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ABSTRACT: The mechanism of the Ni-dcype-catalyzed C—H/C—-O
coupling of benzoxazole and naphthalen-2-yl pivalate was studied.
Special attention was devoted to the base effect in the C—O oxidative
addition and C—H activation steps as well as the C—H substrate effect
in the C—H activation step. No base effect in the C(aryl)—O oxidative
addition to Ni-dcype was found, but the nature of the base and C—H Cs:C05 studies /
substrate plays a crucial role in the following C—H activation. In the
absence of base, the azole C—H activation initiated by the C—-O
oxidative addition product Ni(dcype)(Naph)(PivO), 1B, proceeds via
AG = 34.7 kcal/mol barrier. Addition of Cs,CO; base to the reaction
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mixture forms the Ni(dcype)(Naph)[PivOCs-CsCO;], 3 _Cs_clus,

cluster complex rather than undergoing PivO™ — CsCO;™ ligand exchange. Coordination of azole to the resulting 3 _Cs_clus
complex forms intermediate with a weak Cs—heteroatom(azole) bond, the existence of which increases acidity of the activated
C—H bond and reduces C—H activation barrier. This conclusion from computation is consistent with experiments showing that
the addition of Cs,COj to the reaction mixture of 1B and benzoxazole increases yield of C—H/C—O coupling from 32% to 67%
and makes the reaction faster by 3-fold. This emerging mechanistic knowledge was validated by further exploring base and C—H
substrate effects via replacing Cs,CO; with K,CO; and benzoxazole (1a) with 1H-benzo[d]imidazole (1b) or quinazoline (1c).
We proposed the modified catalytic cycle for the Ni(cod)(dcype)-catalyzed C—H/C—O coupling of benzoxazole and

naphthalen-2-yl pivalate.

1. INTRODUCTION

Transformation of C—H bonds with a transition-metal catalyst
has received significant attention in the synthetic chemistry
community.1 In recent years, site-selective C—H activation has
emerged as an ideal methodology for synthesizing pharma-
ceutically relevant molecules, natural products, and organic
m-materials. As an example, impressive progress on the direct
C—H coupling methodology for making biaryls and heterobiaryls
(mainly palladium-based systems) was achieved.” In 2012, we
have shown® that a nickel catalyst, prepared from Ni(cod),
(cod =1,5-cyclooctadiene) and dcype (1,2-bis(dicyclohexyl-
phosphino)ethane), activates both C—H bond of 1,3-azoles and
C—O bond of phenol derivatives and facilitates heterobiaryl
formation (Scheme 1). More recently," we have reported a
number of experimental results that are in line with our initial
mechanistic blueprint for the C—H/C—O biaryl coupling,
consisting of (1) C(aryl)—O bond oxidative addition of the
phenol derivative (Ar—OR) to Ni(0) leading to Ar—Ni—OR
intermediate, (2) C—H activation/nickelation of azole (Az—H)
by the resulting Ar—Ni—OR intermediate to form an Ar—Ni—
Az intermediate, and (3) Ar—Ar reductive elimination from
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the Ar—Ni—Az intermediate to regenerate Ni(0) catalyst
(Scheme 1).

However, in order to develop next-generation nickel catalysts
with broader substrate scope, it is critically important to gain
insight into the mechanism and controlling factors of the
C—H/C-O0 coupling reaction by means of a joint experimental
and computational approach.

After our initial experimental report on the Ni-dcype-catalyzed
C—H/C—O coupling of azoles and phenol derivatives,® several
studies on the mechanism of this class of reaction were re-
ported.’ Just recently, Fu and co-workers have computationally
shown that the steric hindrance of the C—O electrophile sup-
presses the decarbonylative C—H coupling.® Previously, a similar
finding was experimentally reported for a closely related catalytic
system.” In addition, Fu and co-workers have emphasized impor-
tance of the PhO-to-K,PO, ligand exchange, upon addition of
K;PO, base to reaction mixture, in the Ni-dcype-catalyzed cou-
pling reaction between benzoxazole and phenyl pivalate.
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Scheme 1. C—H/C—O Biaryl Coupling by Ni-dcype Catalyst
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In spite of these and several other advances, still various
aspects of this chemically important reaction, especially those
related to the nature of C—H substrate and role of base in the
C—H/C—-0 coupling, remain to be answered. Although the
ultimate purpose of our joint computational and experimental
activity is to elucidate the factors governing each elementary
reaction involved in the Ni-dcype-catalyzed C—H/C—O biaryl
coupling (Scheme 1), in this paper we intend to elucidate in
particular (1) the base effect in the naphthalen-2-yl pivalate
(NaphOPiv) C—O oxidative addition and C—H activation/
nickelation steps and (2) the C—H substrate effect in the stoi-
chiometric reaction of the oxidative addition product Ni-
(Naph)(OPiv)(dcype) (1B) with various azoles (Scheme 2).

