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ABSTRACT: Density functional calculations at the B3LYP- G
D3+IDSCRF/TZP-DKH(-dfg) level of theory have been performed @ P

to understand the mechanism of ruthenium-catalyzed C—H allylation =

reported in the literature in depth. The plausible pathway consisted of § | ¢

four sequential processes, including C—H activation, migratory @/\/\N Ruthenium o Catalysis 2
insertion, amide extrusion, and recovery of the catalyst, in which C— C-HIC-H Heck Coupling | Hydroarylation

H activation was identified as the rate-determining step. The amide ., ,uguncdemanding l —
extrusion step could be promoted kinetically by trifluoroacetic acid — Ru-Ru"Ru" pahway ] Ru' pathway
since its mediation lowered the free-energy barrier from 32.1 to 122 /e o Abtaton Theoretically Designed
kcal/mol. Additional calculations have been performed to explore via redox-neutral ¢

other common pathways between arenes and alkenes, such as C—H Ruft pathway =

alkenylation and hydroarylation. A comparison of the amide extrusion Faperimentally Otserved ©/\/

and f-H elimination steps established the following reactivity sequence

of the leaving groups: protonated amide group > -H group > unprotonated amide group. The suppression of hydroarylation was
attributed to the sluggishness of the Ru—C protonation step as compared to the amide extrusion step. This study can unveil factors
favoring the C—H allylation reaction.

H INTRODUCTION in good yields, and trichloroethanol (TCE) was confirmed to be
the best solvent. The observed primary kinetic isotopic effects
(ky/kp = 2.8—4.5) indicated the C—H activation of benzoic
acids to be rate-limiting.

Although a number of computational studies on arene—
alkene coupling reactions are available in the literature,” a
comparison of different coupling pathways has rarely been
addressed for ruthenium catalysis. With the reaction given in
Scheme 1b as a model reaction, we attempt to explore the
detailed mechanisms of ruthenium-catalyzed C—H allylation of
benzoic acids by means of density functional theory (DFT)
calculations. Moreover, some other coupling pathways between
arenes and alkenes will be designed and compared.

Ruthenium-catalyzed C—H functionalization has drawn partic-
ular attention in recent years,1 among which the dehydrogen-
ative C—C coupling strategy represented a hot issue in modern
organometallic chemistry.” Meta-selective alkylation through o-
activation,” the dehydrogenative Heck reaction,Zb’Ar direct
coupling of two arenes,” and dehydrogenative annulation of
arenes with alkynes® have been regarded as typical examples of
ruthenium-catalyzed C—C coupling reactions via C—H
activation.

Transition-metal-catalyzed direct coupling of arenes with
alkenes provided a powerful and tunable synthetic tool to access
the desired skeletons. As two extensively studied reactions in the
literature, alkenylation of arenes and hydroarylation of alkenes
yielded arylalkenes and arylalkanes, respectively.” On the other B RESULTS AND DISCUSSION
hand, allylation of arenes could have been achieved when allyl
substrates with a good leaving group were used.

Gooflen’s group developed several ruthenium-catalyzed
allylation reactions of benzoic acids using some mild allylating
reagents, such as allyl acetates, allyl alcohols, allyl ethers, and
allyl amines (see Scheme la).® Scheme 1b shows one of
Gooflen’s previous works, which demonstrated that benzoic -
acids (R1) and allyl amines (R2) produced allyl arenes (P) Received: November 22, 2021
under the catalysis of [Ru(p-cymene)Cl,], (p-cymene = 4- AccePted: January 26, 2022
isopropyltoluene).** These reactions presented the sequential Published: February 9, 2022
C—H and C—N activations, resulting in the overall C—H
allylation of benzoic acids. Addition of trifluoroacetate
(HOTFA) was necessary for furnishing the desired products

Previous studies disclosed that the binuclear complex [RuCl, (p-
cymene)], should be able to convert into the mononuclear
complex Ru(OAc),(p-cymene) in the presence of a suitable
acetate additive.'’ According to the experimental conditions
reported, we have calculated the energetic data associated with
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Scheme 1. Ruthenium-Catalyzed C—H Allylation Reactions of Benzoic Acids with Allylating Reagents Studied in This Work by
the DFT Method”

(a) Previous works on ruthenium-catalyzed ortho allylation of benzoic acids
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(b) Ruthenium-catalyzed ortho allylation of benzoic acids via C-H/C-N activation
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“(a) C—H allylation using different allylating reagents and (b) C—H allylation via C—H/C—N activation.

