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Intramolecular ortho-C—H activation and C—N/C-O cyclizations of phenyl amidines and amides have recently been achieved
under Cu catalysis. These reactions provide important examples of Cu-catalyzed functionalization of inert C—H bonds, but
their mechanisms remain poorly understood. In the present study the several possible mechanisms including electrophilic aro-
matic substitution, concerted metalation-deprotonation (CMD), Friedel-Crafts mechanism, radical mechanism, and proton-
coupled electron transfer have been theoretically examined. Cu(Il)-assisted CMD mechanism is found to be the most feasible
for both C-O and C-N cyclizations. This mechanism includes three steps, i.e. CMD with Cu(ll), oxidation of the Cu(Il) inter-
mediate, and reductive elimination from Cu(Ill). Our calculations show that Cu(II) mediates the C—H activation through an
six-membered ring CMD transition state similar to that proposed for many Pd-catalyzed C—H activation reactions. It is also in-
teresting to find that the rate-limiting steps are different for C-N and C-O cyclizations: for the former it is concerted
metalation-deprotonation with Cu(Il), whereas for the latter it is reductive elimination from Cu(IlI). The above conclusions are
consistent with the experimental kinetic isotope effects (1.0 and 2.1 for C-O and C-N cyclizations, respectively), substituent

effects, and the reactions under O,-free conditions.

mechanism, DFT, copper, C-H activation, concerted metalation-deprotonation

1 Introduction

Transition metal-catalyzed C—H activation has emerged as a
powerful method in synthetic organic chemistry [1]. Such
reactions promoted by Rh- [2], Ru- [3], and Pd-catalysts [4]
have been extensively studied, but Cu-catalyzed C-H acti-
vation began to draw attentions as a complementary method
only recently [5]. In this area, much work has been directed
to the Cu-catalyzed functionalization of acidic C—H bonds
as triggered by base [6], whereas base-free activation of
inert C—H bonds by Cu catalysts has been less studied. In
2006 Yu et al. reported Cu(OAc),-catalyzed intermolecular
C-H functionalization (Scheme 1) [7]. Later, Buchwald et
al. reported Cu(OAc),-catalyzed ortho-C—H activation/C-N
cyclization of amidines [8], while Nagasawa et al. reported
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Cu(OTf),-catalyzed ortho-C—H activation/C—O cyclization
of amides [9].

Despite the great contemporary interest in Cu-catalyzed
C—-H activation, it remains unclear how these reactions take
place. For Cu(OAc),-catalyzed pyridine-directed C-H acti-
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vation, Yu et al. proposed a single electron transfer process
involving a cation-radical intermediate [7, 10]. On the other
hand, both Buchwald and Nagasawa suggested an electro-
philic attack mechanism in their C-N and C-O cyclization
reactions [8, 9]. Even so, the electrophilic attack may occur
at either Cu or Cu-coordinated nitrogen/oxygen atoms [5, §].
Furthermore, although Wang [11] and Stahl [12] identified
macrocyclic aryl-Cu(Ill) complexes in some model C-H
activation processes [11], it is unclear whether Cu(IIl) is
still involved for the reactions without macrocyclic ligands
[8, 9, 13]. Finally, very few theoretical studies have been
carried out on Cu-catalyzed C—H activation [14]. Wu ef al.
proposed a Heck-like transition state for Cu-mediated meta-
C-H functionalization, whereas Lin et al. proposed a
four-membered concerted metalation—deprotonation transi-
tion state for the coupling of Ar-H with Phl (Scheme 2) [14].
These theoretical results may only be applied to intermolec-
ular reactions, because neither the Heck-like nor the
four-membered concerted metalation-deprotonation transi-
tion state appears possible for intramolecular reactions due
to the skeleton restraint.