Scheme 2. Schematic Presentation of the Studied (1)
NaphOPiv C—O Oxidative Addition to Ni(dcype)(cod) and
(2) Stoichiometric Reaction of the Oxidative Addition
Product 1B with Various Azoles
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One should emphasize that we have previously isolated and
characterized the C(aryl)—O oxidative addition product Ni-
(Naph)(OPiv)(dcype) upon reaction of nickel catalyst [pre-
pared from Ni(cod), and dcype ligand] with NaphOPiv in
toluene at 100 °C.
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2. COMPUTATIONAL DETAILS

Calculations were performed by Gaussian 09 quantum chemical pack-
age.® The geometries of all reported reactants, intermediates, transition
states, and products were optimized without symmetry constraints in

1,4-dioxane solvent (& = 2.21) at the MOGL level of density functional
theory’ in conjunction with the Lanl2dz basis set and correspondmg
Hay—Wadt effective core potential (ECP) for Ni and Cs."® Standard
6-31G(d) basis sets were used for all other atoms. Below, this
approach will be called as MO6L/{Lanl2dz + [6-31G(d)]} or MO6L/
BSI. Solvent effects were estimated by using the PCM solvation
method.!" In order to incorporate disperse interactions into calcula-
tions we also performed geometry optimization and energy calcula-
tions of selected important intermediates and transition states at the
MO06/BS1 level of theory.12 These calculations have shown that the
MO6L/BS1 and M06/BS1 optimized geometries are very close, while
relative energies can vary by a few kcal/mol (see the Supporting
Information (SI)). The nature of each stationary point was character-
ized by performing normal-mode analysis. Relative free energies and
enthalpies of all reported structures were calculated under standard
conditions (1 atm and 298.15 K). Since the associated experiments
were performed at 100 °C (see Scheme 2), the important energy
barriers [i.e, C(aryl)—O oxidative addition and benzoxazole C—H
bond activation] were also recalculated at 373.15 K. Briefly, it is found
that increasing the temperature from 298.15 to 373.15 K only slightly
increases energy barriers and does not affect the reported conclusions
and reactivity trends. Therefore, below, in sake of consistency, we
discuss the M06/BS1 calculated free energies (ie, AG values) at
298.15 K unless otherwise specified. In the presented figures and tables,
we give both relative Gibbs free energies and enthalpies (in kcal/mol) as
AG/AH. Cartesian coordinates and total energies of all reported
structures are given in the SL

In order to evaluate the used MO6L/BS1 and M06/BS1 approaches
we investigated the geometry of the Ni(dcype)(CO), complex, which
was previously isolated experimentally and characterized by X-ray
technique.” Comparison of the calculated geometry parameters of
this molecule with their X-ray values shows an excellent agreement
between the calculated and experimental geometries of Ni(dcype)-
(CO), (see SI).

3. RESULTS AND DISCUSSIONS

As mentioned above, the purpose of this paper is to elucidate
the base effect in the C—O oxidative addition step, as well as
the C—H substrate and base effects in the reaction of the oxi-
dative addition product 1B and substrate, i.e. ,C—H activation/
nickelation and reductive elimination steps (Scheme 2). How-
ever, first we will briefly comment on a few important issues
related to the generation of the active catalyst because of their
importance to the consequent discussions.

Consistent with available experiment,®> our calculations
(see SI) show that active catalyst formation, i.e., the reaction
Ni(cod), + dcype — Ni(cod)(dcype) + cod is 12.5 kcal/mol
exergonic. Substitution of cod by NaphOPiv in Ni(cod)(dcype)
is expected to be the next step of the reaction, and this step
may proceed differently in absence and presence of base in the
reaction mixture.

In the absence of base, the cod — NaphOPiv substitution in
Ni(cod)(dcype) leads to Ni(dcype)(NaphOPiv) intermediate
which has numerous isomers, among which isomers A, B, and
C (see SI) [where the aryl pivalate ligand is coordinated to
nickel through the C=0 double bond of its carboxylate frag-
ment, the C=C double bond of its arene ring and carbonyl—0O,
and the C=C double bond of its arene ring and p,-O of its
carboxylate group, respectively] are lower in energy. Although
these isomers could transform to each other, they should be
considered as prereaction complexes in the C(acyl)—O and
C(aryl)—O oxidative addition reactions.

Factors affecting selectivity of the C(aryl)—O and C(acyl)—O
bond activation have been subject of several recent investiga-
tions.***'* Our calculations mostly agree with previous studies
but also provide slightly different results (see SI). First, we find
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that the C(acyl)-O bond cleavage, proceeding via a three-
centered transition state, requires a 26.7 kcal/mol energy barrier
and is 11.4 kcal/mol endergonic (calculated relative to the reac-
tants [Ni(cod)(dcype) + NaphOPiv]. Second, the C(aryl)—O
oxidative addition, occurring via the five-centered transition state
TS1B (see Figure 1), requires a slightly higher (29.1 kcal/mol)
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Figure 1. Important geometry parameters (in A) and relative energies
[in kcal/mol, relative to reactants Ni(cod)(dcype) plus NaphOPiv] of
the lowest C(aryl)—O oxidative addition five-centered transition state
and corresponding oxidative addition product 1B (cyclohexyl groups
and hydrogen atoms are omitted for clarity).

energy barrier and leads to product 1B. However, the C(aryl)—O
oxidative addition is found to be 3.5 kcal/mol exergonic. Based
on these findings, we predict the C—O oxidative addition pro-
duct of the reaction of Ni(cod)(dcype) with NaphOPiv to be the
Ni(Naph)(OPiv)(dcype), 1B, complex associated with the
C(aryl)—O oxidative addition. This prediction is consistent with
our recent experiments showing that the reaction of Ni(cod)-
(dcype) with NaphOPiv leads to isolable and stable Ni(Naph)-
(OPiv)(dcype) product.* One should note that increasing tem-
perature from 298.15 to 373.15 K increases the energy barrier
associated with the C(aryl)—O oxidative addition transition state
TS1B from 29.1 to 29.3 kcal/mol. One should also mention that
the calculated geometry parameters (Figure 1) of oxidative
addition product 1B are consistent with their experimental values
(see SI).*

In the presence of base, the C—O oxidative addition to
Ni(cod)(dcype) is expected to be very complicated and can be
affected by numerous factors such as (but not limited to) the
chemical nature of base, its aggregation state (i.e., availability of
the base molecule), and concentration of the base molecule in
the reaction mixture. Our limited computational data (see SI)
indicate that the C(aryl)—O oxidative addition of NaphOPiv to
Ni(cod)(dcype) is a facile process in the presence of both
Cs,CO; and K,CO;. However, these studies have also indicated
that this oxidative addition process in the presence of base
requires more comprehensive approaches and cannot be con-
clusively solved exclusively by computation.

