Open Access Article. Published on 25 April 2024. Downloaded on 2/20/2026 7:27:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton
Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

DLPNO-CCSD(T) and DFT study of the acetate-

assisted C—H activation of benzaldimine at

Cite this: Dalton Trans., 2024, 53,
8662
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polar protic mediat
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* and Maria Ruiz

To gain mechanistic insights into the acetate-assisted cyclometallations of arylimines promoted by
[RuCly(p-cymene)l, in polar protic media, DFT geometry optimizations (with MO6 and wB97X-D3 func-
tionals and the cc-pVDZ-PP[Ru] basis set) followed by DLPNO-CCSD(T)/CBS energy evaluations were
performed using benzaldimine as a model substrate and methanol as the solvent (with CPCM or SMD
models). The calculation results show that coordination of the imine to an acetate ruthenium precursor is

followed by anion (chloride or acetate) dissociation as the rate-determining step of the process.
H-Bonding of two explicit MeOH to the anion reduces the calculated activation energy to ca. 23 kcal
mol™, in good agreement with the experimental half-life at room temperature. Subsequent AMLA/CMD

C-H activation of the intermediate cationic complexes is a faster, reversible process. Alternative reaction

pathways involving neutral diacetate ruthenium complexes offer AMLA/CMD transition state structures of

lower energy but are precluded due to higher energy barriers for the initial ligand exchange processes at

ruthenium. Solvent assistance accelerates the final chloride/acetate exchange processes on the cyclor-

uthenate intermediates, particularly when compression in the condensed phase is taken into consider-
ation. The performance of six DFT functionals (with the aug-pVTZ-PP[Ru] basis set) was assessed using
the DLPNO-CCSD(T)/CBS reference energies. Neutral diacetate ruthenium complexes were incorrectly
predicted as being kinetically relevant when using hybrid DFT methods (PBEO-D3(BJ), M06-2X or
wB97M-V). Good agreement between the calculated barrier heights and our benchmark energy results
was obtained by using double-hybrid DFT methods. PWPB95 with D3(BJ) or D4 dispersion energy cor-
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1. Introduction

Transition-metal-catalyzed C-H bond functionalizations have
emerged as essential tools in organic synthesis. Among widely
used transition metals, ruthenium has powerful advantages
for C-H activations, including high versatility, broad func-
tional group tolerance, and relatively low cost." In particular,
carboxylate-assisted ruthenium(u) catalysis constitutes a
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rections was found to be the most accurate (AG* MUE of ca. 1 kcal mol™). This study may aid our under-
standing of and help with further experimental investigations of synthetically useful carboxylate-assisted
C-H bond functionalizations involving (N,C)-cyclometallated (p-cymene)Ru(i) intermediate complexes in

reliable tool for either directed or nondirected C-H
activations.” These features have enabled the employment of
non-hazardous, renewable, and environmentally benign sol-
vents for the development of sustainable ruthenium(u)-cata-
lyzed C-H functionalizations.®

Chelation assistance has proved instrumental for enhan-
cing the site-selectivity of ruthenium catalyzed C-H activation
and functionalization. The transformation requires binding of
a directing group (DG) to the metal center, formation of a key
ruthenacyclic intermediate and subsequent functionalization
or annulation. Heterocycles with a strongly coordinating nitro-
gen atom (pyridine, oxazoline, pyrazole...) have been success-
fully utilized as DGs in these aromatic C-H bond transform-
ations (see Scheme 1). In many of these processes [RuCl,(p-
cymene)], was revealed as an optimal, bench-stable, commer-
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Scheme 1 Ruthenium(i) catalyzed C—H functionalization or annulation
of arenes equipped with N-containing DGs. L stands for n°-arene co-
ligand and X for carboxylate or chloride.

cial catalyst precursor.? Moreover, many cyclometallated
(p-cymene)Ru(u)-complexes formed in this way could be iso-
lated® and were shown to be key intermediates and catalytic
species® for the functionalization of arenes. Since many of the
N-containing heterocycles, such as aryl substituted pyridines,
may be difficult to modify or remove, the use of imines consti-
tutes a more efficient synthetic alternative. Imines are readily
accessible, inexpensive, can undergo a variety of chemical
transformations and prove to be one of the most efficient tran-
sient DGs reported to date in transition-metal-catalyzed func-
tionalizations.” Thus, following on from an early report by Oi
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Chart 1 AMLA/CMD TS structures for carboxylate-assisted ruthenation
of C—H bonds. DG stands for directing group, L stands for 7°-arene co-
ligand and X for carboxylate or chloride.
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and Inoue,® efficient arylations,’®>“ alkylations,”® annula-
tions'® and amidations'! of arylimines by carboxylate-assisted
(arene)ruthenium(u) catalysis have been developed. Moreover,
recent examples reveal the convenience of employing polar

protic solvents, such as alcohols”*'*”* or water® in such func-
tionalizations to achieve efficiency and sustainability
improvements.

Different mechanistic possibilities have been considered
for the activation of C-H bonds by transition metal com-
plexes."” The generally accepted proposal for carboxylate-
assisted C-H activations involves coordination of the substrate
to the electrophilic metal to form a complex with increased
acidity that facilitates subsequent deprotonation by a carboxy-
late group in either an intra- or intermolecular'® fashion (see
Chart 1). When cleavage of the C-H bond and formation of the
carbon-metal bond take place in a concerted fashion, fre-
quently involving a 6-membered transition state (TS), the
process is known as “concerted metalation-deprotonation”™*
(CMD) or “ambiphilic metal-ligand assistance”'**'> (AMLA)."®

Most of the current knowledge of the mechanism of carbox-
ylate-assisted C-H activations by ruthenium(u) complexes is
based on computational evidence."” DFT studies covering the
reactions of phenylpyrazoles,'® benzylamines,'® phenylpyri-
dines,?® N-aryl-oxazolidinones,> naphthols,”* aryl carboxylic
acids,”® arylphosphonates,?*  arylacetamides,'®***  benza-
mides,*® pyridylindoles,”” phenylketones,*® hydroxy-chro-
mones® or phenylimidazoles®® promoted by [RuCly(p-
cymene)], and acetate anions (or preformed Ru(OAc),(p-
cymene)) support initial substrate (A) binding to the ruthe-
nium precursor (B) followed by dissociation of a ligand (from
C) and creation of a key intermediate with a vacant site at
which the M-C bond can form (see Scheme 2). Most of these
electrophilic intermediates are cationic in nature (D*)*' but
alternative routes involving neutral intermediates equipped
with two acetate ligands bound to the ruthenium (F%) and
showing 17°-#* slippage®” or substitution of the arene co-ligand

6,
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Scheme 2 Routes involving cationic and neutral intermediates for C—H activation at Ru(i)(arene) complexes. DG stands for directing group, X
stands for chloro or acetate, L stands for arene, solvent or substrate as 7?-ligands.
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by solvent or a second substrate molecule*® have been also
reported. From either cationic or neutral intermediates the C-H
activation event (to E* or G", respectively) is followed by final
HOACc exchange to form a stable cycloruthenate complex (H) or
enable a subsequent functionalization process. In some of these
DFT studies the C-H activation events were claimed to be rate
determining®'8:200:21:23¢:24.264  although  transition states for
initial anion dissociation, ligand substitution or final HOAc
exchange at ruthenium were not located and the corresponding
energy barriers were assumed to be diffusion-controlled.>* Thus,
the potential kinetic relevance of ligand exchange processes at
ruthenium has been overlooked and further quantum mechani-
cal calculations on carboxylate-assisted C-H activations by ruthe-
nium(u) complexes are required.

Although a number of examples of stoichiometric or cata-
lytic C-H bond activations and functionalizations of arenes
equipped with N-containing DGs by ruthenium(u) are present
in the literature,"® to the best of our knowledge, no compu-
tational studies have been disclosed for the cyclometallation of
arylimines or for the involvement of discrete molecules of
polar protic solvents in directed C-H bond activation events
promoted by Ru(u)(p-cymene) complexes.*>>*® Thus, herein we
introduce a detailed computational study of the cyclometalla-
tion of N-phenyl benzaldimine (A) promoted by [RuCl,y(p-
cymene)], (B®) and acetate anions in methanol. The main aims
of the study are directed to the evaluation of reaction pathways
involving cationic or neutral electrophilic ruthenium species
in the C-H activation process, the identification of the rate-
determining step (RDS) and the establishment of the preva-
lence of kinetic or thermodynamic control for the global
process. For these purposes the effect of the polar protic
solvent on geometry optimizations and energy evaluations has
also been considered. In addition, selected hybrid and double-
hybrid DFT methods among the top performers in the MOR41
and MOBH35 databases®” were evaluated against our bench-
mark results to localize an accurate scheme of reduced compu-
tational cost for the study of the thermodynamics and kinetics
of these cyclometallation processes. Our calculations in metha-
nol as a solvent show that the C-H activation event is revers-
ible and kinetically irrelevant and that the rate of cyclometalla-
tion should be determined by ligand exchange processes at the
ruthenium intermediate complexes.

