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ABSTRACT: Density functional theory (DFT) calculations have been performed to provide the unified mechanism of the Cu(ll)-
catalyzed and amide-oxazoline (Oxa) directed C(sp?)—H functionalization reactions. The common steps of the studied seven reac-
tions (such as C—H bond vinylation, phenylation, trifluoromethylation, amination, alkynylation, and hydroxylation) are the complex-
ation, N-H and C-H bond deprotonation, and Cu(ll)/Cu(ll) — Cu(l)/Cu(lll) disproportionation steps, leading to the Cu(lll)-
intermediate. The mechanism of the studied C-H functionalization reactions, initiated from the Cu(lll)-intermediate, depends on
the nature of coupling partners. With vinyl- or phenyl-Bpin, which bear no acidic proton (called as a Type—I reaction), the coupling
partners are the in situ generated (by addition of anions) anionic borates, which coordinate to the Cu(lll)-intermediate and undergo
concerted transmetalation and reductive elimination to form a new C-C bond. In contrast, with imidazole, aromatic amines, terminal
alkyne, and water (called as a Type—Il reaction), which bear an acidic proton, a real coupling partners are their in situ generated
deprotonated derivatives, which coordinate to copper and lead to final product with the C=Y bond (Y = C, N, O) via the reductive
elimination pathway. The C(sp?)—H bond trifluoromethylation with TMSCF; is identified as a special case, positioned between the
Type—I and Type-Il reaction types. The real coupling partner of this reaction is the in situ generated (via the CF;™-to-OH" ligand
exchange) CFs™ anion that binds to the Cu(lll)-intermediate and undergoes the C-CF; reductive elimination. Our calculations, con-
sistent with the experimental KIE study, which have established the C—H bond activation as a rate-limiting step for all reactions.
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Introduction

The transition-metal-catalyzed C—H functionalization is es-
tablished as an elegant, step- and atom-economic methodol-
ogy of organic synthesis.»® However, majority of these reac-
tions use the expensive noble transition metals such as Pd, Rh,
and Ru, which limits their industrial applications. Therefore,
the development of the C—H functionalization methodology in-
volving earth-abundant first-row transition metals® (such as
iron,%1 cobalt,'>13 nickel,'*® and copper!’*°), as well as catal-
ysis with noble metals but with millions turnover numbers
(TON) have established as one of the major research direc-
tion.?>-22 Among the emerging directions, the copper-catalyzed
selective C—H bond functionalization in various biologically and
chemically accessible small molecules has attracted significant
interest.?32

As example, Yu and coworkers have recently established the
copper-catalyzed and amide-oxazoline (Oxa) ligand directed
C(sp?)-H functionalization. 2>3! They have reported the C(sp?)—
H (a) vinylation (Scheme 1, eq. 1)* and phenylation (Scheme 1,
eq. 2)% with vinyl and phenyl boronic ester (R-Bpin), (b) tri-
fluoromethylation?” with TMSCF; (Scheme 1, eq. 3), (c) amina-
tion with azaheterocycles (Scheme 1, eq. 4)%® or aromatic
(Scheme 1, eq. 5)%° amines, (d) alkynylation3® with aryl or alkyl-

substituted terminal alkyne (Scheme 1, eq. 6), and (e) hydrox-
ylation3! with water (Scheme 1, eq. 7). While this novel strat-
egy has opened new horizons for selective transformation of
the C(sp?)—H bond into the C—C, C-N, and C-0 bonds using in-
expensive copper catalysts and broadly available reaction cou-
pling partners, the lack of atomistic level understanding of the
mechanisms and controlling factors of these reactions limits
extension of their substrate scope and broader applications.
Unfortunately, the acquiring of such detailed fundamental
knowledge still is challenging and remains highly underdevel-
oped compared to the C—H functionalization reactions cata-
lyzed by second-row transition metal catalysts, for example
Pd.32%2 There are several issues which limits such mechanistic
studies of the Cu-catalyzed C—H functionalization.

One of them is an easy accessibility of the 0, +1, +2, and +3
oxidation states of Cu-complexes.**** This feature of copper
enables the Cu-complexes act as a both one-electron (i.e., to
promote the radical reactions) and two-electron (i.e., to pro-
mote the organometallic pathways) redox catalyst,® and the
Cu-catalyzed C(sp?)-H functionalization proceeds via the
Cu(1)/Cu(In),*>4¢ Cu(0)/Cu(ll),*”-* or Cu(l)/Cu(l1)*¢>° catalytic cy-
cles.