Therefore, we turned to experiments to investigate the influ-
ence of base on the C—O oxidative addition to Ni(cod)-
(dcype). We monitored the C—O oxidative addition reaction of
NaphOPiv in the presence of Cs,CO; or K,CO; by *'P NMR
spectroscopy (Figure 2). In comparison with the reaction in the
absence of base, the use of neither Cs,CO; nor K,CO; showed
significant effect on the oxidative addition. Both reactions
completed in 8 h. In the course of these reactions, only *'P
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Figure 2. Monitoring the C—O oxidative addition of NaphOPiv to
Ni(cod)(dcype) in the presence (dark, K,CO; and brown, Cs,CO;)
and absence (blue) of base.

NMR peaks, derived from product Ni(Naph)(OPiv)(dcype)
and reactant Ni(cod)(dcype) complexes, were observed. These
results indicate that the C—O oxidative addition is not affected
by the Cs,COj; and K,CO;.

3.1. C—H Activation/Nickelation. Previously, we re-
ported* that the stoichiometric reaction of Ni(Naph)(OPiv)-
(deype) (1B) and benzoxazole gave the coupling product, but
the reaction yield increases from 32% to 67% upon addition of
Cs,CO; to the reaction mixture (Scheme 2). Furthermore, the
performed kinetic study on the stoichiometric reaction of 1B
with benzoxazole in the presence and absence of bases (see SIs
for more details) shows that the reaction in the presence of
Cs,CO; is 3-fold faster than the reaction without bases
(see Figure 3). These findings of our previous* and current
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s ¥
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Figure 3. Monitoring the kinetics of the stoichometric reaction of 1B
with benzoxazole in the presence (K,CO5, brown, and Cs,CO, green)
and absence (blue) of base.

experiments indicate the intervention of base in the mechanism
of the C—H activation/nickelation step. In order to elucidate
the mechanism of the C—H activation/nickelation as well as the
role of the base in this process, we investigated two distinct
reactions of 1B with benzoxazole. One of them does not in-
volve base, while another one includes Cs,COj in the reaction
mixture.

3.1.1. C—H Activation/Nickelation in the Absence of Base.
The C—H activation/nickelation is expected to be initiated
by coordination of benzoxazole to the C(aryl)—O oxidative
addition product 1B. Due to the unsymmetrical nature of
naphthalenyl group, benzoxazole can attack to 1B from either
syn or anti directions to the bending side of naphthalenyl ligand
(Figure 1). In general, calculations show that both pathways
proceed via the same mechanisms, while the anti-attack requires
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slightly higher C—H activation barrier (see SI). Therefore,
below we only report details of the syn-attack of benzoxazole
to 1B.

Coordination of benzoxazole to 1B results in intermediate
2a, which lies 152 kcal/mol higher in free energy than
dissociation limit of 1B + azole (see Figure 4). The following
azole C—H activation occurs via traditional concerted metal-
ation/deprotonation (CMD)15 transition state TS2a. As seen
in Figure 4, in TS2a, one of oxygen atoms (O') of pivalate is
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Figure 4. Important geometry parameters (in A) and relative energies
(in kcal/mol, relative to the reactants 1B + benzoxazole) of the
intermediate 2a, C—H nickelation transition state TS2a, and C—H
nickelation product 3a (cyclohexyl groups and selected hydrogen
atoms are omitted for clarity).

weakly coordinated to the nickel center, while another one
(0?) is engaged in proton abstraction from the C’-center. The
C® atom of azole also interacts with the nickel center. Impor-
tant geometry parameters of transition state TS2a, ie., the
Ni—C?, Ni—0!, C°—H, and O*—H distances are 2.17, 2.32,
1.29, and 1.35 A, respectively.

The energy barrier required at the transition state TS2a is
31.0 kcal/mol. The formation of product 3a is endergonic by
13.4 kcal/mol. In an aim to find an energetically less demand-
ing pathway we have also investigated C—H activation via the
arm-off mechanism (ie., via formation of coordinatively un-
saturated nickel complex by cleaving one of the two Ni—P
bonds), which has been extensively discussed in literature.>'®
However, we found that the arm-off mechanism requires an
even larger energy barrier of 37.7 kcal/mol (see SI) and,
therefore, is excluded from further discussion.

From the resulting intermediate 3a, reaction may proceed
either via the PivOH dissociation (i.e., formation of inter-
mediate 4a, see Figure S) and then C—C reductive elimination
or via the direct C—C reductive elimination and then PivOH
dissociation pathways. Between these two pathways, we found
the pathway proceeding via the PivOH dissociation followed by
C—C reductive elimination to be energetically more feasible.
The first step of this pathway, i.e., PivOH dissociation (3a —
4a), is exergonic, 4.5 kcal/mol, while its second step, i.e., C—C
reductive elimination, requires a small energy barrier 9.1 kcal/
mol at the transition state TS3a (see Figure S).

