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ABSTRACT: Cu-catalyzed cross-dehydrogenative coupling (CDC) fFuor, cuort
reaction of thiazoles with THF has been studied with the density
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functional theory method and kinetic Monte Carlo (kMC) simulations. RS « ‘4 :[ w I w I w

Our results show that the previously proposed concerted metalation—

deprotonation mechanism is unfavorable. On the basis of the DFT
calculation and kMC simulation results, a new mechanism is proposed.
In the favorable mechanism, the Cu(II) catalyst first combines with the N
thiazoles, forming an organocopper species that then binds to the THF G
radical. The rate-limiting step, C—C bond formation, is realized
through an intramolecular structural rearrangement. The Cu catalyst
works as a matchmaker to render the C—C bond formation. Kinetic
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DFT calculation

Monte Carlo simulations demonstrate that one should be careful with >

the conclusions drawn simply from the calculated barriers.

1. INTRODUCTION

Azoles, especially thiazoles and benzothiazoles, are widespread in
various products,”” from agricultural and pharmaceutical agents
to material sciences.’ > The functionalization of C—H bonds in
azoles can lead to valuable compounds,®™ from which inspiring
progress on transition-metal-catalyzed reactions of azoles has
been made.'”"" For example, Zhang et al. developed a
straightforward protocol for direct oxidative cross-coupling of
electron-deficient perfluoroarenes with aromatic heterocycles
using a Pd catalyst. Cross-coupling reactions of nucleophiles with
electrophiles are powerful synthetic tools to create carbon—
carbon (C—C) bonds."”~"” Because of the shortness of synthetic
routes and of atom-economics as well as unnecessary preparation
of oriented and activated groups,lg’19 direct cross-dehydrogen-
ative coupling (CDC) reactions are particularly useful in
synthetic organic chemistry.”’">" In fact, numerous examples
of C—C, C—N, and C—P bond formation by CDC reactions in
azoles are reported.”*”* In CDC reactions, noble metals are
widely used. Application of nonprecious metals, such as copper*’
and iron,*” remains limited and is still a big challenge.

Recently, we reported a copper-catalyzed CDC reaction of
thiazoles, shown in eq 1.** The reaction was carried out with a

o Cu(OTf), (10 mol 10%) N )
\>—H + H—G K28,0s (2 equiv) . I \>—O
60°C, 14h S
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catalytic amount of copper(Il) triflate (Cu(OTf),) in the
presence of tetrahydrofuran (THF) at 60 °C under a N,
atmosphere. Potassium peroxydisulfate acted as the oxidant.
We found only a C2-thiazole product was produced, and various
thiazoles ranging from electron-rich to -deficient could be used
with yields up to 90%.

A few theoretical studies on some Cu-catalyzed C—H
activation are available.** ™ Wu et al. found that Cu(OTf),-
catalyzed arylation of anilide proceeds via a Heck-like four-
membered-ring transition state involving a Cu'—Ph species, and
the calculated barrier is approximately 25 kJ/mol for the most
preferred pathway.*” Lin et al. proposed a four-membered
concerted metalation-deprotonation (CMD) transition state for
the coupling of Ar—H with PhL.* Fu et al. suggested that a CMD
mechanism is favored for Cu-catalyzed intramolecular C—H
activation. Three steps are included in this mechanism: CMD
with Cu(II), oxidation of the Cu(II) intermediate, and reductive
elimination from Cu(III)."” However, Santoro et al. performed

density functional theory calculations to study the reaction
mechanism and origins of C2 selectivity in a copper(I)-catalyzed
amidation of indoles.”® They demonstrated that the CMD
mechanism cannot rationalize the observed regioselectivity and
proposed a mechanism based on a four-center reductive
elimination. Recently, Wu, Wiest, and Zhang studied theoret-
ically the reaction mechanism of the Cu-catalyzed oxidative CDC
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reaction involving sp>-C—H bond activation.”® Their results
supported an SET mechanism but also uncovered an alternative
mechanism in which O, is directly involved in a hydrogen-
abstracting step.