Scheme 1. Selected Example for Cu-Mediated/Catalyzed

C(sp?) - H Functionalization.
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For instance, Yu and coworkers, in their Cu(ll)-catalyzed aryl
C-H bond functionalization using O, as an oxidant, have pro-
posed a single-electron-transfer (SET) mechanism (i.e.,
Cu(l)/Cu(ll) cycle, Scheme 2, eq. 8).2* Stahl, Cramer and
coworkers, in their experimental and computational studies of
the Cu-mediated oxidation of N-(8-quinolinyl)benzamide, have
shown that the mechanism of the Cu-catalyzed C—H function-
alization could be even more complex and depends on the re-
action conditions (Scheme 2, eq. 9).°° They have established
that under basic condition, the directed C-H methoxylation or
chlorination of benzamide occurs via the organometallic (i.e.,
Cu(1)/Cu(IN) cycle) pathway, while it proceeds through an SET
mechanism (i.e., Cu(l)/Cu(ll) cycle) for nondirected chlorina-
tion of quinoline under acidic condition.>® Recently, Wang, Wu,
Zhang and coworkers have reported a detailed mechanistic
study®! on the Cu(ll)-catalyzed cross-coupling between azaca-
lix[1]arene[3]pyridine and arylboronic acid>*>® (Scheme 2, eq.
10), and proposed the Cu(ll)/Cu(Ill) catalytic cycle for this reac-
tion.

Another degree of complexity to the Cu-catalyzed and di-
recting group mediated C—H functionalization, comes from the
comparability of redox potentials of Cu and some of the
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extensively utilized auxiliary ligands (i.e., redox non-innocent
ligands). We should emphasize that this phenomenon opens
new directions (i.e., ligand enabled) in designing of the Cu-cat-
alyzed C—H functionalization.®>7>8

We also wish to mention the chameleon nature of aggrega-
tion stages of the catalytic active species in course of the Cu-
catalyzed chemical transformations. Today, in majority of re-
ported mechanistic analyses for the homogenous Cu-catalyzed
C—H functionalization reactions, the active catalyst is assumed
to be the mono-copper complexes. However, existing litera-
ture, as well as our own studies, indicate the possibility of in-
volvement of various dimers (depending on the reaction con-
ditions) or/and higher order nano-clusters of Cu, to the Cu-cat-
alyzed organic transformations.>*° As example, recently, Mu-
saev, Itami and coworkers have demonstrated that catalytic
active species in the CuX-complexes (where X = Cl, Br, or I) cat-
alyzed aromatic C—H bond imidation with N-fluorobenzenesul-
fonimide (NFSI) as an oxidant is a bis-fluoro-dinuclear Cu'/Cu"
species.?

Scheme 2. Selected Mechanistic Studies
Catalyzed/Mediated C(sp?) - H Functionalization.
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With these challenges in mind, we launched in-depth com-
putational analyses of the reactions presented in Scheme 1.
Our major goals are to: (a) provide a unified mechanistic view
to the Cu(ll)-catalyzed and amide-oxazoline (Oxa) directed
C(sp?)-H functionalization strategy, developed by Yu and
coworkers,?>3! and (b) identify critical factors (such as the role
of base, coupling partner, electronic features of the utilized
substrates, etc.) on the success of these reactions. We are con-
fident that such a comprehensive and atomistic-level mecha-
nistic approach will enable chemists to design more effective
Cu(ll)-catalyzed C(sp?)—H bond functionalization reactions as-
sisted by the weakly coordinated ligands.

To initiate our studies, we summarize the previously pro-
posed Cu(ll)-catalyzed and amide-oxazoline directed C(sp?)—H
functionalization (Scheme 3).2>3! In general, initial common
steps of these reactions are proposed to be: (a) the substrate
coordination (by its directing group, DG) to the Cu-center,
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followed by the N-H and C—H bond activation to form interme-
diate B, and (b) the Cu(ll)/Cu(ll)-to— Cu(l)/Cu(lll) dispropor-
tionation to form the Cu(lll) intermediate C. With coupling
partners like R—Bpin, the following steps are (c) transmeta-
lation leading to intermediate D, (d) reductive elimination to
form E, and (e) protodemetalation (i.e., formation of F) and
catalyst regeneration (i.e. Cu(l)—>Cu(ll) oxidation).?®> Alterna-
tively, a direct reductive elimination from C to form intermedi-
ate H and the following hydrolysis with H,O would lead to the
hydroxylation product.3!

Scheme 3. Previously Proposed Catalytic Cycle for the Cu(ll)-
Catalyzed and Amide-Oxazoline (Oxa) Directed (DG) C(sp?)-H
Bond Functionalization. Reproduced from Refs. 25 and
31, Copyright [years of 2015 and 2020] American Chemical
Society.
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Computational Details

Geometry and frequency calculations for all reported struc-
tures were performed with the Gaussian09 suite of programs®!
at the [B3LYP-D3]/[6-31G(d,p) + Lanl2dz (Cu,Cs)] level of the-
ory with the corresponding Hay-Wadt effective core poten-
tial®2%3 for Cu and Cs. Thus, here we used the B3LYP®*%> density
functional with Grimme’s empirical dispersion-correction
(D3).57:68 This method is shown to be reliable for the Cu-cata-
lyzed organometallic system in previous studies.’*>! The per-
formed frequency calculations enabled to confirm the station-
ary points as minima (with zero imaginary frequency) or tran-
sition state (with one imaginary frequency), and to calculate
thermal and entropy corrections to the energies. Intrinsic re-
action coordinate (IRC) calculations were performed for se-
lected transition states to ensure their true nature and connect
them with proper reactants and products. Bulk solvent effects
were incorporated in all calculations with the experimentally?*
31 used DMSO as the solvent (including the geometry optimiza-
tion and frequency calculations) at the self-consistent reaction
field polarizable continuum model (IEF-PCM)®° level of theory.