2. Results and discussion

Calculations reported in this paper were performed for the
model system shown in Scheme 3, that is, the reaction of A
with stoichiometric B® in the presence of 2 equivalents of
acetate anions (sodium cations were excluded) leading to
chloro ruthenacycle H. The computational protocol involved
geometry optimizations using M06*® and wB97X-D3*° func-
tionals in combination with a polarized double- basis set and
an effective core potential for ruthenium (cc-pVDZ-PP[Ru]) fol-
lowed by highly accurate yet computationally efficient energy
evaluations with an approximate local coupled-cluster
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Scheme 3 Model reaction system under study.

method® and extrapolation to the complete basis set limit
(DLPNO-CCSD(T)/CBS level).*" The influence of the polar protic
solvent on the geometry optimization process and final energy
evaluations have been considered with a hybrid explicit-implicit
solvent model,”> by using polarizable continuum solvation
models (CPCM and SMD)* but also including explicit molecules
of MeOH. The discussion of the theoretical calculations is pre-
sented in terms of the quasi-harmonic®* Gibbs energies in
methanol at 298 K corrected for the change from the gas phase
(1 atm) to two different standard states in solution (with either a
solute concentration of 1.0 M or a liquid methanol concentration
of 24.6 M) to better reflect the experimental conditions (see
Rationale for the selection of methods and Computational
methods in the ESI} for further details). To enable a comparison
of the competitive reaction channels the ruthenium dimeric pre-
cursor B, imine A, acetate and an adequate number of methanol
molecules were taken separately as zero for the quasi-harmonic
Gibbs energies. Throughout the whole article, the difference in
Gibbs energy between an intermediate or TS structure and the
global reference is abbreviated to AG,.

This work is divided into four sections. The first one is
related to the pre-activation of ruthenium precursors and the
formation of key electrophilic intermediates. The second
section describes the C-H activation event and the third one
the final ligand exchange processes at the most significant
ruthenacyclic intermediate. In the fourth section the compe-
tence between reaction pathways is discussed and the lowest
energy profile and the RDS are uncovered. The fourth section
is divided into three subsections that include separate analyses
of the results obtained using the CPCM or SMD solvation
models and a final comparison with the experimental results
that supports the computational results. In the first, second
and third sections, energy barriers and relative Gibbs energies
calculated at the DLPNO-CCSD(T)/CBS(CPCM) level after geo-
metry optimizations with the M06 functional are reported first,
followed by the corresponding values, between brackets, calcu-
lated at the same level on the wB97X-D3 geometries. For com-
parison purposes, a third set of energy values calculated at the
DLPNO-CCSD(T)/CBS(SMD) level on the ®B97X-D3 geometries
are reported last, in brackets and italics.

2.1. Pre-activation by anion dissociation and ligand exchange
processes at ruthenium

The reaction of the dimeric dichloro(p-cymene)ruthenium pre-
cursor (B®) with acetate in methanol was studied first. Kinetic

This journal is © The Royal Society of Chemistry 2024
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evidence reported by Bassetti et al®® indicates that this
process should be initiated by ruthenium-chloro bond break-
ing, release of chloride and the formation of a cationic inter-
mediate (see B’* in Scheme S2 of the ESIY). Such a dissociation
process was calculated to be endergonic by 2.7 [0.9] kcal mol ™
and showed an activation energy of 20.2 [18.9] kcal mol™".
Next, acetate/chloride exchange processes also take place easily
on ruthenium at room temperature, to give chloro-acetate
derivative B' and diacetate derivative B> as key cyclometallation
promoters (see Chart 2).

Formation of chloro-acetate derivative B' from ruthenium
dimeric precursor B® was calculated to be exergonic by 8.3 [9.0]
[2.8] keal mol™" while diacetate derivative B> lies at —11.9
[~12.0] [2.1] keal mol™". Solvent-assisted dissociation of B' or
B” led to the solvated (B*) and the unsolvated (B*) cationic
precursors, which were characterized to be higher in energy
than the starting compounds, at 5.6 [5.8] and 21.7 [19.1] kcal
mol ™", respectively. Solvent-assisted dissociation of B> to form
free p-cymene and mono-, di- or tri-solvated Ru(OAc), com-
plexes was calculated to be endergonic by more than 25 kcal
mol " (see ESI, Scheme S37). These results are consistent with
the intermediate species identified by "H NMR in the cyclome-
tallations of 2-arylquinazolines with [RuCl,(p-cymene)], and
KOAc in MeOH as the solvent.>

Binding of ligand A to monomeric precursors B" or B> takes
place by coordination of the nitrogen atom to ruthenium (see
Scheme 4, entry a). Such coordination processes involve TS
structures TS(B'-C") or TS(B>*-C?) located at 8.5 and 6.4 [9.7
and 6.6] [19.3 and 16.9] kcal mol ™" and give rise to the chloro-
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Chart 2 Acetate derivatives from [RuCl,(p-cymene),], dimer opening.
Relative quasi-harmonic free energies (in kcal mol™) calculated at the
DLPNO-CCSD(T)/CBS(CPCM) level in methanol (298 K, 1 M) using geo-
metries optimized at the MO06/cc-pVDZ-PP[RUl(IEF-PCM) level are
shown in blue. The corresponding values calculated at the same level by
using geometries optimized at the wB97X-D3/cc-pVDZ-PP[Rul(CPCM)
level are shown between brackets in red. Energy values calculated at the
DLPNO-CCSD(T)/CBS(SMD) level in methanol (298 K, 1 M) are shown in
italics.
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acetate complex C* or diacetate complex C> which were found
at 0.2 and —5.8 [-4.1 and —4.8] [2.4 and 4.7] kcal mol ™,
respectively. The loss of an anion from the tetracoordinate
ruthenium intermediates gives rise to the key cationic inter-
mediate, with a vacant coordination site available at the metal.
Dissociation of the chloride at Ru(u) from C' led to cationic
intermediate D" showing a bidentate acetate ligand and lying
at —4.4 [-3.4] [4.0] keal mol ™. Going through TS(C'-D*), such
dissociation required surpassing a AG, of 17.1 [16.4] [23.7]
kcal mol™'. Nevertheless, D" can also be formed by dis-
sociation of acetate from diacetate complex C?, via TS(C>*-D),
which showed a slightly higher AG, of 18.0 [18.4] [26.7] kcal
mol™" (see ESI, Schemes S4a and S4bft). Alternative reaction
pathways to cationic intermediate D* by coordination of ligand
A to cationic precursors B* or B* resulted in a higher energy
by more than 5 kcal mol ™" (see ESI, Scheme S4ct).

From C? equilibria involving slippage of the p-cymene
moiety (from 5% to 5*ligand) and its decoordination or substi-
tution by solvent or a second imine molecule give rise to key
neutral intermediates F¢, F, F%, and F* which are found at 6.6,
16.1, 2.9, and —6.1 [8.2, 18.8, 5.8, and —2.8] [20.3, 31.5, 17.9
and 9.4] kcal mol ™", respectively (see Scheme 4, entry b). Most
stable TS structures for the ligand exchange processes at ruthe-
nium were located on the dissociative pathways. Thus, from F€,
decoordination of the p-cymene moiety through TS(F-F)
required surpassing a AG, of 18.7 [>26.9] [>39.3]*® kcal mol ™
and gave rise to the 16-electron species F. Addition of a solvent
molecule to F, via TS(F-F%), led to the solvated diacetate
complex F%. The lowest energy pathway for the addition of a
second imine molecule to F involved coordination of the
N-phenyl moiety to ruthenium(u), acting as an 5’ligand, to
form the F-A complex, followed by rearrangement to the N,N-
coordinated bis-imine ruthenium complex F* via TS(F-F*)
which was characterized by a AG, of 19.5 [19.1] [30.0] kcal
mol ™" (see ESI, Schemes S5a and S5bf). Competing TS struc-
tures in the solvent-assisted interchange pathways from F¢ to
F® or to F* were also located but resulted in higher energies
(see ESI, Scheme S5cft).