In an attempt to elucidate the mechanism, we have car-
ried out a thorough theoretical study of Cu-catalyzed
ortho-C-H activation/C-N and C-O cyclization reactions.
Several possible pathways are examined (Scheme 3) [5b, 8§,
9]. In mechanism A, the N- or O-bound Cu atom in the
Cu-coordinated complex 2 attacks the aromatic ring to gen-
erate a Wheland intermediate 3, which then undergoes aro-
matization and reductive elimination to give the product 9.
This mechanism involves stepwise metalation and deproto-
nation. Different from mechanism A, mechanism B in-
volves a concerted metalation and deprotonation to form an
aryl-Cu complex 4 instead of a Wheland intermediate. Such
a process is similar to that proposed for Pd-catalyzed C-H
activation [15]. In mechanism C, the Cu-bound N or O atom
in 2 attacks the aromatic ring to form 5 with concerted re-
lease of a reduced Cu species, followed by re-aromatization
to provide 9. Mechanism A and C were both mentioned for
the benzimidazole-forming process in Buchwald’s work [8].
Moreover, mechanisms A and C may also proceed in a rad-
ical manner (i.e. mechanisms D and E) [5]. In mechanisms
D and E, a single electron transfer from the aromatic ring to
the coordinated Cu(Il) takes place to generate a radical cation
intermediate 6 [7]. The following steps occur in a similar
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Scheme 2 Previously proposed transition states for Cu-catalyzed C-H
activation.
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way as that in mechanisms A and C. None of the above
mechanisms can be excluded by the available experimental
data. In addition, two specific details of these mechanisms
remain unknown, namely (1) which step is rate-determining,
and (2) is the oxidation state of the key Cu intermediate +2
or +3?

Here mechanisms A, B and C with Cu in either +2 or +3
oxidation state are examined. Our results indicate that the
mechanism B (concerted metalation—deprotonation, CMD)
is energetically favored for Cu-catalyzed intramolecular
C-H activation/C-N and C-O cyclizations. It consists of
three steps, i.e. concerted metalation-deprotonation with
Cu(Il), oxidation of the Cu(Il) intermediate, and reductive
elimination from Cu(IIl). Importantly, it is Cu(Il) that me-
diates the C-H activation through an acetate/triflurome-
thanesulfonate (triflate)(OAc/OTf)-assisted CMD process.
Moreover, while reductive elimination is the rate-limiting
step for C-O cyclization, CMD is the rate-limiting step for
C-N cyclization. The theoretical mechanism is consistent
with the experimental kinetic isotope effects and substituent
effects. We further investigated the radical pathways
(mechanisms D and E) and proton-coupled electron transfer.
According to the radical scavenger experiment and related
calculations, we found that neither the radical pathway nor
proton-coupled electron transfer was plausible in the C-O
and C-N cyclization reactions.

2 Calculations of different mechanisms

2.1 Mechanisms A, B and C for C-O cyclization

2.1.1 Problem with mechanism A

Mechanism A (i.e. electrophilic aromatic substitution, SgAr)
has previously been proposed for Cu-catalyzed C-H func-
tionalization by Buchwald and Nagasawa et al., because they
found that the related reaction with an electron-donating sub-
stituent (R = OMe) is faster than that with an electron-
withdrawing group (R = Cl or COOMe) [8, 9]. However,
with the help of pulse electron paramagnetic resonance
(EPR) methods in combination with denstity functional the-
ory (DFT) calculations, Ribas et al. precluded the Wheland
intermediate (the core of SgAr mechanism) in the
Cu-catalyzed C-H cleavage reaction [10]. In the present
study, we employed the electrophilic cationic Cu(Il) species
to investigate the SgAr pathway which involved the im-
portant intermediate O-3 (shown in Schemes 1 and 4).
However, all attempts resulted in the structure of O-IntA.
To examine whether or not O-IntA is a Wheland interme-
diate, we tested the aromaticity of Ringl in O-IntA by the
harmonic oscillator model of aromaticity (HOMA) index
[16] and the nucleus-independent chemical shift (NICS)
index [17]. The reason for this is that significant loss of
aromaticity is a critical character of Wheland intermediate.
As a structure-based measure of aromaticity, HOMA in-
dexes were 0.968 and 0.994 for O-IntA and the amide, re-
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spectively. As a magnetic measure of aromaticity, the
NICS(1) indexes were —8.69 and —10.16 ppm for O-IntA
and the amide, respectively. These data both indicated that
the aromaticity of Ringl in O-IntA does not decrease sig-
nificantly as compared to the substrate amide [10]. There-
fore, O-IntA is not a Wheland intermediate. Without the
existence of the key Wheland intermediate (0-3), the SgAr
mechanism does not appear possible in Cu-catalyzed intra-
molecular cyclization.

2.1.2  Concerted metalation—deprotonation mechanism

Mechanism B (i.e. the CMD mechanism) is often proposed
for transition metal-catalyzed C-H activation [1]. This
mechanism consists of three main steps: (i) metal coordina-

tion; (ii) concerted metalation—deprotonation; (iii) reductive
elimination and catalyst regeneration. Cu has two possible
oxidation states, i.e. Cu(Il) and Cu(IIl). Therefore, we have
to examine both oxidation states for the CMD mechanism
as shown below.

