHC and nitrate

less favorable trans influence
involving anionic adamantyl and nitrate
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as well. It is likely that complex VII, the intermediate leading to
the to E-alkene products, is less preferred since it suffers from
trans influence involving the nitrate and the strongly donating
anionic adamantyl ligand. In the mode of reaction (VIII) that
results in the formation of the Z isomer, it is the less strongly
donating neutral NHC (vs carbanionic) ligand that resides
opposite to the O-based unit.

B CONCLUSIONS

The investigations detailed in this report highlight the
importance of an assortment of factors associated with the
anionic ligands that govern polytopal rearrangements of Ru-
based carbene complexes. Detailed DFT analysis of thermally
induced as well as Brensted acid-catalyzed non-OM-based
polytopal interconversion of Ru complex 14endo-anti to
17exo-anti (cf. Scheme 4) provide the following insights and
rationales for several experimental findings:

(1) Isolation of the high-energy but kinetically stable Ru
complex 14endo-anti is due to unfavorable interactions within
intermediates and transition states that this entity faces en route
to a lower energy isomer; the energetically costly associations
stem largely from the influence of the anionic ligands. Such
hurdles are overcome at 60 °C to afford the thermodynamically
preferred 17exo-anti.

(2) Significant donor—donor interactions in Ru-based
carbenes engendered by anionic ligands are revealed through
correlation of the negative charge accumulation upon the change
in geometric parameters (e.g., trans relationship). Such analyses
point to unfavorable charge accrual on the iodide and phenoxide
ligands (O') when positioned opposite to the electron-donating
carbene groups [i.e., C' (NHC) and alkylidene C* in Figure 7].

(3) The increase in the dipole moment of intermediates and
transition states in the course of polytopal rearrangements
originates from the tightening of the angle between the two
anionic groups (Figure 8) and results in an increase in charge
repulsion. These destabilizing structural and electronic alter-
ations (listed above in points 2 and 3) accumulate in the rate-
determining transition state for the thermally promoted
isomerization (cf. ts2, Figure 1).

(4) Analysis of the potential energy surface for rearrangement
of Ru complex endo versus endoeH' points to a significant
minimization of donor—donor interactions and dipole moments
in the ensuing structures involved in the polytopal rearrange-
ment. The presence of the Lewis acid alters the rate-determining
step from transition state ts2 to ts4eH" (Figure 4), such that the
metastable intermediate 16exo-syn becomes isolable (cf. Scheme
4).

(5) Accumulation of electron density on the anionic
phenoxide ligand (O") in transition complex ts2 is compensated
by the acid additive, resulting in diminished donor—donor
interaction with the alkylidene C?%; this is reflected in the
lengthening of the Ru—O" bond (Figure 7).

(6) The high dipole moment in ts2, which arises from charge
repulsion between the two anionic ligands (I and O'), is
minimized due to protonation and formation of ts2eH". This is
indicated by an additional H-bond between the iodide and the
phenoxide ligands leading to tightening of the [-Ru—O" angle
(Figure 8).

(7) Unlike the influence of a Brensted acid on isomerization of
14endo-anti to 16exo-syn, partly emanating from the differences
between ts2 and ts2eH", protonation of ts4 has little impact on
the rate of conversion of 16exo-syn to 17exo-anti. Such
dissimilarity in the influence exerted by the protic acid allows
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for isolation of 16exo-syn as the exclusive product upon
treatment of high energy but kinetically stable 14endo-anti
with HOAc. Heating of 16exo-syn leads to the lowest energy
complex 17exo-anti.

The impact of anionic ligands and control of electronic forces
that is a consequence of their presence has led to a number of
mechanistic insights and successful development of Z-selective
Ru-based catalysts. Specifically, the following principles should
be underscored:

(1) The improved activity of Ru dichlorides versus the bis-
methoxides originates from the unfavorable trans relationship of
the more strongly electron donating methoxide ligands (vs CI).
The impact of anionic units (X = Cl vs OMe) in second-
generation Ru systems on the barrier for nonproductive OM with
propene (Figures 9 and 10) exhibits an analogous correlation of
geometric parameters (i.e., X—Ru—X bond angles) with negative
charge build-up on the said ligands (Figure 11).

(2) In line with the lower barriers associated with the non-
OM-based rearrangement in the presence of a Lewis acidic
proton, the effect of H-bonding on efficiency of OM reactions
with allylic alcohols can be accounted for.

(3) An exceptionally Z-selective Ru-based catalyst has been
developed by way of manipulation of anionic ligands so that
unfavorable dipole—dipole interactions and electron—electron
repulsive forces are countered, obviating the anti-to-NHC olefin
approach and mcb formation that results in E-selective processes.
A sulfur-based dianionic ligand was incorporated into the catalyst
structure to enforce the syn-to-NHC mode of mcb production,
resulting in high Z selectivity. Related effects involving anionic
ligands play a seminal function in the effectiveness of another
class of Z-selective Ru-based OM catalysts.

Design and development of efficient and stereoselective OM
catalysts based on the mechanistic principles and insights
described above are in progress in these laboratories.
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B NOTE ADDED AFTER ASAP PUBLICATION
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