2.2. C-H activation events

2.2.1 Pathways involving cationic intermediates. Two reac-
tive conformations could be located for cationic intermediate
D", both showing one ortho C-H bond (at the benzylidene
moiety) pointing to the metal atom, and thus, two different
reaction pathways for C-H activation were considered (see
Scheme 5, entry a). The first pathway departs from confor-
mation D*, which is characterized by an intramolecular hydro-
gen bond interaction between the ortho C-H benzylidene
moiety and the proximal oxygen atom of the bidentate acetate
ligand (C-H---O distance of 2.20 [2.23] A). From D* the «*—«'-
displacement of the proximal acetate arm by the incoming C-
H bond, via sixmembered TS structure cis-TS(D™-E*)1, gives
rise to the agostic intermediate cis-INT(D*-E’), which main-
tains the hydrogen bond interaction (C-H-:-O distance of 2.05
[2.14] A). The second pathway starts from D**, located —1.8
[~1.7] [2.8] keal mol ™" away from D*, which also undergoes dis-
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Scheme 4 (a) Formation of cationic intermediate D* by the reaction of imine (A) with monomeric precursors B! or B2 followed by anion dis-
sociation; (b) equilibria between diacetate complex C2 and neutral intermediates of the F* series by p-cymene slippage or decoordination and substi-
tution by solvent or a second imine molecule. Relative quasi-harmonic free energies (in kcal mol™) calculated at the DLPNO-CCSD(T)/CBS(CPCM)
level in methanol (298 K, 1 M) using geometries optimized at M06/cc-pVDZ-PP[RUl(IEF-PCM) are shown in blue. The corresponding values calcu-
lated at the same level by using geometries optimized at the wB97X-D3/cc-pVDZ-PP[Rul(CPCM) level are shown between brackets in red. Energy
values calculated at the DLPNO-CCSD(T)/CBS(SMD) level in methanol (298 K, 1 M) are shown in italics.
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Scheme 5

(a) C—H activation of the cationic precursor (D* or D**), involving the cationic agostic intermediates (cis-INT(D*-E*) or trans-INT(D*-E))

and intramolecular or intermolecular routes for proton abstraction and formation of the acetate—ruthenacycles (E* and E). (b) C—H activation of the
bis-imine diacetate neutral intermediate F*, involving the agostic intermediate INT(FA-G*) and intramolecular proton abstraction leading to ruthena-
cycle G*. Relative quasi-harmonic free energies (in kcal mol™) calculated at the DLPNO-CCSD(T)/CBS(CPCM) level in methanol (298 K, 1 M) using
the geometries optimized at M06/cc-pVDZ-PP[RUl(IEF-PCM) are shown in blue. The corresponding values calculated at the same level by using the
geometries optimized at the wB97X-D3/cc-pVDZ-PP[Ru](CPCM) level are shown between brackets in red. Energy values calculated at the
DLPNO-CCSD(T)/CBS(SMD) level in methanol (298 K, 1 M) are shown in italics.

placement of the distal acetate arm by the incoming C-H bond
and leads to competing intermediate trans-INT(D'-E). This
intermediate shows a strong agostic interaction that develops
trans to the acetate ligand (C-H and Ru-O bonds are close to
an antiperiplanar disposition) and was calculated to be 0.5
[2.0] [2.7] keal mol™" lower in energy than its cis counterpart.
Going through TS structure trans-TS(D'-E)1 the second reac-
tion pathway must overcome a AG, of 7.4 [8.4] [13.4] kcal
mol™" and thus is favoured over that involving cis-TS(D*-E*)1
by 0.8 [0.4] [2.1] keal mol ™. Related agostic intermediates have
been characterized in previous computational works on
acetate-assisted cycloruthenation but, to the best of our knowl-
edge, this is the first time a trans relationship between the acti-
vated C-H bond and the coordinated acetate has been
reported.*”

Two different pathways for the acetate-assisted C-H acti-
vation event have been considered, involving deprotonation of
the cationic agostic intermediates by either a complexed

This journal is © The Royal Society of Chemistry 2024

acetate or a free one, as depicted in Scheme 5(a). Both deproto-
nation pathways, denoted as intramolecular and inter-
molecular, respectively, may lead to the same acetate-ruthena-
cycle E after a molecule of acetic acid is released. In the intra-
molecular pathway, starting from cis-INT(D*-E*), the x'-acetate
ligand abstracts the proton using the unbonded oxygen atom
and gives rise to cationic intermediate E*, which was found at
—1.0 [-1.5] [6.7] kcal mol™'. The intramolecular pathway
involves the classical AMLA/CMD process, which, going
through the six-membered cyclic TS structure cis-TS(D"-E")2,
must overcome a AG, of 10.9 [10.5] [18.8] kcal mol ™"
Alternatively, the association of a free molecule of acetate to
the activated C-H bond in trans-INT(D'-E) facilitates sub-
sequent intermolecular deprotonation leading to intermediate
E and HOAc. After the association of HOAc with chloride to
form AcOH:-Cl™, the acetate-ruthenacycle E was calculated to
be 18.6 [17.8] [7.1] kcal mol™" more stable than the starting
compounds. Going through TS structure trans-TS(D"-E)2 inter-
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molecular deprotonation (also denoted as the external-CMD
pathway) required surpassing a AG, of 12.4 [13.9] [25.5] kcal
mol ™" and was disfavoured over the intramolecular one by 1.5
[3.4] [6.7] kcal mol™*.*®

2.2.2 Pathways involving neutral intermediates. We next
studied the C-H activation event from the neutral diacetate
precursors of the F* series. Calculations indicate that cyclome-
tallation of the neutral 18-electron derivatives F¢, F°, F* and F*
(with a p-cymene moiety, one or two solvent molecules or a
second substrate molecule acting as n’-ligands, respectively)
also takes place in two consecutive steps with the participation
of an agostic intermediate. The lowest energy pathway for the
C-H activation event on the neutral intermediates departs
from the bis-imine diacetate complex F* (see Scheme 5, entry
b). x>-«'-Displacement of one acetate arm in F* takes place
easily through the six-membered TS structure TS(F*-G™)1,
found at 8.7 [8.9] [17.9] kecal mol™", and gives rise to agostic
intermediate INT(F*-G). From this intermediate, intra-
molecular deprotonation via AMLA/CMD TS structure TS(F*-
G™*)2 requires overcoming a AG; of 3.0 [4.6] [19.5] keal mol™
and gives rise to bis-imine cycloruthenate G*, found at —2.1
[1.6] [14.4] keal mol ".** An equilibrium between cycloruthe-
nate intermediates G* and E, involving departure of HOAc and
one imine molecule as well as coordination of the p-cymene
moiety as a 5°ligand at ruthenium have not been studied in
detail, but were calculated to be exergonic by more than 12
[17] [21] keal mol™" and should also take place easily.
Analogous C-H activation processes starting from neutral
intermediates F, F® or F*® (with the p-cymene moiety or one or
two solvent molecules acting as a °-ligands) required overcom-
ing energy barriers more than 10 kcal mol™" higher in energy
than that calculated for the involvement of F*. Separate
schemes for each of these reaction channels are included in
the ESI (see Schemes S7, S8 and S97).