The calculated small energy barrier for the C—C reductive
elimination is consistent with previous reports on the facile
C(sp®)—C(sp*), C(sp*)—C(sp®), and C(sp*)—C(sp*) coupling
in Pd(II) and Ni(II) systems.”’18 The formation of biaryl
complex Sa is found to be 16.0 kcal/mol exergonic, relative to
the reactants 1B plus benzoxazole.
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Figure S. Important geometry parameters (in A) and relative energies
(in kcal/mol, relative to the reactants 1B + benzoxazole) of the
intermediate 4a, reductive elimination transition state TS3a, and C—C
coupling complex Sa (cyclohexyl groups and hydrogen atoms are
omitted for clarity).

As seen from the overall potential energy surface (PES) of
the reaction in Figure 6, the C—C reductive elimination pro-
ceeds via a much smaller energy barrier than that required for
the reverse (i.e., the C—H formation) reaction 4a — TS2a — 2a.
Therefore, the reaction of 1B and benzoxazole, in the absence
of base, will require a total of 31.0 kcal/mol C—H nickelation/
activation barrier at the transition state TS2a. Increasing the
temperature from 298.15 to 373.15 K increases this energy
barrier from 31.0 to 34.7 kcal/mol, which is 5.4 kcal/mol larger
than 29.3 kcal/mol barrier required for the C(aryl)—O oxidative
addition to Ni(cod)(dcype). This conclusion is consistent with
the experimentally reported high reaction temperature (100—
120 °C) and rate-determining C—H activation step.

3.1.2. Cs,CO5-Mediated C—H Activation/Nickelation. Thus,
in the absence of base, the C—H activation/nickelation reaction
of Ni(Naph)(OPiv)(dcype) (1B) and benzoxazole requires
34.7 kcal/mol barrier (31.0 kcal/mol at 298.15 K) at the CMD
transition state TS2a. However, as already mentioned, our
experiments show that the addition of Cs,COj to the reaction
mixture increases yield of the C—H/C—O biaryl coupling from
32% to 67% (Scheme 2)* and makes the reaction faster by a
factor of 3 (Figure 3). Therefore, in this section we explore the
roles of Cs,COj; in the stoichiometric reaction of 1B and
benzoxazole.

We should emphasize that the importance of base (carbo-
nates, such as Cs,CO;, K,CO;, etc.) and cocatalysts (carboxylic
acids, such as AcOH, CsOPiv, KOPiv, etc.) is widely recognized
in the transition-metal-catalyzed C(sp?>)—H and C(sp*)—H
bond functionalization reactions.'® For example, it was shown
that addition of carboxylate acid and base is absolutely neces-
sary for success of the Pd-catalyzed direct arylation of arenes
and alkanes.">**° It was suggested that, in these reactions, the
carboxylic acids act exclusively as a proton shuttle in the con-
certed metalation/deprotonation (CMD) transition state, while
the stoichiometric carbonate or phosphate plays the role of
either proton scavenger from the acetic acid or aids in the
removal of acetic acid from the reaction mixture’' at the sub-
sequent stage of the reaction to make the deprotonation
process irreversible.”> Unfortunately, this mechanistic picture
does not explain the observed increase yield of the reaction 1B
with benzoxazole upon addition of Cs,COj to the reaction mix-
ture. Furthermore, previously reported studies failed to explain
roles of the countercation in the C—H activation/metalation,
partly because most of the existing mechanistic studies either
completely ignored countercation in the modeling™ or reduced
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the role of additive (carboxylate acids, percarbonates, phos-
phates etc.) to simple ligand (anion) exchange

The present study includes real-sized (used in the experi-
ments) systems as well as both counter-cations and corre-
sponding anions into the calculations. The addition of Cs,CO;
to 1B is found to be 9.7 kcal/mol exergonic. It leads to the
formation of 1_Cs intermediate (see Figure 7), which is kineti-
cally less stable and transforms to the thermodynamically more
favorable intermediate 2 Cs: the reaction 1B + Cs,CO; —
2 Cs is 30.3 kcal/mol exergonic. From the resultant complex
2 Cs, the reaction may proceed via two different pathways. The
first begins with the elimination of PivOCs to form complex
3 Cs and a CsCOj; anion, ie., so-called PivO™ to CsCO5~
ligand exchange pathway. This process requires 10.2 kcal/mol

free energy. Furthermore, the following C—H activation from
the resulting complex 3_Cs with either bidentately or mono-
dentately (i.e. arm-off path) coordinated dcype ligand requires
an additional high activation barrier: the total energy required
for the C—H activation/nickelation calculated from 2 Cs for
bidentately and monodentately coordinated dcype ligand is
found to be 35.3 and 37.9 kcal/mol, respectively. One should
note that similar results on the ligand exchange, i.e., reaction
Ni(deype) (Ph)(RCOO) + K;PO, — Ni(dcype)(Ph)(K,PO,) +
RCOOK, and base-assisted benzoxazole C—H bond activation
(where R = ‘Bu and thiophene, C,SH,) were reported by Fu and
co-workers.®

Strikingly, our calculations show that complex 2_Cs will rath-
er easily (with several energetically less demanding transition
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states and shallow minima) isomerize to the thermodyna-
mically more stable cluster complex 3 Cs clus. The 2 Cs-to-
3 Cs_clus transformation is found to be 5.8 kcal/mol
exergonic, while overall reaction 1B + Cs,CO; — 3_Cs_clus
is highly exergonic (36.1 kcal/mol). In the resultant cluster
complex 3 Cs clus (see Figures 7 and 8), the [PivOCs:
CsCO;]™ cluster anion is strongly bound to the Ni-center.
Based on these findings, we predict the cluster complex
3 Cs clus to be the thermodynamically most favorable
prereaction complex in the Cs,COj3, 1B, and substrate reaction
mixture.