(i) CMD of Cu(Ill) intermediate. Cu(Ill) intermediates
are commonly proposed for Cu-catalyzed Ullmann reactions
[13, 18]. Recently, Stahl et al. proposed that Cu(III) species
may be involved in some Cu-catalyzed intramolecular
ortho-C-H activation [5, 19]. For the present reaction, we
propose that Cu(OTf), first coordinates to the O atom of the
reactant 1 to give a Cu(Il) complex O-Int1 [20] (exergonic,
—13.8 kcal/mol, Figures 1 and 2). Subsequently, O-Intl is
oxidized by another molecule of Cu(OTf), to give a Cu(Ill)
intermediate O/CMD-Int1-III. Note that a similar dispro-
portionation reaction of Cu(Il) salts was previously de-
scribed by Ribas and Stahl er al. [21]. With the help of tri-
flate, the Cu(Ill) atom of O/CMD-Int1-III reacts with the
N-phenyl ring through a six-membered-ring transition state
O/CMD-TS12-111. The activation energy for this transition
state is +42.1 kcal/mol as calculated from O-Intl to
O/CMD-TS12-111. Because O/CMD-TS12-III corresponds
to the breaking of the C—H bond and concerted formation of
the H-O and Cu—C bonds, this process can be considered as
a CMD process [15]. An aryl-Cu(II) [5, 12, 22] complex is
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Figure 1 Cu(Ill)-assisted concerted metalation-deprotonation mechanism for C—O formation.

generated in the CMD process, which can easily undergo
reductive elimination to give the target product with a low
activation energy of +13.8 kcal/mol. After reductive elimi-
nation, the product and reduced Cu(l) species are formed.
With the aid of O,, the Cu(I) species is easily re-oxidized to
Cu(II) to finish the catalyst cycle.

The rate-determining step of the above pathway is the
concerted metalation—deprotonation process with an overall
barrier of +42.1 kcal/mol (Figure 1). This barrier is too high
for the reaction to proceed at the reported temperature (i.e.
140 °C). Therefore, the Cu(Ill)-assisted CMD mechanism
does not appear to be favored.

(i) CMD of Cu(Il) intermediate. This pathway also starts
from the Cu(II) complex O-Intl. However, instead of being
oxidized to Cu(Ill), the Cu(Il) metal center attacks the
N-phenyl ring directly and at the same time the triflate ani-
on coordinated with Cu(Il) abstracts the proton from the
aryl ring (Figures 3 and 4). This process proceeds via a cy-
clic six-membered ring transition state O/CMD-TS12-I1
involving breaking of the C—H bond (1.42 A) and concerted
formation of the H-O (1.20 A) and Cu—C (2.02 A) bonds.
Evidently this process is also a CMD process, but its activa-
tion energy is calculated to be as low as +20.9 kcal/mol (from
O-Int1 to O/CMD-TS12-II). A new four-coordinated Cu(II)
intermediate  O/CMD-Int2-II is generated through the
CMD process. This intermediate has two pathways to finish

the catalytic cycle (Figure 2).

Pathway 1: direct reductive elimination (unfavorable).
The Cu(Il) intermediate O/CMD-Int2-II may directly un-
dergo reductive elimination to afford the product via a
three-center transition state O/CMD-TS23-I1. Meanwhile, a
Cu(0) species is generated and will be converted to the ini-
tial Cu(Il) catalyst with the aid of O,. Unfortunately, this
reductive elimination is calculated to be a very difficult
process with a high activation energy (+50.1 kcal/mol).

Pathway 2: oxidation and reductive elimination (favorable).
Alternatively O/CMD-Int2-II may be oxidized by another
molecule of Cu(OTf), to produce a four-coordinated
Cu(IIl) intermediate O/CMD-Int3-III (Note: O/CMD-
Int3-II1I is also involved in the Cu(Ill)-assisted CMD pro-
cess). Our calculation shows that this oxidation is only
slightly endergonic by +2.8 kcal/mol. Subsequently, O/CMD-
Int2-III can undergo reductive elimination easily to give
the product O-9 with a lower activation energy (+31.6
kcal/mol).