2.3. Final ligand exchange processes at ruthenacycles

Cyclometallated chloro(p-cymene)Ru(un) complexes have inter-
esting biological®” and catalytic®>“*/ activities. The replace-
ment of the chloride leaving group by a water molecule is
thought to be essential for their mechanism of action in bio-
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logical systems, while the chloro/carboxylate ligand exchange
processes are mandatory for their entrance into the catalytic
cycles of carboxylate-assisted C-H bond functionalizations. As
neither the detailed mechanism nor the kinetic relevance of
the chloro/carboxylate ligand exchange processes at cyclome-
tallated (p-cymene)Ru(u) complexes are yet clear, we decided to
undertake modelling in methanol solution by using the
acetate cycloruthenate E as a model system. At our benchmark
level, the lowest energy route from E to chloro cycloruthenate
H follows an associative pathway with solvent assistance, as
depicted in Scheme 6. Initial acetate/methanol exchange at
ruthenium through TS structure TS(E-H)1-S required surpass-
ing a AG, of 9.3 [10.7] [21.4] kcal mol ™" and led to the mono-
solvated intermediate INT(E-H)"-S (see ESI, Scheme S10at).
Subsequent methanol/chloride exchange on the cationic inter-
mediate takes place through TS(E-H)2-S (AG; of 8.8 [9.5] [17.4]
keal mol™) to afford the chloro cycloruthenate H (see ESI,
Scheme S10bt), which was found to be 19.3 [18.3] [10.6] kcal
mol™" lower in energy than the starting compounds. Thus,
final acetate/chloride exchange on the ruthenacycle is calcu-
lated to be exergonic by 0.7 [0.5] [3.5] keal mol™". Dissociative
pathways for the acetate/chloride exchange, with or without
solvent assistance, and direct acetic acid/chloride exchange on
intermediate E* were also considered but were more than
4 keal mol™" higher in energy (see ESI, Scheme S10ct).

2.4. Competence between reaction pathways

2.4.1 Energy profiles using the CPCM solvation model

2.4.1.1. Standard gas-phase thermochemical analysis. 3D rep-
resentations®® of the optimized geometries and energy plots at
the DLPNO-CCSD(T)/CBS(CPCM) level for the most significant
stationary points located on the competitive pathways are
shown in Fig. 1. Fig. 1(a) plots the energy results evaluated
under standard conditions (1.0 M) after geometry optimi-
zations (in methanol solution) with the M06 functional. The
corresponding plot calculated at the same level by using the
®wB97X-D3 geometries is included in the ESI,T see Fig. S2(a).t
In these plots, relative energies for the pre-activation and C-H
activation processes (from B' to E) are referenced to A+iB® +
2AcO™ while for the final ligand exchange processes on the

CI/FJU\N/Ph

)LH

TS(E-H)2+S H
+CI+AcOHOAC 8.8 [9.5]  +S+CI+AcO~*HOAG -19.3 [-18.3]
+S-CI+ACO +ACOH-CI-[17.4] +S+S-CI-+AcO +AcOH-CI- [-10.6]

Scheme 6 Acetate/chloride exchange and formation of the chloro—ruthenacycle (H). Relative quasi-harmonic free energies (in kcal mol™) calcu-
lated at the DLPNO-CCSD(T)/CBS(CPCM) level in methanol (298 K, 1 M) using the geometries optimized at M06/cc-pVDZ-PP[Rul(IEF-PCM) are
shown in blue. The corresponding values calculated at the same level by using the geometries optimized at the wB97X-D3/cc-pVDZ-PP[Ru](CPCM)
level are shown between brackets in red. Energy values calculated at the DLPNO-CCSD(T)/CBS(SMD) level in methanol (298 K, 1 M) are shown in
italics. Hydrogen bonds are represented by dotted lines.

8668 | Dalton Trans., 2024, 53, 8662-8679 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4dt00380b

Open Access Article. Published on 25 April 2024. Downloaded on 2/20/2026 7:27:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

(a)

View Article Online

Paper

AG®

TS(F-FS)
(1.0Mm) 217
TS(Fe-GY)1 TS(FE-F)
o7 122 o7 TS TS(E10)
[ ) ~ 180 . ______
/ N N 171
TS(FS-G9)2 ! N} \ ! ! \
143 ! R i . ntra
<
,H I RN 16F-1 \ o cis Ts%‘éa‘)z
h 22 I NS ! TeEich ,' v TS(D*-E*)1 - TS(E-H)1
I INT(Ee.GY) ! ~e \ (B R 8.2 AL 9.3 rs(:-;)z
c ! N o S
& ! ! ngs:-cf) —_— [ A A —
74 TS(FA-GANt ! ~ - o P ' N— [ N
TS(FA-GA)2 A4 | 56 [ [ ! 5.9 to N /N
L - 1 \ 1 1 +_E* \ 1
2.4 o I re HE | \ [ | INTOSEY) 1 IR ! ,
1 \ ! i \ i \ ,’ H \ i ' \ [ | |
A+ B® ! ' 1 \ ! f \ A+%BY \ I \ | I \ [ ) \ A+% BO
8 I \ 1 \ I — Nl \ f ' e e e 0 .
! Voot [ | \ | ¢ . Vo ' e Vo \
o ' [— ! ! |
i 33 Vo ! Yoy ' a ! [ \
_'5 ) INT(FA-GA) \_‘-e 1 538 ! ! ! D* ' o 54 H
- A c2 \ 83/ . H ' I INTEH)'S \
GA ‘—l AG* forward ' AG*rev ! [ \
\ 8 200 | 295 ;o !
————————— - i I !
1 1
’11‘29 E ! ' AG”exc |
B : o279 \
1 1 !
' E| . \
Y Y L
-18.6 93
C-H activation pre-activation C-H activation ligand-exchange
neutral intermediates cationic intermediates on ruthenacycle
(b)
AG
TS(FE-F)
(24.6 M)
1 1
TS(F-FA) 1 |
TS[(:;?;H 18.1 { ‘\ rate-determining step
TG L FEgy | TSEEDY) TSElD)
[13.4] /’ S \ F V189 [13.7]
— Seoo P e o
/ \ , Sl \l m trans TS(D*<E)2
c / N
— \_/ ! N " ! ' | cis By TsprEn2
[96] [9.5] INT(Fe-GS) 1 (N \ TS(8'-CY) o TS(DEN =P TSR TS(E-H)2
\ ~ 7.0] [ (E-H) 6.7)
A.GA ! ~ \ [7.0] , [6.2] /
TS(FA-GA)1 | \ N —_— [ —_— P [6.1]
22 | i S N TS(BZ.CY) Do . ! Go \ o H
TSFAGR2 1\ | b B8] [21] [ P / wroeEy |\ PN ri
Av B0 02 A= z9 O Ame Y : R o ra AvB?
+25+42AcO T ! Ve [ ! ! ! E \ i Vo ! \ i E vl 0. 2se2n00
! \ ! [ I \ ! [ ! | \ I \ Lo
1 \ \ I \ 1 ! \ [
— 1 V! ! \ ! [ [ H —_— \ [
[-4.9] 5.2 [-4.0] ! \ | [ [— H 401 | \ o
o [5.2] A | \ | — [-6.0] ! e o
INT(FA-G%) = | o [—%151 . o* ! ! : \
K 1 1 1
. \ | 941
e \ B AG” forward | AG*rev | | IN'EEH]' .
! [282] 4 [28.4] | i EHS
e — — = - ' I ) -
[-14.5] ' “ AG*exc \
B2 ; | @72
E ! y
Y 'H
e m o
[-20.5] [-21.0]

0
reaction coordinate

Fig. 1 Relative quasi-harmonic Gibbs energy plots calculated at the DLPNO-CCSD(T)/CBS(CPCM,) level in methanol (in kcal mol™). (a) At 298 K and
1 M after geometry optimizations at the M06/cc-pVDZ-PP[RUl(IEF-PCM) level. (b) At 298 K and 24.6 M after geometry optimizations at the
wB97X-D3/cc-pVDZ-PP[Ru](CPCM) level. Pre-activation by anion dissociation and ligand exchange processes at ruthenium are shown in black, C-H
activations involving cationic intermediates are shown towards the right in blue and the corresponding processes involving neutral intermediates are
shown towards the left in brown and green. The final ligand exchange processes at ruthenacycles are shown towards the right in purple.

ruthenacycle (from E to H) A + 1B® + § + 2AcO™ is set to zero.
Analysis of both plots allows us to conclude the following.
First, chemical equilibria between chloro and acetate ruthe-
nium(p-cymene) precursors are shifted towards monomeric
diacetate complex B which constitutes the lowest energy
point of the profiles and serves as the reference for calculating
the barrier heights in the forward reaction. From B (located in
Fig. 1 under the precursors A + 1B°, which serve as the refer-
ence for the reaction coordinate) the lowest energy pathway to
cycloruthenates involves cationic intermediates D*, INT(D-E")
and E'. In this pathway the imine/chloride ligand exchange
process on ruthenium leading to key cationic intermediate D*
constitutes the slower, RDS for the global process. Thus, an
activation energy of 29.0 [28.4] kcal mol™" is calculated for the
forward reaction. Subsequent steps from cationic intermediate