At the next stage, the resultant cluster complex 3_Cs_clus
coordinates substrate and acts as an active catalyst for the
benzoxazole C—H activation. In general, the benzoxazole
molecule may coordinate to 3 Cs clus from two distinct
directions (see Figure 8): syn, from the side to where the

Figure 8. Syn and anti approaches of benzoxazole to the complex
3 _Cs_clus.

naphthalenyl ligand is leaning, (ie., from the side where Cs*
and O° centers are located), and anti (i.e., from the side where
Cs' and O* centers are located). Since the substrate C—H acti-
vation via the syn-attack pathway is found to require slightly
larger energy barrier than that for the anti-attack (see SI),
below we only discuss mechanistic details of the anti-attack of
benzoxazole to 3 Cs_clus.

Anti-attack of benzoxazole to 3_Cs_clus produces (benzox-
azole)-3_Cs_clus complex, which may have two isomers called
as 4 Cs clus O and 4 Cs_clus N species. These isomers
differ in having Cs—O(azole) and Cs—N(azole) weak bonds,
respectively. As seen in Figure 9, the calculated Cs'—O(azole)
and Cs'—N(azole) bond distances in these complexes are
3.22 and 3.22 A, respectively. The value of the Cs'—O(azole)
bond distance in 4 Cs_clus_O is longer than 3.07 A reported
for Cs(H,0)," and 3.00 A of sum of the covalent radii of
cesium and oxygen atoms.** The value of the Cs'—N(azole)
bond distance in 4_Cs_clus N is in good agreement with
those reported for monocesium compounds [Cs(LH;)-
(py)], (L = calix[4]arene) [3.098(16) A], [Cs{([Me;Si],C)-
P(C4H,CH,NMe,), }(toluene)], [3.2758(19) and 3.1039(17)
A], the amide-bridged dimeric complex [{Cs(u-TMP)-
(TMEDA)},] [Cs—N = 3.198(2) A, TMP = 2,2,6,6-tetrameth-
ylpiperidide],*> and the sum of covalent radii of cesium and
nitrogen atoms (3.03 A).

Since the stoichiometric reaction 1B + Cs,CO; + benzo-
xazole was conducted in 1,4-dioxane and toluene solutions, and
previously it was shown that 1,4-dioxane molecules could
solvate Cs cation by forming Cs—O(dioxane) bonds, here we
elucidated the impact of 1,4-dioxane coordination to the re-
ported Cs—N(azole) interaction in intermediate 4 Cs_clus N.

Csz,\:PCyz

-
Cy:P  PCy,
_Nil

Ni=N = 4.02 Ni-O3 = 3.82
Ni-C® = 3.60 Ni—C5 = 3.65
Ni-O%=1.88 Ni-O%=1.88
C5-H =1.10 C5-H =1.10
0%*H=202 O*H =2.00
08-H=228 08-H=224
Cs-0%=3.22 Cs'-N =322

4 Cs_clus_ O

4 Cs_clus_N

Figure 9. Important geometry parameters (in A) and relative energies
[in kcal/mol, relative to reactants 1B + Cs,CO; + benzoxazole] of the
intermediates 4 Cs _clus_ O and 4 Cs _clus N with Cs—O(azole)
and Cs—N(azole) weak bonds, respectively (cyclohexyl groups and
selected hydrogen atoms are omitted for clarity).

For this reason, we included several 1,4-dioxane molecules
into the calculations (see Figure S17 of SI for more details).
These calculations show that azole molecule interacts with
3_Cs_clus intermediate by 8.0 kcal/mol stronger than 1,4-
dioxane does, and the solvation of Cs cation by 1,4-dioxane has
no impact on the above-reported Cs—N(azole) interaction.
In other words, these calculation confirmed the existence of
Cs—N(azole) [or Cs—O(azole)] interaction even in 1,4-
dioxane solution. We envision that the existing Cs—N(azole)
and Cs—O(azole) interactions may play a crucial directing role
in the C—H nickelation. Furthermore, the existence of these
interactions is expected to increase acidity of the C—H bond of
coordinated benzoxazole and thus lower the CMD activation
barrier. A similar effect was reported by Gorelsky in the study of
Pd(Ig-catalyzed direct arylation of azoles by Cu(I) coordina-
tion.

Since complex 4 Cs clus N is 3.0 kcal/mol more stable
than 4 Cs clus O, and the C—H activation reaction initiated
from both complexes proceeds via the same type of inter-
mediates and transition states (see SI), below we briefly discuss
the mechanism of 4_Cs clus N promoted C—H activation
reaction. As shown in Figure 10, the C—H activation barrier
at the transition state TS1 Cs clus N is 27.3 kcal/mol
(calculated relative to the cluster complex 3 Cs clus +
benzoxazole, at 298.15 K), i.e., by 3.7 kcal/mol less than rate-
determining barrier of 31.0 kcal/mol reported for the reaction
of 1B with benzoxazole in the absence of base. Increasing the
temperature from 298.15 to 373.15 K raises this energy barrier
from 27.3 to 31.1 kcal/mol, which is 1.8 kcal/mol larger than
29.3 kcal/mol energy barrier required for the C(aryl)—O oxi-
dative addition to Ni(cod)(dcype). In other words, the C—H
activation step remains a rate-determining one even upon
addition of Cs,CO; to reaction mixture.