By comparing the above two pathways (Figure 2), we
conclude that the Cu(Il)-assisted CMD mechanism should
involve three steps: concerted metalation-deprotonation
with Cu(Il), oxidation of Cu(Il) intermediate, and reductive
elimination from Cu(IIl). Reductive elimination is the
rate-limiting step and the overall barrier of +31.6 kcal/mol.
Evidently Cu(Il)-assisted CMD mechanism is more favora-
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Figure 2 Cu(Il)-assisted concerted metalation—deprotonation pathway for C—O formation.

O-Int1

Figure 3

ble than its Cu(IIl) counterpart.

2.1.3  Friedel-Crafts mechanism

An alternative pathway to provide the C-H functionaliza-
tion products is Lewis acid-catalyzed Friedel-Crafts mecha-
nism (i.e. mechanism C) [23, 24]. With this mechanism the
reaction is proposed to include three steps: (i) metal coordi-
nation; (ii) electrophilic substitution of Cu-bound O atom;
(iii) deprotonation and catalyst regeneration. Different from
the CMD mechanism, electrophilic attack and deprotonation
are separated steps in mechanism C.

(i) Cu(II)-assisted Friedel-Crafts pathway. For this
pathway the reaction starts with the coordination of Cu(Il)
with the substrate. After coordination, the Cu(Il) complex
O-Intl isomerizes to an active precursor O/FC-Intl1-IT
which can cause an electrophilic attack through the transi-
tion state O/FC-TS12-1I with an activation energy of +48.8

Q/CMD-TS12-Il

O/CMD-TS23-l

Important structures in Cu(Il)-assisted concerted metalation-deprotonation pathway for C—O formation.

kcal/mol (Figure 4). This electrophilic attack leads to the
intermediate O/FC-Int2-II and a reduced Cu(0) species.
After removal of the reduced Cu(0) from O/FC-Int2-II,
rearomatization takes place via the triflate-assisted depro-
tonation transition state O/FC-TS23-II. Then HOTY is re-
leased to generate benzoxazole as the final product. Mean-
while Cu(0) is re-oxidized to Cu(Il). Note that the
rate-limiting step of the above process is deprotonation with
an overall activation energy of +49.8 kcal/mol. This barrier
is too high for the reaction to proceed at the reported tem-
perature (140 °C).

(i1) Cu(Ill)-assisted Friedel-Crafts pathway. As dis-
cussed above, the active Cu(IIl) complex O/CMD-Int1-II1
can also be generated in the system through oxidation. After
oxidation, the Cu(Ill)-bound O atom in O/CMD-Int1-III
can react with the aromatic ring through electrophilic attack
(Figure 5). A Cu(l) intermediate, i.e. O/FC-Int2-III-1, is
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then generated, which can undergo deprotonation readily
through the transition state O/FC-TS23-II1. Finally, HOTf
is released to generate benzoxazole as the final product.
Meanwhile Cu(]) is re-oxidized to Cu(Il). In the above pro-
cess, the rate-determining step is electrophilic attack and the
overall barrier is +34.3 kcal/mol. This barrier is lower than
that for Cu(Il)-assisted Friedel-Crafts pathway, but is still
higher than that for Cu(II)-assisted CMD mechanism.

2.1.4 Comparing different pathways in C-0 formation

To summarize the above calculations, the energy profiles
for different mechanisms of Cu-catalyzed ortho-C-H acti-
vation/C-O formation are shown in Figure 6. According to
these profiles, Cu(Il)-assisted CMD pathway is favored as
compared to its Cu(IIl) counterpart. It is also more favora-
ble than either Cu(Il)- or Cu(Ill)-assisted Friedel-Crafts
pathway. This Cu(Il)-assisted CMD pathway consists of
three steps, i.e. concerted metalation- deprotonation with
Cu(I), oxidation of Cu(Il) intermediate, and reductive
elimination from Cu(IIl). The overall barrier is +31.6
kcal/mol and the rate-limiting step is reductive elimination
from Cu(IIl) to generate the C—O bond.

2.2 Mechanism for C-N cyclization

Just as for the C-O cyclization of amides, Cu-catalyzed
ortho-C-H activation/C-N cyclization of amidines may
proceed via either B or C mechanism with +2 or +3 oxida-
tion states of Cu [8, 25]. Based on our calculations, we also
find that the Cu(Il)-assisted CMD pathway is favored over

Sci China Chem  May (2013) Vol.56 No.5
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its Cu(Il) counterpart and Cu(II)/Cu(Ill)-assisted Friedel-
Crafts pathways [26] (Figure 7).