Scheme 2. Possible Catalytic Pathways for Ruthenium-Catalyzed Cross-Coupling Reactions between Arenes and Alkenes”
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“(a) C—H allylation and (b) hydroarylation and oxidative Heck coupling.
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(a) Reaction Mechansim for C-H Activation Process
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(b) Reaction Mechansim for Migratory Insertion Process
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Figure 1. Entire reaction pathway for ruthenium-catalyzed C—H allylation between arenes and alkenes, along with the relative free-energy data (in
kecal/mol) characterized at the B3LYP-D3+IDSCRF/TZP-DKH(-dfg) level of theory. (a) C—H activation, (b) migratory insertion, (c) amide
extrusion, and (d) product separation and catalyst regeneration.

such a dimer-to-monomer transformation. The chemical B resulting from the C—H activation and migratory insertion
equation of [RuCl,(p-cymene)], + 4 HOTFA + 4 R2 — 2 processes is the branch point of the three pathways. If B
Ru(OTFA),(p-cymene) + 4 R2-HCI was predicted to occur undergoes protonation of the Ru—C bond instead of amide
irreversibly, with the total free-energy change of —29.9 kcal/mol extrusion, the net hydroarylation of R2 can be realized through
at the B3LYP-D3+IDSCRF/TZP-DKH(-dfg) level of theory. side path I If the f-H elimination step occurs at B, the C—H
Additionally, our calculations excluded the possibility of using alkenylation product would be yielded through the typical Heck
CCL,CH,O~ (the conjugate base of TCE) as a ligand of central coupling pathway (side path II). Both the main reaction and side

ruthenium because the chemical conversion of Ru(OTFA),(p- path I are a redox-neutral coupling pathway, while side path II is
cymene) into Ru(OTFA)(OCH,CCl,)(p-cymene) through the an oxidative coupling, which would result in catalyst
ligand exchange and proton transfer had to absorb free energies deactivation under oxidant-free conditions. The competition
of up to 13.1 kcal/mol (see the Supporting Information for of C—H allylation against these two side reactions is one of the
details). According to these findings, the assignment of main subjects in this study, and the following discussion is
Ru(OTFA),(p-cymene) as a real catalyst should be reasonable. divided into several parts accordingly.

The catalytic pathways for the observed C—H allylation Mechanism of Ruthenium-Catalyzed C—H Allylation.
reaction and the other two possible reactions are shown in The proposed reaction pathway for the observed C—H allylation
Scheme 2. The catalytic cycle of the main reaction consists of reaction between R1 and R2 is shown in Figure 1. The entry of
four processes in succession, including C—H activation, R1 into the ligand field of CAT results from a ligand-exchange
migratory insertion, amide extrusion, and recovery of the step involving the transition state TS-1, in which the carbonyl
catalyst and separation of the desired product. The intermediate oxygen of R1 attacks on the ruthenium center to remove one of
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Figure 2. Entire free-energy profile (kcal/mol) for the ruthenium-catalyzed C—H allylation reaction calculated at the B3LYP-D3+IDSCRF/TZP-

DKH(-dfg) level of theory.

the O-arms of k¥>-OTFA. The encounter intermediate INT-1
undergoes the dissociation of a k'-OTFA ligand through the
transition state TS-2. The consequent intermediate INT-2
indicates a loose Pd---C interaction with an interatomic distance
of 2.490 A, and the removed x'-OTFA group deprotonates the
carboxyl group of Rl to form an intermolecular OH:--O
hydrogen bond. The ligand dissociation from ruthenium should
be necessary for the C—H activation step because the ruthenium
center of the catalyst is of an 18e™ configuration and forming the
target Ru—C bond without the removal of a ligand would violate
the effective atomic number rule. Some previous mechanistic
studies also suggested that ruthenium-catalyzed C—H activation
may involve some charge-separated species as the precursor of
proton transfer.'’

The next step is C—H activation through the transition state
TS-3, with the x'-OTFA ligand serving as a proton acceptor,
which delivers the ruthenacyclic intermediate INT-3. The
located C—H activation mechanism is the concerted metal-
ation—deprotonation (CMD) mechanism via a six-center cyclic
transition state.”® Then, INT-3 undergoes the removal of
HOTFA and coordination of ammonium trifluoroacetate, with
the latter species being produced from HOTFA and R2. The
formed species INT-3-2 is the starting point for the next
migratory insertion step.