Previously, we proposed a reaction mechanism, shown in
Scheme 1, to rationalize the reaction process.** In this

Scheme 1. Previously Proposed Mechanism for Cu-Catalyzed
CDC Reaction

1

N
VH—Cu
Cu(OTf), %' ISZ—C oTf

HOTF 2

2 *) .
(P20 50

206"

culotf 47—>[ >—-<J

mechanism, Cu(OTf), first reacts with the substrate thiazoles
1 to yield organocopper species A. Then, the reactive
intermediate B’ is generated from reaction of organocopper
species A with the THF radical produced from the oxidation of
S,04”". Finally, the desired CDC reaction product 3 is produced
by a reductive elimination of Cu(OTf) from species B'.
However, no thorough theoretical investigation has been
conducted to verify the above mechanism.

To obtain a deeper understanding of the mechanism of the C—
C bond formation between THF and thiazoles through the CDC
reaction, we carried out a detailed density functional
investigation on the reaction potential energy surface of the
Cu-catalyzed cross-dehydrogenative coupling reaction of 4,5-
dimethylthiazole with THF. Our results do not support the
mechanism proposed previously in ref 44. On the basis of the
DFT calculations and kinetic Monte Carlo simulation results, a

new mechanism is proposed. In the mechanism, thiazoles 1 first
combine Cu(OTf), through the coordination of the Cu atom to
the N atom in 1. Then, a THF radical produced by oxidation of
S,04>” binds to OTf of the complex, forming intermediate 5
Intramolecular C—C bond formation in §, which is the rate-
limiting step, takes place, leading to intermediate 6. After
stepwise losing HOTf and CuOTf from 6, final product 3 is
generated. The role of Cu(OTf), works as a matchmaker. It
anchors thiazoles and THF in a position favorable for the C—C
bond formation.

2. RESULTS AND DISCUSSION

2.1.Three Reaction Routes to the Final Product. Scheme
2 shows our calculated catalytic cycle and reaction heats and
barriers (in parentheses). Experimentally, it is found that final
product 3 would not be produced without the oxidant K,S,0Os,
likely owing to absence of THF radical intermediate 2. It is
suggested'” that 2’ is formed through the process illustrated at
top left of Scheme 2. In this process, the S,04°" anion first
dissociates into two SO,~.>"* Our calculations show that this
step is endothermic by 116.8 kJ/mol. The formed SO, captures
a hydrogen from THEF, producing radical intermediate 2/,
releasing 41.6 kJ/mol. Below, we consider three possible reaction
routes.

Routel (1 -4 — A< A’ — B’ — 3). This route starts from a
combination of 4,5-dimethylthiazole (1) and tetradentate copper
complex Cu(OTH{),, forming organocopper species 4. This step is
a strongly exothermic process, releasing 117.8 kJ/mol. It is
simply a coordination process of the Cu(OTf), to the N atom of
species 1 and is essentially a barrier-free process. In organo-
copper species 4, the copper atom forms roughly a planar square
with the four coordination atoms (N, O, O, and O) (Figure 1).
The N—Cu bond is 1.97 A, and the three Cu—O bonds are 2.06,
2.06, and 1.92 A (Figure 1). Species 4 loses HOTS to form
tetradentate copper complex A. The copper atom in A also forms

Scheme 2. Proposed Mechanism for Cu-Catalyzed CDC Reaction between 1 and THF*
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Figure 1. Structural illustration of some species with bond distances in A.

TS2

basically a planar square with four coordination atoms (C, N, O,
and O) (Figure S1) just as in 4. Our calculations show that
species A has a bidentate isomer A’. The stability difference
between A and A’ is less than 0.5 kJ/mol. A reaction heat 0f237.2
kJ/mol is calculated from 4 to A, implying that this step is
kinetically very unfavorable because the barrier must be >237.2
kJ/mol. The formed A isomerizes to A’; then, A’ reacts with 2’
and generates B’ (Figure S1). In B’, the C atom of 2’ binds to the
C atom in A’. Previously,” we found that species B’ has two
energetically very unfavorable isomers: B and H-transferred B
(Figure S1). In B, the Cu atom bonds to the C atom in thiazole
and to the O atom in OTf with the Cu—C and Cu—O distances
being 1.893 and 1.916 A, respectively (Figure S1). The distance
between the Cu and the radical C in 2’ is 2.380 A. The H-
transferred B is formed upon an easy transformation of one of the
H atoms of species 2’ to the N atom (Figure S1). In H-
transferred B, the Cu—C length is optimized to be 3.799 A,
showing that there is no strong interaction between them.