Thus, addition of Cs,COj to the reaction mixture of 1B and
benzoxazole, at first, produces the cluster complex 3_Cs_clus:
overall reaction of 1B + Cs,CO3; = 3 Cs_clus is 36.1 kcal/mol
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exergonic (see Figure 7). The resultant complex 3_Cs_clus
coordinates the benzoxazole molecule and forms an interme-
diate with the Cs—heteroatom(azole) interaction (see Figure 9)
that increases acidity of the activated C—H bond and lowers the
C—H activation barrier. The existence of the Cs-heteroatom-
(azole) interaction in pre-reaction complex (4 Cs clus_O or
4 Cs_clus N) is predicted to be only one of the factors that
reduce the rate-limiting C—H activation barrier. In general, this
finding of computation is in good agreement with our
experiments showing that addition of Cs,COj; to the reaction
mixture 1B and benzoxazole increases the reaction yield from
32% to 67% (Scheme 2)* and makes the reaction faster by 3-fold
(Figure 3).

Comparison of the C—H activation transition states TS2a
and TS1_Cs_clus N shows that the addition of Cs,CO; to 1B
also changes the nature of the C—H activation transition state
from being the six-membered CMD transition state (TS2a) to
the four-membered o-bond metathesis transition state where
the u,-O (that links Ni with PivOCs-CsCOj cluster) center acts
as a proton acceptor.

Overcoming the highly asynchronous o-bond metathesis
transition state TS1 Cs clus N leads to the biaryl inter-
mediate 5 Cs_clus_N that lies 2.7 kcal/mol lower in energy
than reactants 3_Cs_clus + benzoxazole. The C—C reductive
elimination from the resulted intermediate S5 Cs clus N
occurs with a relatively small, 9.9 kcal/mol, energy barrier
(see Figure 10) in the transition state TS2_Cs_clus_N. Overall
reactions 1B + Cs,CO; + benzoxazole = 6 Cs_clus N and
3_Cs_clus + benzoxazole - 6_Cs clus N are found to be
58.5 and 22.4 kcal/mol exergonic, respectively.”®

To summarize, the presented calculations, for the first time in
the literature to our best knowledge, show that (1) the addition
of Cs,CO; to reaction mixture of Ni(dcype)(Naph)(OPiv) (1B)

and benzoxazole leads to formation of the thermodynamically
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stable Ni(dcype)(Naph)[PivOCs-CsCO;] cluster complex
3_Cs_clus rather than the PivO™ — CsCO;™ ligand exchange;
(2) the coordination of benzoxazole to the cluster complex
3 Cs_clus forms intermediates 4 Cs clus O or4 Cs clus N
with Cs—O(azole) and Cs—N(azole) interactions, respectively.
The existence of the Cs-heteroatom(azole) interaction is pre-
dicted to be one of the factors facilitating the C—H activation in
the presence of base and, consequently, increasing the reaction
yield; and (3) the formation of the cluster complex 3_Cs_clus
changes the nature of the C—H activation transition states from
being the six-membered CMD transition state (TS2a), in the
no base case, to the four-membered o-bond metathesis transi-
tion state (TS1_Cs clus N) where the u,-O (that links Ni
with PivOCs-CsCOj cluster) center acts as a proton acceptor.

Combination of our previous experimental data* and afore-
mentioned computational findings enables us to propose the
modified catalytic cycle for the Ni(cod)(dcype)-catalyzed
C—H/C-O biaryl coupling of benzoxazole and NaphOPiv.
Now, we predict that this reaction involves the: (1) active cata-
lyst generation and Ni(dcype)(NaphOPiv) intermediate forma-
tion, (2) C(aryl)-O oxidative addition via the five-centered
transition state leading to the Ni(dcype)(Naph)(OPiv) inter-
mediate, (3) Cs,CO; coordination and the Ni(dcype)(Naph)-
[PivOCs-CsCOs;] cluster complex formation, (4) C—H activation/
nickelation by the Cs-clustered nickel complex via the o-bond
metathesis transition state, and (5) C—C reductive elimination
and catalyst regeneration (see Scheme 3). One should note that
understanding the roles of base in the catalyst activation and
regeneration steps still requires more comprehensive inves-
tigations, which are in progress in our groups.

3.2. Proof of Concept. In order to validate above pre-
sented mechanistic details of the stoichiometric reaction of the
naphthalen-2-yl pivalate C—O oxidative addition product
Ni(Naph)(OPiv)(dcype) (1B) and C—H substrate (the C—H
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Scheme 3. Modified Catalytic Cycle of the Ni(cod)(dcype)-
Catalyzed and [PivOCs*CsCO;]-Mediated C—H/C—O
Biaryl Coupling between Benzoxazole and NaphOPiv

Cy.P PCYz Cy,P PCy,
Ni° C(aryl)-O oxidative addition \Niﬁ
[N pivo”
rBuJLO XS=>
naphthalen-2-yl pivalate cluster complex
(NaphOPiv) formation Cs,COg
Cng PCy2
Mo Vam\
Nicod) l Csz\ PCy,
|
s SO g
Ni(cod)(dcype) CS 0
3\—/(3
=0
j B
40
H
/ N\ — - o
CvP POy n
reductive Cy,P PCy,
elimination N|' \H
0 Ni”
- ;!
N, Q§ O-. O@ Cs-cluster
H "H ‘Q‘N assisted
bS) 0N 0," ' C-H nickelation
o \7 >
o Cs / |
\ /> ~
/__—Cs 0.0
o (O LW
o L u —
-0 Y
N, Bu

kel
et
\/ % — >_' 'B”_« 0
\ / Cs-cluster

Cs
\? dissociation PivOCs.. CsHCOs
Bu

>>-OH

activation/nickelation and reductive elimination steps), we have
extended our joint experimental and computational study to
K,CO; (instead of Cs,COs, i.e.,, Cs — K replacement), benz-
imidazoles (instead of benzoxazole, i.e, O — N replacement)
and quinazoline (instead of five-membered arene, ie., five-
membered — six-membered arene replacement).