In the presented studies of the reactions (1-7), we used ben-
zamide-oxazoline, BAO, as a substrate, in conjunction with the
experimentally utilized coupling partners. As a catalyst, we

choose the “add-in” Cu(OAc), (1) complex, while our calcula-
tions show that the dimerization of Cu(OAc); to give Cu,(OAc),

is 18.2 kcal/mol exergonic (see Scheme S1 in the Supporting
Information). Here, we hypothesize that under the reaction
conditions, the Cuy(OAc)s <> 2 Cu(OAc); equilibrium is reacha-
ble. Furthermore, the use of Cu(OAc), monomer as a catalyst
will empower us for better understanding of mechanism and
intrinsic controlling factors of the Cu(ll)-catalyzed C(sp?)—H
functionalization.

Here, we calculated and analyzed several low-lying elec-
tronic states (including the ferromagnetically coupled (i.e.
open-shell) singlet states) of every reported intermediate and
transition state, while, below, only their energetically lowest
electronic states will be discussed. In our discussion, the ener-
gies are presented as AG(AH), in kcal/mol, unless otherwise
stated. Calculated cartesian coordinates and energies of all re-
ported species are provided in the Supporting Information.

To elucidate impact of the used computational approach to
the below reported major conclusions, we also performed the
single point energy calculations by using the triple-zeta basis
sets {[6-311++G(d,p)] for C, H, O, and N atoms, and SDD basis
set for Cu atom} for all reported structures of the key reaction
pathways. In general, we found that the use of the high-level
basis sets, did not change the reported trends and major con-
clusions. Therefore, below we discuss only the results obtained
at the double zeta basis set calculations (in sake of their com-
pleteness), but include the results of the high-level triple-zeta
basis set calculations in the supporting information.

Results and Discussion

1. Initial Steps of the Studied Reactions.

As mentioned above, initial steps of the reactions (1-7) (see
Scheme 1), i.e., (a) the substrate coordination (by its oxazoline
directing group, DG) to the Cu-center, the N-H bond activation
and following the C—H bond deprotonation to form intermedi-
ate B, and (b) the Cu(ll)/Cu(Il)~to—Cu(l)/Cu(lll) disproportiona-
tion to form the Cu(lll) intermediate C (see Scheme 3), are in-
dependent of the coupling partners of the reaction. Our calcu-
lations show that the coordination of substrate BAO to
Cu(OAc); (1) is result of the weak Cu—N interaction, and the N—
H bond deprotonation requires only 7.4 kcal/mol free energy
at the transition state 3-ts to generate intermediate 4 with hy-
drogen bonding between the AcOH and the N-atom of the lig-
and (see Figure 1).7° The dissociation of the generated AcOH
and reorganization of 4 lead to intermediate 5: as seen in Fig-
ure 1, the formation of 5 is 9.0 kcal/mol less favorable than
starting species, i.e. Cu(OAc), + BAO. In intermediate 5 the C—
H activation occurs (via the CMD mechanism) through transi-
tion state 6-ts and leads to the Cu(ll)-intermediate 7. As seen
in Figure 1, the C—H activation in 5 requires 21.9 kcal/mol in-
trinsic activation barrier (relative to the pre-reaction complex
5). The overall energy required for the redox neutral C—H bond
activation is 30.9 kcal/mol, calculated from the reactants 1 +
BAO. Furthermore, the formation of the product complex 7 is
endergonic by 24.8 kcal/mol. The subsequent disproportiona-
tion by another Cu(ll) species Cu"(OAc), generates Cu(l) species
[Cu'(OAC)(HOAC)] and the concomitant Cu(lll) intermediate, 8.
This disproportionation step, i.e. reaction 7 — 8, is exergonic
by 6.2 kcal/mol. Regardless, the product complex 8 is 18.6



kcal/mol higher in free energy than starting species, i.e.
2Cu(OAc); + BAO.

In the absence of coupling partner, intermediate 8 could be
expected to undergo the C-0 reductive elimination (i.e., ace-
toxylation). The presented calculations show that direct C-O
bond formation in 8 requires a 36.5 kcal/mol free energy bar-
rier, calculated relative to 2Cu(OAc), + BAO, at the transition
state 9-ts. This free energy barrier is higher than 30.9 kcal/mol
for the C-H bond activation, indicating that the C-O reductive
elimination is the rate-determining step of the acetoxylation
reaction. Therefore, we conclude that the Cu(ll)-catalyzed
C(sp?)-H bond acetoxylation in benzamide-oxazoline via the di-
rect C-0 reductive elimination from intermediate 8, without
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coupling partner, is unlikely. This conclusion contrasts to
previously proposed mechanistic scenario®! (see red pathway
in Scheme 3), and indicates that the Cu(ll)-catalyzed C(sp?)—H
bond acetoxylation in BAO may occurs via different pathway
than direct C-O reductive elimination from intermediate 8 with
Cu(lll)-center. Since the acetoxylation from 8, in the absence
of coupling partner, is not a subject of this paper, below we will
not discuss this reaction further in detail.