TS-4 is identified as the transition state of the migratory
insertion step and has the typical four-center cyclic structure, in
which the bond formation of C1—C2 and Ru—C3 and the bond
cleavage of Ru—Cl1 take place in a concerted manner. The
consequent intermediate INT-4 is a seven-member ruthenacy-
clic species, from which the OTFA group bonded to the
ammonium hydrogen can coordinate to ruthenium, giving a
different intermediate INT-4-1. The amide extrusion step from
INT-4-1 is required to pass over the transition state TS-5,
removing the neutral amine (C,H;),NH and delivering the
double bond in a concerted manner. The product exists as a
bidentate ligand in INT-S.

The double bond of the product may dissociate from
ruthenium through an intramolecular ligand exchange via the
transition state TS-6, causing the change of x'-OTFA to k-
OTFA. However, the removal of the product carbonyl oxygen
from ruthenium may be achieved by two ligand exchange steps.
First, the OTFA group hydrogen-bonded to the product moiety
coordinates to ruthenium via the transition state TS-7, changing

6136

the kK*~-OTFA ligand in INT-6 to the x'-OTFA ligand in INT-7.
Then, the ligand exchange via the transition state TS-8 can
release the product P and regenerate the active catalyst CAT.
We failed to locate a one-step substitution process linking INT-6
to P+CAT. It is worth noting that the ruthenium center retains
the oxidation state of +2 throughout the entire catalytic cycle,
indicating a redox-neutral C—H/C—N coupling reaction
performed under oxidant-free conditions.

The free-energy alterations along the proposed pathway are
shown in Figure 2. The combination of CAT and RI is
moderately favored by a free energy of 3.7 kcal/mol. The
dissociation of x'-OTFA is required to overcome a free-energy
barrier of 17.5 kcal/mol (TS-2) and absorb free energies of up to
11.3 kcal/mol. The rate-determining transition state is identified
to be TS-3 in the C—H activation step, which lies at 25.7 kcal/
mol, in free energy, above INT-1. On this basis, the kinetic
isotope ky/kp value is computed to be 4.53, close to the
experimental value (2.8—4.5).% Although INT-3 is quite
unstable with a free energy of 16.7 kcal/mol, it can evolve to
the stable species INT-3-2 by releasing free energies of 3.2 kcal/
mol. The migratory insertion process involves a free-energy
barrier of 18.5 kcal/mol and generates a slightly stable
intermediate (INT-4-1). The free-energy barrier of the amide
extrusion step via TS-S is merely 12.2 kcal/mol, and then, free
energies of 4.7 kcal/mol are liberated. The separation of the
product does not involve a very high-lying transition structure,
and the whole reaction is exothermic with a free energy of 4.8
kcal/mol.

As the C—H activation step is rate-determining, we have
located some other transition states for scissoring the target C—
H bond. The proton-transfer transition state using amine R2 as
an external base involves a total free-energy barrier of 30.1 kcal/
mol. The proton-transfer transition state using the hydrogen-
bonded OTFA anion as an external base suffers from a much
higher free-energy barrier. The detailed geometries and
energetic data are provided in the Supporting Information.
Such external-base-induced C—H activation processes resemble
the electrophilic deprotonation—metallation mechanism. These
data suggest that the CMD mechanism should be more plausible
for the present C—H activation step.

In addition, experimental researchers® have put forward a
different pathway, in which INT-3-2 may undergo the direct
removal of the amide group rather than the migratory insertion

https://doi.org/10.1021/acsomega.1c06584
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Figure 3. Migratory insertion and amide extrusion processes (in blue) without the assistance of HOTFA, that is, R2 instead of R2+HOTFA engages in
the reaction. Free-energy data are determined at the B3LYP-D3+IDSCRF/TZP-DKH(-dfg) level of theory. The favorable pathway (in red) is
comparatively shown.
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Figure 4. Three-dimensional structures involved in the amide extrusion processes, with the selected bond-length values (in black, A) and NBO charge
values (in pink, e). Hydrogen atoms on the carbon centers are all omitted for the sake of simplicity.

step. This mechanistic proposal supposed the formation of a Role of HOTFA in Promoting Amide Extrusion. The
ruthenium-(77*-allyl) complex and could be ruled out by our mechanism of the amide extrusion step in Figure 1 reflects the
calculations (see the Supporting Information). crucial role of HOTFA because the protonation by HOTFA can
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Figure S. Designed f-H elimination processes and the corresponding free-energy values (in kcal/mol) calculated at the B3LYP-D3+IDSCRF/TZP-
DKH(-dfg) level of theory.