3.2.1. K,CO;3 vs Cs,CO;3 in C—H Activation/Nickelation. As
already mentioned, our previous experiments3’4 have shown
that the addition of Cs,COj; to the reaction mixture of Ni-
(Naph)(OPiv)(dcype) (1B) and benzoxazole facilitates the
stoichiometric reaction and increases its yield from 32% (in no
base case) to 67% (for the Cs,COj; case) (Scheme 2). Further-
more, the provided kinetics in the present paper (see Figure 3)
on the stoichiometric reaction of 1B with benzoxazole in the
presence and absence of bases (see SI for more details) show
that the addition of Cs,COj; to the reaction mixture increases
rate of the reaction by 3-fold. The above presented computa-
tional data are fully consistent with these experimental findings.
In addition, the presented computations provided detailed
understanding of the factors impacting the reported base effect:
it was shown that (1) the addition of base leads to formation of
the thermodynamically stable cluster complex 3 Cs_clus rather
than the PivO™ — CsCO;~ ligand exchange, and (2) the
coordination of substrate (benzoxazole) to the resultant cluster
complex 3_Cs_clus forms prereaction complex with Cs-
heteroatom(azole) interactions that increases the acidity of
the activated C—H bond and is predicted to be one of the
factors lowering the C—H activation barrier.

In order to provide additional support to the presented mech-
anistic details of the base effect, we performed computational
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study of the reaction mechanism of 1B with benzoxazole in the
presence of K,CO;. Since all calculated intermediates and
transition states of the reaction of 1B with benzoxazole in the
presence of K,COj; are found to be similar to those in the case
of Cs,CO;, we included them in SI. Importantly, these new
calculations provide 28.2 and 32.5 kcal/mol C—H activation/
nickelation barriers at the 298.15 and 373.15 K, respectively.
These values are smaller than that, 31.0 and 34.7 kcal/mol,
respectively, reported for the no base case, but are slightly
larger than 27.3 and 31.1 kecal/mol, respectively, found for the
Cs,CO; case. In other words, the reaction of 1B with
benzoxazole in the presence of K,CO; should be more efficient
than that without any base, but less efficient than that in the
presence of Cs,COj;. The increase in the calculated C—H
activation barrier upon going from the Cs,COj; base case to the
K,CO; base case could be attributed to the weaker K—N(azole)
interaction compared to the Cs—N(azole) interaction (see SI).

In order to test the computationally predicted trend in the
reactivity of the stoichiometric reaction of 1B with benzoxazole,
i.e, no base < K,CO; < Cs,CO;, we experimentally studied
[under the same experimental conditions as that for the
Cs,CO; case] the stoichiometric reaction of Ni(Naph)(OPiv)-
(deype) (1B) and benzoxazole in the presence of K,CO; (ie.,
the Cs,CO; — K,CO; substitution) as well. Consistent with
the presented computational prediction, we found that the
addition of K,CO; to the reaction mixture of 1B and benzo-
xazole increases the reaction yield (from 32% to $1%) and
makes the reaction slightly faster (by 1.1-fold). In other words,
while the provided kinetic studies confirm the computationally
predicted trend in the reactivity of the stoichiometric reaction
of 1B with benzoxazole, i.e., no base < K,CO; < Cs,CO;, in the
experimental condition, the base effect is somewhat more
pronounced for Cs,COj; than for K,CO,.

3.2.2. Effect of C—H Substrate. Above we predicted that the
existence of the Cs-heteroatom(azole) interaction in the
(3_Cs_clus)-(benzoxazole) prereaction complex facilitates the
benzoxazole C—H activation by increasing its acidity (or
reducing its pK, value). In fact, the pK, value was previously
shown to be one of the important factors of C—H bond
activation by transition-metal systems.29 However, a question
that still requires more investigations: Is the presence of this
Cs-heteroatom(azole) interaction and related pK, values
the only factors impacting the C—H activation by 3_Cs_clus?
In order to reveal other factors affecting C—H activation by
3_Cs_clus, we investigated the reaction of 1B with 1H-benzo-
[d]imidazole (1b) and quinazoline (1c) in the presence of
Cs,CO; both computationally (at the MO6L/BS1 level of
theory) and experimentally.

Our experiments show that although benzoxazole (1a) cross-
couples with NaphOPiv in quantitative yield under the standard
catalytic conditions, neither 1H-benzo[d]imidazole (1b) nor
quinazoline (1c) react with NaphOPiv under otherwise iden-
tical conditions (Figure 11). Close comparison of these sub-
strates shows that the z-electron density in the azole system
decreases in the order 1a > 1b > 1c. This electronic feature of
the examined azoles may have a large effect on the Cs-heteroatom-
(azole) interaction in 4 Cs clus N and the following C—H
activation transition state TS1_Cs_clus_N.

Consistent with this experlrnental ﬁndlng, accompanying
calculations show a significant increase in the C—H activation
barrier upon replacing 1a by 1b or 1c: from 26.7 keal/mol in 1a to
40.2 and 48.6 kcal/mol in 1b and 1c, respectively (see Figure 11,
these values are obtained at the MO6L/BS1 level of theory, in
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Effect of C-H substrates: yields of reaction with NaphOPiv under standard conditions
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Figure 11. Schematic presentation (benzoxazole is chosen as an
example) of the distortion/interaction analysis for the lowest CMD
transition states. Here AG¥ and AEF are the Gibbs free and electronic
energy barriers, respectively, calculated at the MO6L/BS1 level of
theory in 1,4-dioxane.