This journal is © The Royal Society of Chemistry 2024

D' to acetate-cycloruthenate E are faster, as the CMD/AMLA C-
H activation must surpass a barrier of 22.8 [22.5] kecal mol™".
Formation of acetate-cycloruthenate E from precursor B” is
found to be exergonic by 6.7 [5.8] kcal mol™". The final
solvent-assisted chloride/acetate ligand exchange on ruthena-
cycle E must overcome an activation free energy of 27.9 [28.5]
keal mol™" and should take place faster than [or at comparable
rate to] anion dissociation leading to key cationic intermediate
D'. Formation of chloro-ruthenacycle H from acetate precursor
E is calculated to be exergonic by only 0.7 [0.5] kcal mol™" and
may constitute an equilibrium process, which is mainly driven
by dissociation of AcOH-Cl™ and formation of AcOH-AcO™ (see
ESI, Scheme S117}). As the energy barrier for the forward reac-
tion (29.0 [28.4] kcal mol™" via TS(C'-D")) is almost the same
as the barrier required for the reversion of cyclometallation

Dalton Trans., 2024, 53, 8662-8679 | 8669
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(from E to D* through c¢is-TS(D*-E*)2, 29.5 [28.3] kcal mol ™),
calculations show that the cyclometallation of benzaldimines
in methanol should be reversible, as previously reported for
ruthenium-catalyzed hydroarylation” or deuteration” of aro-
matic carbonyl compounds using imines as TDGs in apolar
solvents and also in accordance with deuterium exchange
experiments reported for many C-H bond ruthenations of
related arenes equipped with N-containing DGs in polar protic
solvents such as water, methanol, acetic acid or HFIP.”!

On the basis of the results obtained at the DLPNO-CCSD
(T)/CBS(CPCM) level, participation of the reaction pathways
involving neutral intermediates should be excluded. Neutral
intermediates are shown in Fig. 1 towards the left of the A+.B°
reference. From F€, the neutral intermediate with the p-cymene
moiety acting as the »>-ligand, the slowest step corresponds to
the formation of agostic intermediate INT(F®-G®) via TS struc-
ture TS(F-G°)1. Thus, the progress of the C-H activation event
through the pathway involving neutral intermediate F¢ will
show an activation energy of 30.6 [32.9] kcal mol™, 1.6 [4.5]
kecal mol™ higher than that offered by the pathway involving
cationic intermediate D'. Alternative reaction pathways invol-
ving solvated or bis-imine ligated neutral intermediates (F°
and F*) are also precluded due to higher activation energies
for the exchange processes of the p-cymene ligand with metha-
nol or a second imine molecule. Nevertheless, in a related
fashion to that reported by Ackermann et al. on the grounds of
their computational investigation of the acetate-assisted ruthe-
nium-catalyzed C-H activations of one of two N-coordinated
arylpyridine motifs,>** the bis-imine N-ligated ruthenium
intermediates F*, INT(F*-G*) and G* could offer the lowest
energy pathway for the cyclometalation of benzaldimines in
apolar solvents at higher reaction temperatures or at room
temperature under visible-light irradiation conditions, which
are known to facilitate decomplexation of the p-cymene ligand
from the neutral ruthenium intermediates.>® For the system
under study the energy barrier required for C-H activation via
the neutral bis-imine ligated intermediate INT(F*-G*) was cal-
culated to be ca. 2 [2] kcal mol™" lower than the corresponding
barrier in the pathway involving the cationic intermediate cis-
INT(D*-E").

A comparison of the energy plots obtained by performing
the geometry optimizations with the M06 or wB97X-D3 func-
tionals (Fig. 1(a) and Fig. S2(a),f respectively) reveals only
small differences. Activation energies calculated at the
DLPNO-CCSD(T)/CBS(CPCM) level for the geometries opti-
mized with the ¥B97X-D3 functional for anion dissociation
and formation of key cationic intermediate D, the C-H acti-
vation event from D' to E* and the final solvent-assisted disso-
ciative ligand exchange at ruthenacycles differs by less than
1 kecal mol™ from the corresponding values obtained by using
the M06 geometries. Nevertheless, for the competing pathways
involving neutral intermediates F-G the calculated activation
energies were found to be between 2 and 9 kcal mol™ higher
when the geometry optimizations were performed with the
wB97X-D3 functional instead of the M06 one. Thus, inclusion
of dispersion energy corrections and range-separated treat-
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ment for the exchange contributions in the DFT geometry
optimizations appears to improve the discrimination between
the pathways involving the cationic and neutral intermediates.

2.4.1.2. Condensed-phase thermochemical analysis. Since
entropic contributions calculated within the ideal gas approxi-
mation at 1.0 M are likely to exaggerate the expected values in
the condensed phase, a second thermochemical analysis was
performed to model the reduction of the translational degrees
of freedom at the concentration of the liquid solvent. When a
pressure parameter to adjust the concentration to that of the
liquid solvent™ (24.6 M for methanol) is taken into consider-
ation, monosolvation of chloride anions, association of chlor-
ide to acetic acid and the formation of hydrogen diacetate (by
association of acetate to acetic acid) are more favoured pro-
cesses (by an additional term of ca. 1.9 [1.9] kecal mol™), as
depicted in Scheme S11 of the ESLT Relative quasi-harmonic
Gibbs energies calculated at the DLPNO-CCSD(T)/CBS(CPCM)
level in the condensed phase (298 K, 24.6 M) using geometries
optimized at the ®wB97X-D3/cc-pVDZ-PP[Ru](CPCM) level for
the most significant stationary points are depicted in Fig. 1(b).
Due to the exergonic monosolvation of the chloride anions
under condensed-phase conditions, in Fig. 1(b) the relative
energies are referenced to A + 1B + 28 + 2AcO™.

By comparison of Fig. 1(b) and Fig. S2(a) in the ESI{ some
differences can be observed for the progress of cyclometalla-
tion in the condensed phase with respect to standard con-
ditions. (1) In the forward direction the Gibbs energies of acti-
vation remain unchanged for the formation of key intermedi-
ate D' and for the subsequent C-H activation involving cat-
ionic intermediates (at ca. [28] and [22] kcal mol™", respect-
ively) but are reduced for the final ligand exchange process at
cycloruthenates (by ca. [1] keal mol™); (2) the energy barrier
for C-H activation in the reverse direction (from E to D) is
also conserved at ca. [28] kcal mol™". Thus, under condensed-
phase conditions the pathway involving cationic intermediates
also offers the lowest energy profile and the reversibility of the
C-H activation event should not be compromised. It should be
noted that the solvent compression effect significantly reduces
the energy gap between TS(C'-D*) and TS(C>-D*) and between
cis-TS(D"-E")2 and trans-TS(D*-E)2 (by ca. [1.9] kcal mol™).
Thus, the contribution of the pathways involving acetate anion
dissociation in the RDS or intermolecular deprotonation for
the C-H activation event may be increased in polar protic sol-
vents.”® The same conclusions can be drawn by comparing the
energy plots calculated under standard and condensed-phase
conditions by using the M06 geometries (depicted in Fig. 1(a)
and Fig. S2(b) in the ESIY).