In the presence of the coupling partners, the transformation
of intermediate 8 to the final products, as it could be expected,
is function of physicochemical properties of the used coupling
partners and reaction conditions (including the nature of nu-
cleophile, base, temperature, solvent, oxidant, and more).

36.5
(32.1)
e
30.9 ; 9ts
(27.3) K
6-ts '.'

V248
| (22.4)

; ¥
: o)
Ac)(HOAc)
\T\Cu (OAC)(HOAC) | NQO
‘/_/ / I NS
S B £°"=Cu
186 | Lo

Cu'(0Ac), v, (15.0)
\—

8 9-ts

Figure 1. Potential energy surface for the initial steps of the studied reactions (1-7), namely, Substrate (BAO) coordination, N-H bond
activation, C-H bond deprotonation, and Cu(ll)/Cu(Il) — Cu(l)/Cu(lll) disproportionation steps, as well as the direct C—O bond formation in

the resulted complex 8.

To proceed our investigation on the mechanism of reactions
(1-7) (Scheme 1), we divided them into two classes, based on
the used coupling partners (see Table 1). Type-I reactions (1-2)
are those with coupling partners bearing no acidic hydrogens
(i.e., Ar—Bpin and vinyl-Bpin). The coupling partners of these
reactions might be either charge neutral or anionic (formed by
addition of base ion, for example as Ar-Bpin(X) and vinyl—
Bpin(X) , respectively, where X could be OH, OAc, and other
anions) species generated under the reaction conditions. Type-
Il reactions (4-7) are those in which the coupling partners bear
acidic hydrogens (such as imidazole, ArNH,, terminal alkyne,
and H,0). We hypothesize that under the reaction condition
these coupling partners can be in their either charge neutral or
deprotonated forms (i.e., in their anionic forms, such as the
imidazole anion, ArNH~, RCC-, and OH"). Reaction (3) with
TMSCF3, while formally relates to the Type-I reactions, is a spe-
cial case (see below).

Table 1. The Type-l and Type-Il Classification of the Studied
Reactions Based on the Participating Coupling Partners.

Type-l, no acidic H Type-ll, with acidic H

Ar-Bpin Terminal Alkyne
Coupling Vinyl-Bpin ArNH,
Partners TMS-CF3 Imidazole
H,O

Main elementary reactions initiated from the previously
generated intermediate 8 by adding the coupling partners can
be the (a) complexation, (b) transmetalation, and (c) C-Y re-
ductive elimination, which we analyze below for each reaction

types.

2. Type-I Reactions
2.1. Transmetalation and Reductive Elimination



To demonstrate complexity of the mechanism and identify
controlling factors of the Type-I reactions, we chose to report
the BAO C(sp?)-H bond vinylation by vinyl-Bpin, while we also
have explored mechanism of the BAO C(sp?)—H bond phenyla-
tion with phenyl boronic esters (see Figure S1in the Supporting
Information), the key results of which will be briefly summa-
rized below. We initiated our investigations on the previously
proposed reaction pathway, I-path-a (see Scheme 3 and Figure
2), that starts by the charge neutral vinyl-Bpin coordination to
8 with a weak Cu-vinyl interaction, and follows via the
transmetalation and reductive elimination steps.?>?¢ We found
that the transmetalation step of this pathway requires a
prohibitatively high free energy barrier of 46.4 kcal/mol
(calculated relative to the reactants, 2 Cu(OAc), + BAO + vinyl—
Bpin). Therefore, we concluded that Cu(OAc),-catalyzed BAO
C(sp?)-H bond vinylation by the charge neutral vinyl-Bpin is
unlikely to proceed. This finding is consistent with the available
general knowledge that in the Pd-catalyzed cross coupling
reactions with organoboron species (e.g., Suzuki reaction): the
organoboronic acids/esters do not transmetalate to the Pd(ll)-
complexes.”