The Cu(Il)-assisted CMD pathway also consists of three
steps in the C-N cyclization, i.e. concerted metalation-
deprotonation with Cu(Il), oxidation of the Cu(Il) interme-
diate, and reductive elimination from Cu(Ill). As Figure 8
shows, the imine moiety in the substrates can coordinate
with the catalyst Cu(OAc), to provide a stable Cu(II) com-
plex N-Intl (exergonic, —4.8 kcal/mol). The Cu(Il) center
of N-Intl then attacks the N-phenyl ring via the
six-membered-ring transition state N/CMD-TS12-II. This
process is a CMD process involving the breaking of the
CPh-H bond and concerted formation of C—Cu bond. After
this CMD process, a new four-coordinated Cu(II) complex
N/CMD-Int2-II-1 is obtained which then may be oxidized
to a Cu(IIl) intermediate N/CMD-Int2-III-2. Subsequently,
N/CMD-Int2-III-2 undergoes reductive elimination to give
the product. This process shows a barrier of +13.2 kcal/mol
(from N/CMD-Int2-II-1 to N/CMD-TS23-11I).

Different from C-O cyclization reaction, the concerted
metalation—deprotonation step is the rate-limiting step for
the C-N cyclization. The overall activation energy for the
C-N cyclization is +22.0 kcal/mol.

Note that the overall energy barrier of the C-N cycliza-
tion (+22.0 kcal/mol) is lower than that of the C-O cycliza-
tion (+31.6 kcal/mol). This result is consistent with the ex-
periments that the C-N cyclization can be carried out under
milder conditions than the C—O cyclization (100 °C for the
former versus 140 °C for the latter). Nonetheless, we be-
lieve that the energy barrier for the C-N cyclization (+22.0
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kcal/mol) is underestimated to some extent. The reason is
that we assume that the reactants of the C-N cyclization are
compound N-1 and free Cu(OAc),. Due to the strong bind-
ing ability of acetate anion, Cu(OAc), may exist as clusters
(i.e. Cu,(OAc),,) so that the effective concentration of
Cu(OAc), may be much lower than theoretically assumed.
This effect is difficult to estimate by current theoretical
methods, but it means that the energy barrier is underesti-
mated by our calculations.

2.3 Problems with the radical mechanisms

The radical mechanism via single electron transfer was pre-
viously proposed by Yu et al. to explain Cu(OAc),-
catalyzed pyridine-directed ortho-C-H functionalization
[7a, 27]. Moreover, Stahl et al. suggested that the radical
pathway should be considered for a related reaction [5b].
Despite these proposals, there has been no experimental test
of the involvement of radical pathways for the C—N and
C-O0 cyclizations shown in Scheme 1.

To solve this problem, we performed the reactions (Table
1) with radical scavengers. Considering Cu-mediated in-
termolecular C—X (X = N, O) coupling as side reactions, the
commonly used radical scavengers containing N or O atom
(i.e. 2, 2, 6, 6-tetramethylpiperidine-1-oxyl (TEMPO) or
galvinoxyl) were not used. We noticed that Thomas et al.
previously ruled out the radical mechanism for the
Cu-mediated Ullmann arylation by showing that the reactions
was not quenched by 1, 1-diphenylethylene [18b]. Here, for
the Cu-catalyzed intramolecular C—H activation, we exam-
ined the effect of adding 1, 1-diphenylethylene (Table 1)
[18b]. The yields of benzoxazole and benzimidazole were
54 [28] and 41%, respectively. Similarly, the reactions in

Table 1 Effects of radical scavengers on the reaction efficiency

OMe \
a,
HYQ/ 20 mol% Cu(OTf), (‘:[ > )—ome
©’ o-xylene, Oy, 140 °C, 28 h s}
05

e 1.0 eq. radical scavenger

OMe
15 mol%. Cu(OAc)s,

H
N N
p/ DMSO, 5.0 eq.HOAc,Oz_.;Q \>_©_ OMs
NH 100°C, 18 h & N
N-5

1.0 eq. radical scavenger

Yield ¥ of O-5 (%)  Yield ® of N-5 (%)
81 (89") 45°

2 54 41
3 @ 60 44

a) Isolated yield; b)yield in the literature [9a]; c) the substrate is not
involved in Buchwald’s reaction [8].

Entry  Radical scavenger
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the presence of 1, 4-cyclohexadiene (which is another effec-
tive radical trapper used by Sanford et al.) [29] afforded the
products in 60 [28] and 44% yields, respectively (Table 1).
The results indicate that the reactions are not inhibited by
the radical scavengers.