2.4.1.3. Performance of DFT methods. Single point energy
evaluations with top hybrid DFT performers in the MOR41
and MOBH35 databases’” using an augmented polarized
triple-{ basis set (denoted as aug-cc-pVIZ-PP[Ru], see
Computational methods in the ESI{ for further details) did
not allow to reproduce the DLPNO-CCSD(T)/CBS(CPCM)
energy results (see Table S2 in the ESIf). In a different
manner, single point energy evaluations with double-hybrid
DFT methods were found to be in good agreement with our

This journal is © The Royal Society of Chemistry 2024
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benchmark calculations at the DLPNO-CCSD(T)/CBS(CPCM)
level. According to the results obtained with the B2GP-PLYP,>*
B2K-PLYP*® or PWPB95°° methods, the formation of key cat-
ionic intermediate D" was the RDS and the reaction channels
involving neutral intermediates were all disfavoured by more
than 5 [3] kcal mol™". Nevertheless, energy evaluations with
double-hybrid DFT methods underestimated the exergonic
character of the global transformation by more than 3 [2] kcal
mol™ and overestimated the Gibbs activation energy for the
RDS by more than 9 [4] keal mol™". Better correlation with our
benchmark results was obtained by applying Grimme’s D3
(B])”” or D4® dispersion energy corrections to the energy
evaluations with the PWPB95 method, as the overestimation of
the activation energies was reduced to 3 [2] kcal mol™™
Moreover, the lowest MUEs for the relative Gibbs energies of
precursors and cyclometallated intermediates (B', B, E and H)
and for the whole set of barrier heights in Table S2t were
obtained when the energy evaluations were performed with
the PWPB95 method adding the D3(BJ) or D4 dispersion
energy corrections and using the ®B97X-D3 geometries (see
entries 5 and 20). In addition, by using this computational
scheme (PWPB95 + D3(BJ)/wB97X-D3) the MUE for the barrier
heights along the most favourable pathway and involving the
cationic intermediates was only 0.3 kcal mol ™" (see entry 21).
2.4.2 Energy profiles using the SMD solvation model
2.4.2.1. Pure implicit (SMD) solvation model. As the SMD
model provides a more realistic description of the non-electro-
static solute-solvent interactions and is recommended for the
estimation of the solvation energies of charged species, follow-
ing the suggestion of one referee, we have performed energy
evaluations by employing the SMD model for the most signifi-
cant stationary points located after geometry optimizations
with the wB97X-D3 functional. At our benchmark level with
the SMD solvation model, monosolvation of chloride anions
and their association to acetic acid are favoured processes (by
-1 and -2 keal mol™", respectively), while the formation of
hydrogen diacetate is disfavoured (by 2 kcal mol™"), even
under standard conditions (see Scheme S11 of the ESI}). Thus,
using the SMD solvation model, to describe the most stable
aggregation states and relative energies for all the intermedi-
ates represented in Schemes 4-6, the chloride anions have
been replaced by those that are monosolvated or associated
with acetic acid. Plots of the energy results at the
DLPNO-CCSD(T)/CBS(SMD) level evaluated under standard
conditions (1.0 M) and under condensed-phase conditions
(24.6 M) are included in the ESIf (see parts (a) and (b) of
Fig. S31). According to these SMD profiles (1) the chemical
equilibria between chloro and acetate ruthenium(p-cymene)
precursors are shifted towards monomeric diacetate complex
B', which sets the reference for calculating the barrier height
for cycloruthenation in the forward direction; (2) the lowest
energy pathway for C-H bond activation also involves cationic
intermediates, (3) an activation energy of [26.9] kcal mol™" is
calculated for chloride dissociation leading to cationic inter-
mediate D*, (4) subsequent CMD/AMLA C-H activation events
from D' to E* are faster and require an activation energy of
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[21.2] keal mol ™", (5) formation of the acetate-cycloruthenate E
from precursor B! is found to be exergonic by [4.7] kcal mol ™
and (6) the C-H activation event is reversible and must surpass
an activation barrier of [25.9] kcal mol™" in the reverse direc-
tion (from E to DY). Finally, according to the SMD profile, the
progress of C-H bond activation through the pathways invol-
ving neutral diacetate ruthenium intermediates is also pre-
cluded in methanol as solvent, as it would require activation
energies more than [9] kcal mol™" higher than that offered by
the pathway involving cationic intermediate D*.

Analysis of the energy plots calculated at the benchmark
level with the SMD model under standard conditions and con-
densed-phase conditions (see parts (a) and (b) of Fig. S3 in the
ESIT) reveals some differences and similarities to those aspects
described above for the CPCM profiles. The switch from stan-
dard to condensed-phase conditions in the SMD profiles (a)
reduces the energy barriers for anion dissociation leading to
key intermediate D* and for subsequent C-H activation invol-
ving cationic intermediate INT(D*-E*) by 1.9 kcal mol™" (from
[26.9] to [25.0] and from [21.2] to [19.3] kcal mol™", respect-
ively), while the energy barrier for the reverse reaction (from E
to D*) is maintained (at ca. [26] kcal mol™"); (b) the energy gap
between TS(C'-D*) and TS(C*-D*) and between cis-TS(D*-E*)2
and trans-TS(D*-E)2 is also reduced by ca. [1.8] keal mol ™.

In this manner, energy plots calculated for our benchmark
level using either the SMD or CPCM solvation models describe
the C-H bond activation of benzaldimine in MeOH as a revers-
ible and kinetically irrelevant process. Nevertheless, a remark-
able difference of 1.5/3.2 kcal mol™" is observed for the acti-
vation energies leading to cycloruthenate formation, as the
values calculated using the CPCM model under standard and
condensed-phase conditions are [28.4] and [28.2] kcal mol™*
and are reduced to [26.9] and [25.0] kcal mol~* with the use of
the SMD model. All these values are in line with the activation
energies reported in previous computational studies on the C-
H bond activation processes for related arenes equipped with
heterocyclic DGs in alcoholic solvents, which have been
described as system-dependent and generally ranging from 25
to 28 keal mol—l.sg,18,19,23e,29a,b

2.4.2.2. Hybrid explicit-implicit (SMD) solvation model.
Continuum solvation models are computationally efficient and
are widely used in computational homogeneous catalysis. In
particular, PCM and SMD solvation models have been success-
fully employed to investigate many ruthenium(u)-catalyzed C-
H activation and functionalization processes in almost all
kinds of solvents (as 2-MeTHF, dioxane, toluene, DCE, aceto-
nitrile, MeOH, TFE, tert-butanol, HFIP, or AcOH).'*7*
Nevertheless, the suitability of implicit solvent models for the
study of ionic reactions that are performed in protic solvents is
still controversial, as strong, specific, solvent-solute
H-bonding interactions are seemingly ignored. These kinds of
directed interactions are not captured by the CPCM and SMD
models and this deficiency could compromise the accuracy of
our results. To overcome these limitations, we considered the
application of a hybrid explicit-implicit (cluster/continuum)
solvation model,*> by adding a limited number of solvent
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molecules to the reaction system inside the continuum model
cavity. Nevertheless, it is not clear how many solvent molecules
need to be added to describe the solvent effects with the
desired accuracy, while the addition of solvent molecules to
selected binding sites or regions around the solute is guided
by assumptions and may change from one intermediate to
another along the reaction coordinate. In any case, the static
ab initio evaluation of a small set of low-lying configurations
for the solvent-solute clusters can lead to meaningful improve-
ments in the description of the “averaged” solvent effects by
pure implicit solvation models, thus providing insights into
the relevance of the solvent-solute H-bonding interactions and
more “realistic” energetic estimations.

Taking into consideration experimental measurements and
the results of molecular dynamics simulations that are consist-
ent with a coordination shell of chloride or acetate anions in
methanol solutions essentially made up to 3 or 4 solvent mole-
cules, and trying to get a glance of the relevance of specific
solvent-solute interactions in the acetate-assisted C-H acti-
vation of benzaldimine at [RuCl,(p-cymene)], in MeOH, we
studied the addition of up to 3 or 4 explicit MeOH molecules
to the most relevant stationary points in the C-H bond acti-
vation pathway involving cationic intermediates, from B* to E.
We considered it reasonable to assume that one, two or three
solvent molecules should hydrogen bond to the chloride and
acetate moieties. After geometry optimizations at the
®B97X-D3/cc-pVDZ-PP[Ru](CPCM) level in methanol solution,
the relative quasi-harmonic Gibbs energies of the solvated
species were evaluated at our benchmark level (DLPNO-CCSD
(T)/CBS(SMD)) using separate reagents (A + 1B® + 2AcO™) and
an adequate number of explicit solvent molecules (to ensure
the stoichiometric balance) as a common energetic reference.
As described below (in the energy profile using the SMD sol-
vation model) for the non-solvated reaction channel, aside
from the MeOH molecules maintaining specific interactions
near the reaction center, one explicit MeOH molecule is
needed to accomplish the exergonic monosolvation of the
chloride that is freed through the formation of the B' precur-
sors. Thus, in Fig. 2 (and in Fig. S4, S5 and S6 of the ESIf) the
active MeOH molecules (surrounding the reaction center of
any intermediate or TS) are highlighted in yellow while the
solvent molecule associated with the stoichiometric chloride is
highlighted in blue. The non-solvated and solvated reaction
channels, considering specific interactions of any intermediate
with zero, one, two or three (yellowish) MeOH molecules, are
denoted as the S,-, S1-, Sp- and Ss-reaction channels, respect-
ively. The (yellowish) methanol molecules bound the chloride
atoms are denoted as 8, and those associated with the acetate
moiety by H-bonding the oxygen atom bound to ruthenium(u)
or one in the pendant free arm are denoted as S* and SP,
respectively. Solvent molecules bound to an external acetate
are designated as S° and those involved in proton-relay mecha-
nisms are designated as S".