On the other hand, it is also well-established that the
corresponding ate-complexes (borates), which can be formed
by the addition of base anion to the boron center, may readily
undergo transmetallation.’? With this knowledge, we
investigated the possibilities of the borate participation in the
transmetalation in the Cu(OAc), catalyzed BAO C(sp?)-H bond
vinylation. Here, for sake of simplicity, we chose the vinyl-
Bpin(OH)~ anion as a model, while we also have studied critical
steps of the proposed reaction pathways for more realistic
vinyl-Bpin(OAc)™ borate (see below). In addition, we wish to
emphasize that our calculations show that the formation of the
vinyl (or aryl) borate with hydroxide anion is a
thermodynamically more favorable process (see Scheme S2 in
Supporting Information for details).
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Figure 2. Pre-reaction complexes and transition states of
the key mechanistic pathways (I-path-a, I-path-b and |-path-c)

of the Type-I reactions. Relative energies of these structures
are presented as AG(AH) in kcal/mol, relative to 2Cu(OAc), +
BAO + Z, where Z = vinyl-Bpin and vinyl-Bpin(OH)~, for
pathways I-path-a, and I-path-b and I-path-c, respectively.

Thus, we turned our attention to the mechanism of the re-
action of Cu(lll) species 8 with vinyl-Bpin(OH)~ anion. This
reaction may proceed via pathways I-path-b or |-path-c (Figure
2), initial step of which (i.e., the coordination of borate to com-
plex 8) is exergonic by 12.2 kcal/mol and leads to formation of
adduct 12. The transmetalation (I-path-b) from 12 occurs with
16.9 or 23.5 kcal/mol free energy barriers calculated relative
to pre-reaction complex 12 or reactants (2Cu(OAc), + BAO +
vinyl-Bpin(OH)"), respectively, at the transition state 13-ts. The
competing C-0 reductive elimination (i.e., I-path-c) requires
only 2.4 kcal/mol larger free energy barrier at the transition
state 13-CO-ts. This finding indicates that pathways I-path-b
and I-path-c could effectively compete. This conclusion of com-
putation is consistent with available experiments where the
hydroxylation product was observed as a side product.3!

Comparison of energies of the above mentioned transmeta-
lation steps — of the charge neutral vinyl boronic ester (I-path-
a, Figure 2) and anionic borate (vinyl-Bpin(OH)™ anion, I-path-
b, Figure 2) — shows that the pathway I-path-b is more favora-
ble. This is likely due to the fact that the quaternization of the
boron center with an anion (in this case, with OH" anion) in-
creases the nucleophilicity of the vinyl group and accelerates
its transfer to the Cu(lll)-center. As mentioned above, here we
also validated the vinyl-Bpin(OAc)~ as a model of the borate
species (see Figure S2 in the Supporting Information, I-path-d).
Briefly, we found that transmetallation with vinyl-Bpin(OAc)~
occurs via a 7.2 kcal/mol higher energy barrier than that with
vinyl-Bpin(OH)~ (I-path-b).

Noteworthy, we also have explored reaction of the Cu(ll)
intermidate 7 with borate (see Figure S3 in the Supporting
Information, |-path-f) and found that this reaction pathway is
kinetically and thermodynamically less favorable than the
above reported pathway I-path-b that involves the anionic
borate and Cu(lll) complex 8. Therefore, here we will not dis-
cuss this pathway in detail. We explain this finding by the
stronger interaction between the high-valent Cu(lll) center and
carbon nucleophile (in I-path-b) compared to the low-valent
Cu(ll) species with the nucleophile. It should be noted that pre-
viously Wang and coworkers have reported a similar
transmetalation pathway (involving anioinc borate species and
Cu(ll)-intermedate) for the Cu(ll)-catalyzed cross-coupling
between the azacalix[1]arene[3]pyridine and aryl-boronic acid,
and shown it to be the most favorable mechanism of the
reaction.>!

Overall, above presented extensive calculations have en-
abled us to conclude that the most favorable transmetalation
in the Cu(OAc),-catalyzed BAO C(sp?)-H bond vinylation by vi-
nyl-Bpin starts by coordination of the in situ generated anionic
borate to the Cu(lll) intermediate 8, and proceeds via the I-
path-b (Figure 2) and the transition state 13-ts. The calculated
activation barrier for this pathway, 23.5 kcal/mol, is lower than
that for the C—H bond activation (30.9 kcal/mol, Figure 1),
which allows us to identify the C—H bond activation as a rate-
limiting step of the Cu(OAc),-catalyzed BAO C(sp?)-H bond
vinylation by vinyl-Bpin. This finding is consistent with the
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previous kinetic isotope effect studies.?>3! Furthermore, the
performed KIE calculations also support this conclusion. In-
deed, the KIE is calculated to be 4.4 for the C-H bond activation
step. This calculated KIE value is in good agreement with the
experimentally reported 4.3 (for reaction 2 in Scheme 1)?¢ and
3.5 (for reaction 7 in Scheme 1).3!

3.2. The Following Steps of the Cu(OAc),-catalyzed BAO
C(sp?)-H Bond Vinylation by Borate after Transmetalation.
Intriguingly, the IRC calculations, initiated from the most fa-
vorable transmetalation transition state 13-ts, led to the direct
C-C coupling product 14 (Figure 3). This finding enabled us to
identify the transmetalation and reductive elimination as a
“concerted” process. In the resulting complex 14, the for-
mation of which is highly exergonic, the Cu(lll) is reduced to
Cu(l). The release of the H-bonded Bpin—OH fragment from in-
termediate 14 to generate complex 15 is slightly (by 8.6
kcal/mol) endergonic. Finally, the protodemetalation by acetic
acid leads to the C—H bond vinylated product and Cu'(OAc), an-
ion, which, then, will be oxidized by the silver salt to recover
the Cu(ll) catalyst.