significantly enhance the leaving group ability by transforming a H alkenylation of R1 is also a common reaction mode, which is
neutral amine into cationic ammonium. To analyze the effect of different from the amide extrusion step leading to the observed
HOTFA on the mechanism and energetics, we theoretically C—H allylation of R1. As the terminal step in traditional Heck
design a reaction channel without the assistance of HOTFA, in couplings, the f-H elimination step generally forms an olefinic
which the amide group is unprotonated upon elimination. This bond through a hydrogen shift from $-carbon to metal. To make
mechanistic proposal should be considered because the amount clear the factors favoring the amide extrusion over B-H
of R2 is much larger than that of HOTFA. The reaction pathway elimination, we theoretically design some f-H elimination
shown in Figure 3 (in blue) depicts the scene in which R2, rather steps after migratory insertion. Judging from the geometries of
than species R2+HOTFA, coordinates to the ruthenium center INT-4 and INT-4-1, the f-H elimination step may occur at
of INT-3-1 and engages in the migratory insertion and either of two positions (' or "), which lead to different
subsequent steps. In this case, the amide group might not be alkenylation byproducts (P’ and P”). Figure 5 shows the
removed directly from INT-4-NA because this would generate a optimized transition states for eliminating f’-H or f"-H,
bivalent nitrogen species that should be highly unstable. The respectively, from which one can see that the hydrogen atom
formation of a Ru—N dative bond is a requisite prior to the is abstracted by the ruthenium center involving a four-center
removal of the amide group because the energy cost of the C—N transition state (TS-BHE-1 or TS-BHE-2). Subsequently, a
bond cleavage may be compensated by the strengthening of the ruthenium-hydride complex (INT-BHE-1 or INT-BHE-2) with

Ru—N interaction in TS-5-NA (Ru—N distance: 2.217 A in a byproduct moiety is produced. Computational data reveal that
INT-4-1-NA and 2.144 A in TS-5-NA). This process can the free-energy barriers of the f-H elimination steps are in a
overcome a very high free-energy barrier of 32.1 kcal/mol and range of 13.4—16.5 kcal/mol, which should be kinetically

absorb free energies of 15.3 kcal/mol, which undoubtedly rule accessible at the experimental temperature.
out it as an accessible pathway at 60 °C. Comparatively, the free-energy barriers of the f-H elimination
For comparison, Figure 3 (in red) also provides the favorable steps are somewhat higher than that (12.2 kcal/mol) of the
pathway with R2+HOTFA as the reagent, as discussed earlier. It amide extrusion step with the promotion of HOTFA, but they
mainly benefits from a much lower free-energy barrier of the are much lower than that (32.1 kcal/mol) of the amide extrusion
amide extrusion step via TS-S. The optimized structures of INT- step without the promotion of HOTFA. The following reactivity
4-1 and TS-S in Figure 4 show that the target C—N bond sequence of the leaving groups is established in the field of
lengthens from 1.543 to 2.226 A, while it lengthens from 1.506 A ruthenium catalysis according to the computational results:
in INT-4-1-NA to 2.251 A in TS-5-NA, indicating that the protonated amide group > f-H group > unprotonated amide
removal of the protonated amide group is relatively more group with the help of ruthenium.
favorable. Additionally, natural bond orbital (NBO) charges at In fact, C—H alkenylation reactions via C—H/C—H coupling
the selected atoms are shown in Figure 4. The NBO charge value require the use of stoichiometric oxidants for the regeneration of
at the nitrogen atom changes from +0.078 e in INT-4-1 to the active catalyst. Under oxidant-free conditions, both of the
—0.144 e in TS-S, supporting the enhanced reactivity of the C—H alkenylation reactions shown in Figure 5 can not turn over
positively charged ammonium group. because the production of P’ or P”, with a Ru(0) complex,
On the basis of DFT calculations, HOTFA indeed plays a key absorbs free energies by as much as 65.7 or 62.0 kcal/mol. The
role in facilitating the amide extrusion step because the catalytic reaction may become spontaneous in the presence of a
protonation by HOTFA transforms the neutral amine into the suitable oxidant. It is predicted that employing iodobenzene
more labile ammonium. In contrast, the direct removal of the diacetate PhI(OAc), as the terminal oxidant leads to strong
amide group without the assistance of HOTFA is required to exothermicity (see Figure S).
overcome a much higher free-energy barrier. Some predictions beyond the experimental findings can be
Competition of the f-H Elimination Reaction. After made. If the reaction is performed under nonacidic conditions,
migratory insertion, the #-H elimination step leading to the C— p-H elimination should dominate over the amide extrusion
6138 https://doi.org/10.1021/acsomega.1c06584
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Figure 6. Designed protonation—demetalation processes and the corresponding free-energy values (in kcal/mol) calculated at the B3LYP-

D3+IDSCRF/TZP-DKH(-dfg) level of theory.

kinetically, which might result in catalyst deactivation without an
external oxidant. If the reaction is performed under acidic
conditions, the amide extrusion process is more competitive
than the f-H elimination process, and the latter can be further
suppressed using redox-neutral conditions.