In addition, we tried to calculate the important interme-
diate O-6, an arene radical species in a single electron
transfer route. In theory Q-6 and O-Intl could not be com-
pared in energy because they have the same geometry as
0-2-1I shown in Scheme 5. The difference between O-Intl
and O-6 is the aromaticity of ringl and thus we calculated
the spin density of O-2-II to distinguish two species. The
total spin density observed over the six C atoms of ringl is
0.007 electron (1 electron for the molecule O-2-II). More-
over, the HOMA index of ringl is 0.999 (0.994 for the am-
ide O-1). These data both suggest that the ringl must pos-
sess aromaticity, which is consistent with the Cu(Il) com-
plex O-Intl rather than the arene radical species O-6.
Without the existence of the arene radical species, the single
electron transfer is not plausible.

We also calculate the free energy of the proposed radical
intermediates (O-8 or N-8 [30]) (Scheme 6). It is found that
the formation of O-8 and N-8 from their Cu-bound precur-
sors is highly endergonic (+55.1 and +32.5 kcal/mol, re-
spectively). Consequently, the activation energies for gen-
eration of O-8 and N-8 must be higher than +55.1 and +32.5
kcal/mol, again indicating that the radical process is not
feasible under the reaction conditions.

2.4 Problems with proton-coupled electron transfer

Ribas et al. reported in 2010 that proton-coupled electron
transfer (PCET) could occur in Cu-mediated C-H cleavage
reactions in the presence of special macrocyclic ligands [10].
They revealed that the C—H---Cu(Il) interaction is a vital fea-

H H
N _Ph N. _Ph
T
Oy = o
4
0o

TfO OTf
0-6

Scheme 5 The structure of O-2-1I is best described as O-Intl, rather than
0-6.
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Scheme 6 Free energies for the formation of proposed radical intermedi-
ates.

ture of the PCET pathway. However, in the present study,
with the aid of OAc/OTf, the C-H---Cu(Il) distance is 2.90
A, much longer than 2.14 A in the reaction reported by
Ribas. Thus, the proton-coupled electron transfer with uni-
molecular Cu-catalyst does not appear possible in the
Buchwald’s and Nagasawa’s reactions.

Moreover, we also considered the PCET pathway in-
volving bimolecular Cu-catalysts. In such pathway, another
Cu(OAc), molecule abstracts the H from the substrate and
at the same time the extra Cu(Il) center is reduced by one
electron. In other words, the CMD and oxidation take place
simultaneously with the help of another moleculer of Cu
catalyst. We only calculated the transition state (N/PCET-
TS12) of this pathway in Buchwald’s C-N coupling reac-
tion, because in Buchwald’s reaction the cleavage of C-H
bond is the rate-determining step. The free energy of
N/PCET-TS12 is +48.9 kcal/mol, which is much higher than
that of N/JCMD-TS12-II (+17.2 kcal/mol) in the CMD path-

O}/' cu'ly.
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way. Therefore, the PCET with a bimolecular Cu-catalyst is
not plausible, either.

3 Comparisons with the experiments

The above theoretical calculations show that Cu(II)-assisted
CMD pathway is energetically favored in both the ortho-
C-H activation/C-O and C-N cyclization reactions. Such
pathway proceeds through three steps: concerted metala-
tion-deprotonation with Cu(Il), oxidation of Cu(Il) interme-
diate, and reductive elimination from Cu(IIl) (Scheme 7).
However, in the case of C-O cyclization reductive elimina-
tion is the rate-limiting step, whereas in C-N cyclization
concerted metalation—deprotonation is the rate-limiting step.
Below we use some experimental results to test these theo-
retical proposals.

3.1 Kinetic isotope effects

Because concerted metalation-deprotonation (i.e. C—H acti-
vation) is the rate-limiting step in C-N but not in C-O cy-
clization, we expect to see different kinetic isotope effects
(KIE) in the two cyclizations reactions. In the case of C-O
cyclization, Nagasawa et al. previously determined the KIE
value to be 1.0 [9a], which is in good agreement with our
theory.