O,

o N= o
NG >\@ HOAc
17INTQ N\)
235 Cuy ~— T» Cu
(5.4) ~x H-o N ‘o
1 Bpin-OH C OAC)z
13-ts 62.3 Bpin 537 498
(77.3) 14 (-56.9) 15 (529) 16

Figure 3. The following steps of the Cu(OAc),-catalyzed BAO
C(sp?)-H bond vinylation by borate after transmetalation.

In summary, above presented data clearly show that in
the Cu(OAc),-catalyzed BAO C(sp?)—H bond vinylation by vinyl—
Bpin, the coupling partner is the in situ generated anionic bo-
rate. This reaction starts by the substrate coordination to form
2, followed by the (a) N-H and C-H bonds activation leading to
the intermediate 7, (b) the Cu(Il)/Cu(Il) — Cu(l)/Cu(Ill) dispro-
portionation to form low-spin Cu(lll) complex 8, (c) in situ gen-
erated anionic borate coordination to 8 and transmetalation to
form a new C-C bond, and (d) protodemetalation to provide
the final product and Cu(l) species which later oxidizes to the
active catalyst. The rate-determining step of this reaction is the
C-H bond activation.

Table 2. The Calculated Free Energy Barriers (in kcal/mol) for
the Key Pathways of the Studied Type-l Reactions.?

Coupling Partner l-path-a  l|-path-b  |-path-c  l|-path-f
Vynyl-Bpin 46.4 23.5 25.9 26.4
Phenyl-Bpin 52.6 28.8 31.4 30.8

a) The barriers of the most favorable pathways are given in bold.

As mentioned above, we have also analyzed mechanism and
controlling factors of another Type-I reaction given in Scheme
1, which is the C—H bond phenylation by phenyl-Bpin (all calcu-
lated data are presented in the Supporting Information). In Ta-
ble 2 we summarized the calculated free energy barriers for

key pathways, namely, I-path-a (with neutral coupling partner),

I-path-b (energetically most favorable one, with the anionic R—
BpinOH"), I-path-c (with the anionic R—-BpinOH~), and I-path-f

(that is initiated from 7 by addition of the anionic R—BpinOH")
of the studied Type-I C-H vinylation and phenylation reactions.
As shown in this Table, above made conclusions for the C—H
vinylation are fully valid also for the reported C-H bond
phenylation reaction (2) (see Scheme 1). Namely, the
transmetalation with the neutral boronic esters (I-path-a) oc-
curs with the highest energy barrier. On the other hand, the
transmetalation with the anionic borate species (I-path-b) re-
quires less energy barrier and is a most favorable one among
all the studied pathways. These findings enable us to state,
once again, that in the reported Cu(OAc),-catalyzed BAO
C(sp?)-H bond vinylation and phenylation by vinyl-Bpin and
phenyl-Bpin, the coupling partners are the in situ generated
anionic borates. Furthermore, in both reactions, the C—H acti-
vation step is the rate-determining step of overall reaction.

4. Type-ll Reactions

In all Type Il reactions given in Scheme 1 (i.e., reactions 4-7)
the coupling partners bear acidic hydrogen, which can be
deprotonated under the reaction conditions. To validate this
hypothesis, we have calculated the thermodynamics of the as-
sociated acid-base reactions involving the used coupling part-
ners in reactions 4-7 (see Scheme S3 in the Supporting Infor-
mation for details). It is found that deprotonation of the par-
ticipating coupling partners in reactions 4-7 are endergonic at
the room temperature, 1 atm, and in DMSO. However, their
anionic forms can be accessible under the used reaction con-
ditions (i.e., 60-90 °C, and 4 h-12 h). Therefore, in our compu-
tational analyses of the mechanisms of reactions 4-7, we use
both the neutral and deprotonated forms of the participating
coupling partners.
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Figure 4. Reaction pathways leading to the C—H amination with
imidazole from intermediate 8.

For sake of simplicity of presenting our findings, below we
use the Cu(ll)-catalyzed BAO C—H bond amination by imidazole,
i.e. reaction (4) (see Scheme 1), as an example. One should
mention that the imidazole motif is widely present in pharma-
ceutical applications.” Since the initial steps of the Type-l and
Type-Il reactions (i.e., the substrate coordination, the N-H
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bond activation, C-H bond deprotonation, and disproportiona-
tion steps) are same and were discussed in the Section 2, be-
low, we start our analyses directly from the reactions of the
coupling partners with intermediates 7 (before the dispropor-
tionation) and 8 (after the disproportionation).