Competition of the Hydroarylation Pathway. Figure 6
shows the designed pathways for the protonation of the Ru—C
bond in INT-4, leading to the hydroarylation of the double bond
of R2. To produce the precursor of the protonation step, a
molecule of HOTFA needs to serve as a ligand of the ruthenium
center. The first two pathways (blue and red) indicate that this
HOTFA may be the one hydrogen-bonded to the amide group
or the one hydrogen-bonded to the carboxylate group, and
precursors pre-1 and pre-2 are both highly unstable due to the
disconnection of a strong hydrogen bond. The protonation steps
via TS-prot-1 and TS-prot-2 involve the free-energy barriers of
31.4 and 26.6 kcal/mol, respectively, which are less favorable
than those of the main reaction.

On the third pathway (green), the HOTFA ligand is
introduced from the external environment, which avoids the
rupture of an intramolecular hydrogen-bonding interaction.
However, the entropic decrease makes the precursor pre-3 not
stable. Transition state TS-prot-3 lies at 21.6 kcal/mol above
INT-4 and thus is more accessible than those of the former two
pathways.

Experimentally, the amount of HOTFA is much smaller than
that of R2, which could not meet the requirement of the third
pathway and would hinder the protonation of the Ru—C bond
kinetically. In addition, the free-energy barrier associated with
TS-prot-3 is still higher than that of the amide extrusion of the
main reaction. Therefore, the protonation of the Ru—C bond
should be less favorable than the amide extrusion for the present
case.

B CONCLUSIONS

A ruthenium-catalyzed C—H allylation reaction was charac-
terized by DFT calculations, in which the plausible mechanism
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and the discrimination against other common reaction modes
between arenes and alkenes were addressed in great detail. The
C—H activation step was identified as the rate-determining step,
in line with the kinetic isotopic effects observed experimentally.
The removal of the f-group controls the competition of C—H
allylation and C—H alkenylation. The amide extrusion, leading
to the observed C—H allylation, proceeds favorably with the
promotion of HOTFA. The following kinetic sequence of the
leaving groups is obtained in the field of ruthenium catalysis:
protonated amide group > f-H group > unprotonated amide
group. The suppression of the hydroarylation pathway is mainly
due to the kinetic sluggishness of the Ru—C protonation process
because of the energy cost involved in the cleavage of the
favorable intramolecular interactions.

B COMPUTATIONAL DETAILS

Calculations were performed using the B3LYP den51ty func—
tional method'' in the Gaussian 09 program package.'” To
balance the computational cost and accuracy, the TZP-DKH(-
dfg) basis sets, originated from TZP-DKH basis sets'® via the
removal of d functions from H atoms, f functions from C, O, N,
and F atoms, and g functions from a Ru atom, have been
employed in all calculations. The default self-consistent reaction
field polarizable continuum model'* was employed to mimic the
solvation effect, in which our IDSCRF radii'® were chosen to
define the molecular space. In the present computational study,
trifluoroethanol was used as a solvent instead of trichloroethanol
since the latter solvent was unavailable in the Gaussian 09
program. The dispersion contribution was considered by
Grimme’s D3(BJ) method'® in both geometrical optimizations
and energetic determinations. All of the optimized stationary
points were subjected to vibrational analyses to obtain zero-
point energies and entropies for Gibbs free-energy calculations
and ensure that they were minima or first-order saddle points
(transition states) on the potential energy surfaces. The three-
dimensional molecular geometries were illustrated using
CYLVIEW software.'”
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The default translational entropies computed by the Gaussian
09 program are ideal-gas-phase translational entropies, which
would exag%erate the entropy decrease of bimolecular reactions
in solution.'® In the present study, our solution translational
entropy model encoded in the THERMO program'” was used to
compute more accurate entropic and free-energy data. Such a
solution translational entropy model has previously been applied
to Gibbs free-energy calculations in solution.*’
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