No KIE study has been reported for C-N cyclization re-
action. Thus we measure the intramolecular kinetic isotope
effect using the ortho-deuterium labeled substrate (Scheme
8). The ratio of the ortho-proton product versus the ortho-
deuterium product is 2.1:1.0. Thus the C-N cyclization
reaction exhibits a KIE that is different from the C-O
cyclization. This result verifies our theoretical prediction

uY” (Y =OTfor OAc) 8 en
O X
X
N ¥ cal
P "
— Y Y
eyl
rate-limiting step Qu
in C-O cyclization Y H 1
(reductive elimination from Cu(lll)) \ @,N\lrph
H =4, K
N__Ph H lcu! rate-limiting step
@( \I>|{/ Yy in C-N cyclization
Fi

Cull\
v X
cu'y,

oxidation of Cu(ll)

ZT
B
=

G
Y

( metalation-deprotonation with Cu(ll) )

X
fi

Scheme 7 Proposed mechanism of Cu-catalyzed ortho-C—H activation/C—N and C-O cyclizations.
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20 mol% Cu(OTf),

@m/@

15 mol% Cu(OAc),

o-xylene 140 °C, O,

DMSO 100 °C, O,

@r«@

Scheme 8 Intramolecular kinetic isotope effect.

that the C-H bond activation is the rate-limiting step for
C-N coupling.

3.2 Substituent effects

Nagasawa and Buchwald previously examined the reactions
with different substituents (Schemes 9 and 10). They found
that the reaction with an electron-donating substituent (R =
OMe) is faster than that with an electron-withdrawing group
(R = Cl or COOMe). These observations were used to sup-
port the hypothesis that the C—N/C-O cyclization occurs via
an electrophilic attack mechanism [8, 9].

Here we calculate the energy barriers for the reactions
with electron-donating OMe and electron-withdrawing CI or
COOMe groups on the basis of the proposed mechanism (i.e.
the Cu(Il)-assisted CMD pathway). It is found that for C-O
cyclization, the energy barriers are +31.4, +31.6 and +33.0
kcal/mol for OMe, H and CI substituted substrates. Thus the
reactivity of substituted amides decreases in the order:
OMe > H > CI. This calculated trend is consistent with ex-
periment. As to C-N cyclization, the energy barriers are
calculated to be +21.1, +22.0 and +22.7 kcal/mol for OMe,
H and COOMe substituted substrates, respectively. Thus the

R H Ph 20 mol% Cu(OTf), R N
o o-xylene 140 °C, O, o

(R = OMe, H, Cl)

Experiment: kr=ome) > Kr=H) > kKir=c|)
Calculation: AGHR=cwe(+31.4) < AGHR=p)(+31.6) <A G g=c)(+33.0)
Unit: keal/mol

Scheme 9 Substituent effects on Cu-catalyzed C-H activation/C-O cy-
clization.

H
R N T Ph 15 mol% Cu(OAc), R H
—_ e
- N
@ Ni  DMSO100°C, 0, \@ >—Ph
(R = OMe, H, COOMe) N
Experiment: k(r=ome) > K(r=H) > K(R=C0OMe)
Calculation: AG*R=owe)(+21.1) < AG¥R=1(+22.0) < AG¥R-coome)(+22.7)
Unit: keal/mol

Scheme 10 Substituent effects on Cu-catalyzed C-H activation/C-N
cyclization.
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H(D)
H(D)
N
\>—©—ome knlkp = 2.1
N
H

reactivity of substituted amidines decreases in the order:
OMe > H > COOMe. This calculated trend is also con-
sistent with experiment, thus supporting the mechanism
proposed in Scheme 7.

3.3 O,-free reactions

According to the mechanism in Scheme 7, the generation of
the active Cu(IIl) species does not require the involvement
of O,. Instead, O, is needed for the catalyst regeneration
step. If this proposal is correct, we must be able to observe
that the reaction can proceed to some extent without addi-
tion of O,. Indeed, when we carried out the same C-O and
C-N cyclization reactions in under Ar protection using
Schlenk techniques (Schemes 11 and 12), moderate isolated
yields of 28% and 18% were obtained for the C—O and C-N
cyclization products (theoretically, yields of the reaction
should be 50% in the presence of 1 equivalent of Cu salts
and the decrease in yield can be attributed to unknown
side-reactions suppressed by O,). These results confirm that
the active Cu(IIl) species can be generated via dispropor-
tionation in the absence of O,.

4 Conclusions

Cu-catalyzed C-H functionalization has recently attracted
considerable interest. In the present study, we report a com-
prehensive theoretical study (together with some experi-
mental tests) of the mechanism of the Cu-catalyzed intra-
molecular ortho-C-H activation/C—O and C-N cyclization

]/O/‘l eq. Cu(OTf),, C
o-xylene, 140°C, 28 h
isolated yield: 28%

Scheme 11 O,-free C-H activation/C-O cyclization of amides.