Calculations show that the transmetalation and reductive
elimination initiated directly from intermediate 7 are unfavor-
able (see Figure S4 in Supporting Information for details).
Therefore, we start our discussion of the reaction of complex
8 with of the neutral and deprotonated forms of the participat-
ing coupling partners.

As seen in Figure 4, the coordination of neutral imidazole
molecule to complex 8 is slightly (by 0.8 kcal/mol) exergonic
(see structure 17), however, the following transmetalation via
the energetically lowest transition state 18-ts requires a high
free energy barrier (48.2 kcal/mol, calculated relative to the
2Cu(OAc); + BAO + imidazole). This finding makes the reaction
of 8 and the neutral imidazole molecule (i.e., ll-path-a in Figure
4) an unlikely process. We explain this finding by the weak ba-
sicity of the metal-bound acetate in the transmetalation pro-
cess.

In contrast, the coordination of imidazole-anion to Cu(lll)
center of 8 to form intermediate 19, is exergonic by 10.1
kcal/mol (Figure 4), and the following reductive elimination (Il-
path-b) to form intermediate 21 with the C-N bond requires a
relatively lower energy barrier of 7.2 or 15.7 kcal/mol with re-
spect to pre-reaction complex 19 or reactants 2Cu(OAc), + BAO
+imidazole-anion, at the transition state 20-ts. This step of the
reaction is highly exergonic (by 48.0 or 29.4 kcal/mol, relative
to reactants 8 + imidazole-anion or 2Cu(OAc); + BAO + imidaz-
ole-anion, respectively). The following protodemetalation
(which is endergonic only by 7.1 kcal/mol) releases the amina-
tion product (22) and Cu(l) species. Later, Cu(l) species would
be oxidized by O, from air to Cu(ll) catalyst.

The competing C-O bond formation in intermediate 19 (i.e.,
ll-path-c, Figure 4) requires 12.9 kcal/mol free energy barrier
at the transition state 23-ts (with respect to 19). Since this en-
ergy barrier is 5.7 kcal/mol higher compared to that for the C-
N reductive elimination (lI-path-b), the formation of the C-O
bond during of this reaction seems to be unlikely. Our result is
consistent with experiment in which no C-O bond formation
product was observed.3° Another pathway, initiated by the lig-
and exchange between imidazole anion and acetate in 8, and
followed by C—N reductive elimination is found to be unfavor-
able (ll-path-d, see Figure S4 in Supporting Information for de-
tails).

In summary, above presented data clearly show that in the
Cu(OAc),-catalyzed BAO C(sp?)-H amination by imidazole, the
real coupling partner is the in situ generated imidazole anion
via deprotonation by the base. This reaction, like the above dis-
cussed Type-I reactions, starts from the substrate coordination
to Cu(OAc),, the N-H and C-H bonds activation, and dispropor-
tionation steps leading to formation of low-spin Cu(lll) com-
plex 8, and follows by the coordination of the in situ generated
imidazole anion (via deprotonation by the base) to 8, the C-N
bond reductive elimination, protodemetalation, and catalyst
re-generation via oxidation of Cu(l) species by O, molecule.
The rate-determining step of this reaction, same as in the
Type-l reactions, is the C—H bond activation.

As mentioned above we also have studied other Type-Il re-
actions including the C-H bond amination with aromatic
amines, alkynylation with phenyl-substituted terminal alkyne,
and hydroxylation with water (see reactions (5-7) in Scheme
1). All calculated data are presented in the Supporting Infor-
mation (see Figures S5-S7). In Table 3 we summarized the cal-
culated free energy barriers for key pathways, namely, Il-path-
a (with neutral coupling partner), ll-path-b (with the anionic
coupling partner), ll-path-c (with the anionic coupling partner),
and ll-path-f, (also, with anionic coupling partner, by with
complex 7) of the studied Type-Il reactions. As seen from this
Table, above made conclusions for the C—H amination with
imidazole are also valid for other Type-Il reactions (see Scheme
1, egs. 5-7).

Table 3. The Calculated Free Energy Barriers (in kcal/mol) for
the Key Pathways of the Studied Type-Il Reactions.>®

Coupling Partner ll-path-a  ll-path-b ll-path-c ll-path-f

Imidazole 48.2 15.7 21.4 43.7
Aniline 27.8 2.7 19.9 37.3
Phenylacetylene 50.3 1.2 13.9 23.1
Water 33.8 6.2 15.3 33.7

a) The barriers of the most favorable pathways are given in bold.
b) The acid-base equilibria is not included in the given energies.

Indeed, the neutral transmetalation pathways (lI-path-a) for
all studied reactions are highly unfavorable. The llI-path-b path-
way which starts by the coordination of the deprotonated
coupling partner to Cu(lll) complex 8 and followed by the C—X
reductive elimination is the most favorable one, for all studied
reactions. In addition, the C-O reductive elimination (ll-path-c)
occurs with at least 5.7 kcal/mol more energy barrier than II-
path-b, which makes it unfavorable for all studied Type-II reac-
tions.