1,4-dioxane, and at 298.15 K temperature). In other words,
reaction of 1B with 1H-benzo[d]imidazole (1b) and quinazo-
line (1c) cannot proceed even in the presence of Cs,COs;.

In order to cast light on the possible reasons of the observed
and calculated trend in reactivity of 1a, 1b, and 1c¢ by 3_Cs_clus,
ie, la > 1b > 1lc, we performed distortion/interaction
analysis.’****® As seen in Figure 11, the negative value of total
interaction energy Ej is 16.5 and 40.5 kcal/mol smaller for 1b
and Ic, respectively, relative to la. Since E;; is combination of
the [PivOCs-CsCO,]-Het and Ni-C*(azole) interaction energies,
one should expect that the increasing electron density of azole
(via 1a > 1b > 1c) defines the Ni-C>(azole) covalent interaction,
which is also manifested in the calculated Ni—C® bond distance
in corresponding C—H activation transition states (see SI).

The gain in total interaction energy E, via 1a > 1b > Ic is
partly offset by total distortion energy Eg [i.e, Eqq(NiL) +
Eg(Het)] that associates with distortion of the geometry of
catalyst and substrate from their “free” (i.e., separate) states to
the corresponding moieties in transition states. As could be
expected, the substrate distortion energy, Egq(Het), is larger
than that, E4(NiL), for the catalyst. The calculated total
distortion energy Egg is 6.5 and 22.0 kcal/mol smaller for 1b
and 1, respectively, than for 1a. Thus, the reduction in total
distortion energy Ey, only partly compensates the increase of
total interaction energy E;, in order of 1a > 1b > lc.

In other words, the calculated large C—H activation barriers
(by 13.6 and 22.0 kcal/mol, respectively, relative to benzoxazole
la) for the reaction of 1H-benzo[d]imidazole (1b) and

quinazoline (1c) with 3_Cs_clus are partly the result of weaker
interactions of 1b and 1c with the rest of the cluster complex
3_Cs_clus at the corresponding transition states (see SI). This
effect can be attributed to the decrease of z-electron density in
these azoles. Thus, the more z-electron-rich azole has the smaller
C—H activation barrier by 3_Cs_ clus. Previously, similar conclu-
sion was made by Gorelsky and co-workers for the Pd-catalyzed
arene C—H activation reaction.””

4. CONCLUSIONS

From the above presented joint computational and exper-
imental studies of the Ni(cod)(dcype)-catalyzed C—H/C—0O
biaryl coupling, we may draw the following conclusions:

(1) The C—O oxidative addition of NaphOPiv to Ni(cod)-
(dcype) proceeds via the five-center C(aryl)—O bond
activation transition state and leads to the Ni(Naph)-
(OPiv)(dcype) (1B) intermediate. This finding is in ex-
cellent agreement with our previous experiments.* Fur-
thermore, the C—O oxidative addition is found to be
independent from the absence or presence of base as well
as the nature of carbonates (ie., Cs,CO; and K,CO;).

(2) In the absence of Cs,CO, base, the C—H activation/
nickelation by 1B, proceeds via the rate-determining
34.7 kcal/mol CMD energy barrier.

(3) Addition of Cs,CO; base to the reaction mixture of 1B
and azole, at first, forms the stable cluster complex
Ni(dcype) (Naph)[PivOCs-CsCO;), 3 Cs_clus, rather
than undergoing the PivO™ — CsCOj;™ ligand exchange.
Coordination of the azole to the resulting 3_Cs_clus
cluster complex leads to an intermediate with a weak Cs-
heteroatom(azole) bond, the existence of which increases
the acidity of the activated C—H bond and consequently
reduces the C—H activation barrier to 31.1 kcal/mol
relative to the no base case. This computational conclu-
sion is consistent with our previous4 and current experi-
ments showing the addition of Cs,COj; to the reaction
mixture of 1B and benzoxazole increases yield of the
C—H/C—O0 biaryl coupling from 32% to 67% and makes
the reaction faster by 3-fold.

(4) The emerging mechanistic details of the stoichiometric
reaction of 1B and substrate in the presence of Cs,CO;
were endorsed further by studying the reactions of 1B and
benzoxazole in the presence of K,CO; (ie., Cs,CO; —
K,CO; replacement) and 1B and benzimidazoles (O — N
change) and quinazoline in the presence of Cs,CO;. The
calculations have shown the increase the reactivity of the
stoichiometric reaction of 1B with benzoxazole via [no
base] < K,CO; < Cs,CO; and the C—H activation barrier
by 15—20 kcal/mol upon changing the substrate from
benzoxazole (1a) to 1H-benzo[d]imidazole (1b) or
quinazoline (1c).

(5) The experiments validated these computational predic-
tions by showing the same trend, i.e., [no base] < K,CO; <
Cs,CO;, in the reactivity of the stoichiometric reaction of
1B with benzoxazole, and no coupling reaction between
1B and either 1H-benzo[d]imidazole (1b) or quinazoline
(1c) in the presence of Cs,CO;.

Based on these findings we proposed a modified catalytic
cycle for the Ni(cod)(dcype)-catalyzed C—H/C—O biaryl cou-
pling of benzoxazole and NaphOPiv.
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