H
T\/Q 1 eq. Cu(OAc),, Ar N)_@
HOAc DMSO, 100°C,18 h N

isolated yield: 18%

Scheme 12 O,-free C—H activation/C—N cyclization of amidines.
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reactions. By comparing the CMD and Friedel-Crafts
mechanisms with different oxidation states of Cu (+2, +3),
we find that the Cu(Il)-assisted concerted metalation-
deprotonation (CMD) pathway is the most favorable for
both the C-O and C-N cyclization reactions. The Cu(Il)-
assisted CMD mechanism consists of three steps, i.e. con-
certed metalation-deprotonation with Cu(Il), oxidation of
the Cu(Il) intermediate, and reductive elimination from
Cu(IIl). In particular, it is the Cu(Il) species that mediates
the C—H activation process through an OAc/OTf-assisted
six-membered-ring CMD transition state similar to that
proposed for many Pd-catalyzed C—H activation reactions.
Also interestingly, while the rate-determining step in the
C-O cyclization reaction is reductive elimination, the
rate-determining step in the C-N cyclization reaction is the
concerted metalation—deprotonation step. This finding is
consistent with the experimental kinetic isotope effects (1.0
and 2.1 for C-O and C-N cyclization reactions, respective-
ly). We also show that the proposed mechanism is con-
sistent with the experimental substituent effects. Finally, we
carry out reactions under O,-free conditions and verify that
the Cu(III)-formation step can proceed without O,.

S Computational methods and experimental
details

5.1 Computational methods

Geometry optimization of all compounds in the gas phase
without any constraint was conducted by the density func-
tional theory method B3P86 [31] with the basis set
6-31+G(d) [32]. This method has been successfully used in
many recent studies to study the mechanism of transition
metal-catalyzed reactions [10, 33, 34]. Frequency calcula-
tion were conducted at the same level of theory as geometry
optimization to confirm whether the stationary points were
minima or saddle points. For saddle points, intrinsic reac-
tion coordinate (IRC) analysis [35] was performed to verify
that they connect the right reactants and products on the
potential energy surface. Single-point energy calculations
were performed by using the M06 method [36] with a more
flexible basis set 6-311++G(d, p). Note that this method was
recently used by Yates et al. to study Cu-mediated carbox-
ylation reaction [37]. The solvent effect was calculated with
a self-consistent reaction field (SCRF) method using the
SMD model [31a, 38]. 0-Xylene (¢ = 2.545) and dimethyl
sulfoxide (DMSO) (& = 46.826) used in the experiments
were directly calculated. All the calculations were per-
formed with the Gaussian09 suite [39] of programs. Single-
point energies in the solution corrected by the Gibbs free
energy correction from frequency calculations were con-
ducted to describe the reaction energetics throughout the
study. All the solution-phase free energies presented in the
work correspond to the reference state of 1 mol/L, 298K.
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5.2 General procedure for Cu-catalyzed ortho-C-H
activation/C-O cyclization

To a Schlenk tube was added O-1 (0.25 mmol) and
Cu(OTf), (0.05 mmol). The tube was evacuated and back-
filled with O, (or without O, for O,-free reactions). Then
o-xylene (0.5 mL) was added via syringe. Note that the rad-
ical scavenger (0.25 mmol) was added for the radical scav-
enger experiment. The reaction mixture was put into a pre-
heated oil bath at 140 °C and stirred for 28 h. Subsequently
a small amount of ethyl acetate was added and the residue
was purified by silica gel chromatography. NMR spectra are
shown in the Supporting Information.

5.3 General procedure for Cu-catalyzed ortho-C-H
activation/C-N cyclization

To a Schlenk tube was added N-1 (0.25 mmol) and
Cu(OAc), (0.0375 mmol). The tube was evacuated and
backfilled with O, (or without O, for O,-free reaction).
Then HOAc (2.5 mmol, 5.00 equiv.), and DMSO (0.5 mL)
was added by syringe. Note that the radical scavenger (0.25
mmol) was added for the radical scavenger experiments.
The reaction mixture was put into a preheated oil bath at
100 °C and stirred for 18 h. Subsequently a small amount of
ethyl acetate was added and the residue was purified by
silica gel chromatography. NMR spectra are shown in the
Supporting Information.
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