5. Special Case: the Cu(OAc),-catalyzed C(sp?)—H Trifluoro-
methylation with TMSCF;.

Our extensive calculations of the mechanism of the reported
Cu(ll)-catalyzed BAO C(sp?)—H bond trifluoromethylation with
TMSCF; enabled us to identify it as a special case, that is posi-
tioned between the Type—l and Type—Il reaction types. Indeed,
we find that the transmetalation with a neutral TMSCF; re-
quires a free energy barrier of 68.1 kcal/mol and is not feasible
(see Figure S8 in the Supporting Information). Meanwhile,
treating it as a Type-I reaction and adding OH™ (or AcO") to the
silicon center led to dissociation of the CF;~ anion. In other
words, in the basic reaction conditions TMSCF; is expected to
undergo ligand exchange between the OH™ (or AcO™) and CF5~
anion (this ligand exchange reaction is exergonic by 32.3
kcal/mol, see Scheme S4 in the Supporting Information). The
generated CF;~ anion readily binds to the electrophilic Cu(lll)
center of 8 and undergoes the C—C reductive elimination, like
in other above reported Type-Il reactions. The presented cal-
culations show that the binding of the CFs;~ anion to the copper
center of 8 is exergonic by 31.6 kcal/mol and the subsequent
C—C reductive elimination occurs only with a 2.1 kcal/mol free
energy barrier (see Figure S8 in the Supporting Information).
Thus, in the reported Cu(ll)-catalyzed C(sp?)—H bond trifluoro-
methylation with TMSCF;, the real coupling partner is the in
situ generated (via the CF3™-to-OH™ (or AcO") ligand exchange)
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CF;~ anion (like in the Type-I reactions) that binds to the Cu(lll)-
center of intermediate 8, and promotes the C—CF; reductive
elimination (like in the Type-Il reactions).

Conclusion

In summary, we have performed comprehensive studies of
the mechanisms of seven Cu(ll)-catalyzed and oxazoline (Oxa)
ligand directed benzamide-oxazoline, BAO, C(sp?)-H bond
functionalization reactions, such as (see the reactions 1-7 in
Scheme 1) vinylation and phenylation, trifluoromethylation,
amination, alkynylation, and hydroxylation. We found that
(see Scheme 4):

(a) initial steps of these reactions are the directing-group as-
sisted substrate coordination to the Cu(ll)-center, N-H and C—
H bond deprotonation leading to formation of intermediate 7
(or B’ in Scheme 4), and the Cu(l1)/Cu(ll) — Cu(l)/Cu(lll) dispro-
portionation to form Cu(lll) intermediate 8 (or C in Scheme 4).
This overall process (i.e., the intermediate C formation) is en-
dergonic by 18.6 kcal/mol and requires maximum of 30.9
kcal/mol free energy barrier for the C—H bond activation. The
mechanisms these reactions are diverging from the intermedi-
ate C and are strongly dependent on the true nature of the
participating coupling partners under the reaction conditions.

(b) the realistic coupling partners in the C(sp?)—H bond vinyl-
ation and phenylation with vinyl or phenyl boronic esters (R—
Bpin), respectively, are the corresponding in situ generated an-
ionic borates. From intermediate C, these reactions, labeled as
a Type-l reactions where original coupling partners have no
acidic hydrogen atom, proceed via the (a) anionic borate coor-
dination to the Cu(lll)-center, (b) concerted transmetalation
and reductive elimination, and (c) protodemetalation steps
(Scheme 4, blue). The vinyl and phenyl borates transmeta-
lation have a barrier of 23.5 and 28.8 kcal/mol, respectively.
These barriers are by 2.4 and 2.6 kcal/mol, respectively,
smaller than that for the competing direct C-O reductive elim-
ination, which is consistent with experiments reporting only
minor C-0 formation product.

(c) in the Type-Il reactions, where original coupling partners
bear acidic hydrogen atoms (like imidazole, ArNH,, terminal al-
kyne, and H;0), the realistic coupling partners are the in situ
generated deprotonated species. From intermediate C, these
reactions follow via the (a) coordination of deprotonated
coupling partners to the Cu(lll)-center, and (b) C-Y (where, Y =
C, N and O) reductive elimination steps (Scheme 4, in red).

(d) The reported C(sp?)—H trifluoromethylation with TMSCF;
is a special case: it is positioned between the Type-l and Type—
Il reaction types, because of labile nature of the Si—CF; bond.
Indeed, this reaction starts by the OH™ (or AcO~) addition to
TMSCF; (like in the Type-I reactions), proceeds via the CF;™-to-
OH~ (or AcO") exchange, and the C-CF; reductive elimination
(like in the Type-Il reactions) steps (Scheme 4, in red).

(e) the rate-determining step of all studied reactions is the
C-H bond activation step, which is consistent with the reported
kinetic isotope effects.?>3?

Scheme 4. A \Unified Mechanism for the Cu(ll)-
Catalyzed/Mediated and Oxa-Directed C(sp?)-H Functionali-
zation.
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