Based on the results described in previous sections, we
focused our analysis of the specific solvent-solute interactions
in chloride dissociation from intermediates C'-S,, leading to
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D" via TS(C'-D")-S,, and C-H bond activation process from D*
to cycloruthenate E* via TS(D*-E*)1-S,,, INT(D*-E")1-S,, and TS
(D*-E")2-S,,. 3D representations of the most significant station-
ary points located in the Sy, S;-, S»- and S;-reaction channels
are depicted in Fig. 2, including selected distances and relative
energies. The complete energy profiles for the S;-, S,- and S;-
reaction channels are included in the ESI,{ see Fig. S4, S5 and
S6,t respectively.

Most stable TS structures located in the S;-, S,- and S;-reac-
tion channels leading to cationic intermediate D* showed the
chloride leaving group associated with one, two and three
MeOH molecules, respectively, with distances and angles
falling in the ranges usually chosen to characterize hydrogen
bonds (r(H--Cl) < 2.2 A, r(O---Cl) < 3.2 A, and §(OH---Cl) <
14°). The solvated TS structures TS(C'-D*)-S,, were also charac-
terized by slightly shorter distances between ruthenium and
chloride (ca. 3.50 A) than the non-solvated one (ca. 3.70), indi-
cating a higher early character of these TS structures in the sol-
vated reaction channels. TS structures TS(C'-D*)-S;, TS(C'-
D*)-S, and TS(C'-D*)-S; were characterized at 30.8, 35.1 and
41.3 kcal mol™", respectively, showing activation energies of
26.5, 25.9 and 21.5 kecal mol™" relative to the corresponding
B'-S;, B'-S, and B'-S; precursors (see parts (a) and (b) of Fig. 2
and Schemes S12 and S13a-c in the ESIf). Thus, mono-, di-
and tri-solvation of the chloride leaving group in TS(C'-D*)-S,,
led to reductions of 1.0, 3.1 and 5.4 kcal mol™ in the calcu-
lated energy barriers from the value of 26.9 kcal mol™" pre-
viously estimated for the Sy-reaction channel, via TS(C'-D").
Alternative transition structures for the chloride dissociation
step in the S,- and S3-reaction channels, showing one MeOH
molecule bound to the oxygen atom of the pendant free arm of
the acetate moiety were found to be higher in energy (see TS
(C*-D")-S,? and TS(C'-D*)-S;P in Fig. S5, S6 and S13c in the
ESIT).

For the analysis of the C-H activation process we found it
reasonable to include in the corresponding S,-reaction chan-
nels all possible intermediates and transition states with “n”
(yellowish) MeOH molecules, either H-bonding to chloride
that was freed during their formation (Cl™-S,,) or bound to the
oxygen atoms of the acetate moieties (in TS(D*™-E*)1-S(3_p), INT
(D*™-E")-S(3_,) and TS(D"-E")2-S(3_y)). In this manner, the lowest
energy pathways for C-H bond activation in the S;-, S,- or Ss-
reaction channels involve the non-solvated TS structures cis-TS
(D*-E")1 and cis-TS(D"-E*)2 accompanied by the corresponding
mono-, di- or tri-solvated chloride anions (CI™-S, CI™-S, or
Cl™-S;, see Fig. 2(c)). Reaction partners cis-TS(D*-E")1 and cis-
TS(D*-E")2 plus Cl™-S were found at 15.5 and 18.8 kcal mol %,
respectively, in the S;-reaction channel, while for the S,- and
the S;-reaction channels the same TS structures were found at
20.7 and 24.0 and 26.6 and 29.9 kcal mol™?, combined with
CI™-S, and CI™-Sj3, respectively (see Scheme S14 and Fig. S4, S5
and S6 in the ESI}). These three combinations enable the pro-
gress of C-H bond activation from the lowest-lying, non-sol-
vated ruthenium precursor D' with an activation barrier of
only 14.8 kcal mol™*, 6.4 kcal mol™" lower than that calculated
by using the pure implicit solvation model. Such a reduction
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Fig. 2 3D representations of the most significant stationary points located in the Sp-, S1-, S>- and Ssz-reaction channels. (a) Key chloro acetate
(p-cymene)ruthenium complexes; (b) TS structures for chloride dissociation from intermediates C*.S,, leading to cationic intermediate D*; (c) rele-
vant TS structures for the C—H bond activation process from D* to cycloruthenate E*, (d) TS structures and intermediates for acetate/exchange pro-
cesses between cycloruthenates E and H. Quasi-harmonic Gibbs energies calculated at the DLPNO-CCSD(T)/CBS(SMD) level in methanol (298 K, 1
M) after geometry optimizations at the wB97X-D3/cc-pVDZ-PP[Rul(cPCM) level are shown between brackets, in italics and red, relative to separated
reagents (A + %B" + 2AcO") and an adequate number of explicit solvent molecules to ensure stoichiometric balance. Activation barriers are shown in
magenta, green, or orange with respect to the corresponding lowest energy precursors in the S;-, S,- or Sz-reaction channels, which are highlighted
using the same colours. The hydrogen bonds are represented by dotted lines.

of the activation barrier for the progress of C-H activation via
the same TS structures is mainly due to the energy balance
between non-solvated and solvated precursors and by-products
that are introduced into the corresponding continuum model
cavities to achieve a realistic description of the system. The
lowest-lying TS structures arising from any solvated cationic
intermediate D*.S,, in the S;-, S,- or S;-reaction channels were
TS(D*-E")2-SP, with one MeOH molecule bound to the oxygen
atom at the pendant free arm of the acetate moiety, and TS(D"-
E")2-5,*?, with two MeOH molecules H-bonding to both
oxygens of the acetate moiety. These transition structures were

This journal is © The Royal Society of Chemistry 2024

found in the S,- and S;-reaction channels at 25.8 and 33.5 kcal
mol ™", respectively, and showed activation energies of 16.6 and
18.4 kcal mol™" from their respective precursors, D*-S; and
D"-S, (see Fig. 2(c) and Schemes S15a and S15b in the ESIf).
Other TS structures in the S,- and Ss-reaction channels invol-
ving C-H bond activation by proton-relay mechanisms or
deprotonation by an external acetate molecule were found to
be higher in energy (see Fig. S5, S6 and S7 in the ESIY).

We have also employed the hybrid explicit/implicit (SMD)
solvation model to study the acetate/chloride exchange pro-
cesses between cycloruthenates E and H. The energy profiles
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calculated at our benchmark level for the S;- and S,-reaction
channels are included in Fig. S8a and S8b in the ESLt The
most relevant stationary points located in the S,-reaction
channel are depicted in Fig. 2(d). At the DLPNO-CCSD(T)/CBS
(SMD) level, the energy barriers for the acetate/chloride
exchange processes in the S;- and S,-reaction channels differ
by less than 1 kcal mol™". H-Bonding of the second MeOH
molecule to the acetate acting as a leaving group increases the
activation energy for the methanolysis of the acetate cyclor-
uthenate by ca. 1.0 kcal mol™", from a value of 19.0 kcal mol™*
in the S;-reaction channel via TS(E-H)1-S to a value of 19.9 kcal
mol ™" in the S,-reaction channel via TS(E-H)1-S, (see Fig. S8a
and S8b in the ESIf). Association of two MeOH molecules to
the chloride anion reduces its nucleophilicity, and methanol/
chloride exchange in the S,-reaction channel via TS(E-H)2-S,
showed an activation barrier 0.6 kcal mol™" higher than that
calculated via TS(E-H)2-S in the S;-reaction channel. The
energy barriers for the acetate/chloride exchange processes in
the solvated pathways are estimated to be ca. 19.5 and
24.5 keal mol™ in the forward and reverse directions, respect-
ively. In this manner, mono- or di-solvation of the acetate
leaving group led to a reduction of the energy barrier by ca.
8.5 kecal mol™, from the value of 28.5 kcal mol™" previously
estimated for the non-solvated ligand exchange process, via TS
(E-H)1 (see Fig. S3t). This reduction of the energy barrier is
mainly due to the removal of the entropy cost associated with
the binding of methanol molecule(s) and cycloruthenate,
which is considered to be an integral part of the barrier for the
non-solvated ligand exchange processes (from E to TS(E-H)1)
but not applicable to the solvated reaction channels (from E-S,,
to TS(E-H)1-S,,).

It should be noted that the activation barrier calculated for
the progress of chloride/acetate ligand exchange in the reverse
direction from INT(E-H)-S,:CI” to E-S, via TS(E-H)1-S,
(24.0 kcal mol™!) is almost the same as that required for the
RDS in the forward direction, from precursor B'-S, to key cat-
ionic intermediate D* + CI™-S, via TS(C'-D*)-S, (23.8 kcal
mol™). Thus, acetate/chloride exchange on cycloruthenates
and C-H bond activation on cationic intermediates are calcu-
lated to be reversible and kinetically irrelevant processes in
MeOH at room temperature.

In conclusion, calculations employing a hybrid explicit/
implicit solvation model do not change the main results that
were reached using the pure implicit CPCM or SMD solvent
models. In any of the S,-reaction channels the energy barriers
for the C-H bond activation process were calculated to be
lower than those for the previous anion dissociation step.
Thus, chloride dissociation leading to cationic intermediate
D" via TS(C"-D*)-S,, is the RDS and subsequent C-H bond acti-
vation events in the CMD pathways are faster and reversible
processes. In addition, calculations with the hybrid explicit-
implicit solvation model indicate that 2 or 3 MeOH molecules
H-bonding to the chlorine atom increase the aptitude of the
solvated chloride to act as a leaving group in the anion dis-
sociation step, in a sort of acid catalysis by the polar protic
solvent that accelerates cycloruthenation.
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2.4.3 Comparison with experimental results. The main
conclusions of our computational analysis compare well with
several experimental results. First, the formation of cationic
intermediate D" by anion dissociation in the RDS, which is fol-
lowed by a kinetically irrelevant AMLA/CMD C-H activation
event, is consistent with (a) the lack of significant experimental
isotopic effects (ku/kp values close to 1) reported for other
acetate-assisted ruthenium-catalyzed C-H activations and
functionalizations of N-tosylbenzaldimines'®” or phenylpyra-
zoles'® and (b) with the negative slope in the Hammett plot
determined by competition experiments for acetate-assisted
cycloruthenation of substituted phenylpyrazoles in DCM/
MeOH as the solvent.>® These experimental results are well cor-
related with the involvement of TS(C'-D*) or TS(C*-D") in the
RDS, as these TS structures show a minimal C-H bond elonga-
tion and lead to the development of positive charge near the
reaction center. Second, the similarity between the activation
energies calculated for the RDS and for the reversion of the C-
H activation process in our model system compare well with
(c) the reversibility of the C-H activation event previously
reported for the ruthenium-catalyzed hydroarylation” or deu-
teration”” of aromatic carbonyl compounds using imines as
TDGs in apolar solvents and (d) with the results of deuterium
exchange experiments reported for many other C-H bond
ruthenations of arenes equipped with N-containing DGs in
polar protic solvents such as water, methanol, acetic acid or
HFIP.>" Third, by using the Eyring equation, the activation bar-
riers for the solvated reaction channels in the range of
22-24 kecal mol™" allow the estimation of half-live times of
1-12 hours, which compare well with the reaction times of
5-20 hours reported for the cyclometallation of arylimines
with the [Ru(p-cymene),Cl,], complex in the presence of 4
equiv. of KOAc per ruthenium dimer complex at room temp-
erature in methanol.?”* In addition, the reduction of the calcu-
lated activation energies from 26.5 to ca. 22 kcal mol™" when
switching from the pure implicit to the explicit/implicit SMD
solvation model by considering 2 or 3 MeOH molecules that
H-bond to the leaving group in the RDS, in a form of acid cata-
lysis, is consistent with kinetic studies of the reactions of
[RuCl,(p-cymene)], with 2-arylquinazolines in MeOH> and of
Ru(OAc),(arene) complexes with 2-phenylpyridine**® and
1-phenylpyrazol®*®” in acetonitrile showing that these reactions
are autocatalyzed by the freed AcOH.

As indicated by one of the referees, Ru(u)-catalyzed C-H
bond activations and functionalizations of arenes equipped
with imines and other nonprotic DG that are promoted by
[RuCl,(p-cymene)], are also frequently conducted in the pres-
ence of silver salts of weakly coordinating anions and stoichio-
metric amounts of base, generally carbonate salts. A compari-
son of our computational results with experiments conducted
with these protocols is also possible. The most common
mechanistic proposal for (p-cymene)Ru(u)-catalyzed C-H acti-
vations that are conducted in the presence of silver salts
assumes that the initial chloride/acetate exchange processes
on ruthenium precursors (like B® and B') should take place
more easily and that diacetate ruthenium complexes (like B

This journal is © The Royal Society of Chemistry 2024
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and C?) should become the key active intermediates (see ref. 7e
as an example). In this situation the involvement of TS struc-
tures like TS(C'-D*) is precluded but, according to our compu-
tational results, TS(C>-D*) would offer the lowest energy
pathway for acetate dissociation. Thus, subsequent AMLA/
CMD C-H activation on the corresponding intermediate cat-
ionic complexes would also be faster and reversible processes.
Several studies have postulated that the role played by stoichio-
metric bases in experimental catalytic protocols is to deproto-
nate the AcOH moiety of the first cycloruthenate intermediate
(like E*) to form a more stable OAc adduct (like E). Thus, for
processes that are conducted in the presence of silver salts or
with an excess of base, the thermodynamics of the acetate/
ligand exchange at the ruthenacycle intermediates could be
affected. In particular, association of chloride to acetic acid
should be suppressed but, in our opinion, comparison with or
inference from our main computational results (regarding (a)
binding of a substrate with a nonprotic DG to ruthenium, (b)
anion dissociation accelerated by H-bonding to protic polar
solvent molecules and leading to key cationic intermediate D*
as the RDS and (c) subsequent reversible AMLA/CMD C-H acti-
vation events) should not be compromised.

3. Conclusions

The reaction mechanisms for the acetate-assisted C-H acti-
vation of N-phenyl benzaldimine at Ru(p-cymene),Cl, in
methanol have been computationally studied at the
DLPNO-CCSD(T)/CBS(CPCM and SMD) level. The most favour-
able reaction pathway involves the coordination of the imine
to the ruthenium precursor followed by ligand dissociation
and formation of a cationic ruthenium intermediate as the
RDS of the process. Subsequent C-H bond activation events
are faster and reversible processes. Two or three MeOH mole-
cules H-bonding to chlorine in the anion dissociation step
may speed up the cycloruthenation process, in a sort of acid
catalysis by the polar protic solvent. Solvent assistance acceler-
ates the final chloride/acetate ligand exchange process at the
cationic cycloruthenate intermediate, particularly when
solvent compression in the condensed phase is taken into con-
sideration. Neutral diacetate ruthenium intermediates lead to
TS structures of lower energy for the AMLA/CMD C-H bond
activation, which result not productive due to higher energy
barriers for the ligand exchange processes at acetate ruthe-
nium precursors in MeOH solution. Energy evaluations with
hybrid DFT methods (PBE0-D3(B]), M06-2X or @B97M-V) failed
to reproduce the energy gap between the pathways involving
cationic and neutral ruthenium intermediates. In this manner,
the use of double-hybrid functionals in combination with dis-
persion energy corrections was found to be necessary for an
accurate evaluation of the kinetics of this acetate-assisted
cycloruthenation at the DFT level. Energy evaluations at the
PWPB95 + D3(BJ)/aug-cc-pVTZ-PP[Ru](CPCM) level reproduce
the DLPNO-CCSD(T)/CBS(CPCM) results at a small fraction of
their computational cost and should be reliable for the study
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of new synthetically useful C-H bond activations/functionaliza-
tions involving (N,C)-cyclometallated (p-cymene)Ru(u) com-
plexes in polar protic media. We are currently working on the
application of this computational scheme to understand the
regioselectivity shown by arenes equipped with N-containing
DGs in their acetate-assisted cyclometallations at [RuCl,(p-
cymene)],.
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