1808

Isomers B and H-transferred B are 250 and 143 kJ/mol less
stable than species B, respectively. Hence, thermodynamically,
B’ is much more favorable than B and H-transferred B. In fact,
formation of B’ is a strong exothermic process that releases 413.7
kJ/mol. In the final step of Route I, B’ loses CuOTf and produces
final product 3, releasing 76.9 kJ/mol.

Routell (1 -4 —5— 6 — B’ — 3). The first step in Route I,
formation of 4 from 1 and Cu(OT¥),, is the same as in Route L.
The difference between Route II and Route I starts from the
reaction of 4: Whereas 4 loses HOTf to become A in Route I, it
combines 2’ to form $ and release 211.1 kJ/mol in Route II. The
formed § isomerizes to intermediate species 6. Here, we can see
that the Cu catalyst works as a matchmaker to render the
formation of the C—C bond. The C—C formation experiences a
transition state TS1 by circumventing a barrier of 106.9 kJ/mol
and absorbing a heat of 56.0 kJ/mol. In the transition state TSI,
the C—C bond shrinks from 5.32 Ain 5 to 2.16 A (Figure 1). In
species 6, the C—C bond between thiazoles and THF becomes
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Figure 2. Two possible pathways for Cu-Catalyzed C—C formation.

1.56 A, which shows that it has been formed. Complex 6
undergoes reductive elimination of HOT to afford species B’ via
a transition state (TS2, Figure 1). The C—H bond, 1.11 A in
complex 6, becomes 1.34 A in TS2. Obviously, the C—H bond
has been weakened greatly. The energy barrier of this step is only
10.7 kJ/mol. With the help of SO,”*, B’ loses CuOTf and
becomes product 3.

Route lll (1 - 8 - 6 — B’ — 3). In this route, thiazole 1 first
combines with the formed radical 2 directly, forming 8. This
process experiences a transition state TS1’ (Figure 1),
circumventing a barrier of 28.8 kJ/mol with a heat of —84.1
kJ/mol. The C—C bond is 2.33 A in TS1’, and it becomes 1.54 A
in complex 8. The formed 8 reacts with Cu(OTf),, forming
complex 6 and releasing heat of —188.7 kJ/mol. This step is
essentially a barrier-free process. Then, 6 loses HOTf to generate
B’, and finally B loses CuOTT{ to yield product 3 as in Routes I
and II.

Previously, we™* had theoretically examined the reaction
pathway starting from A (A < A’ — B’ — 3). In that study, it is
implicitly assumed that A can be easily formed.”*** As shown in
Scheme 2, the barrier from 4 to A is >237.2 kJ/mol. Obviously,
Route I cannot compete with Route II, which has a barrier of
106.9 kJ/mol for the rate-limiting step 5 — 6. In fact, 4 — 5 in
Route IT is a barrier-free and strongly exothermic (by —211.1 kJ/
mol) process. Thus, it is safe to conclude that 4 will react with 2’
to produce $ preferentially, and A or A’ can hardly be formed.
Hence, our present calculations clearly show that Route I is least
likely and can be excluded as the main route for the formation of
3.

Comparing Routes I and III, one can see that the barrier of the
rate-limiting step of Route II, 106.9 kJ/mol for § — 6, is much
higher than that of Route III, 28.8 kJ/mol for 1 — 8. On the basis
of rate-limiting step barriers, one would expect that Route III
would dominate the formation of 3. We will present a kinetic
Monte Carlo simulation to answer this question in the next
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section. Figure 2 summarizes the calculated potential energy
surfaces for the formation of B’.

As soon as B’ is formed, SO,™* will act on it, producing final
product 3 along with species 7. This process will release 76.9 kJ/
mol. In terms of thermodynamics, it is a favorable process.
Without SO,~° direct pyrolysis of B’ to yield 3 needs to absorb
198.4 kJ/mol. This result manifests the role played by SO,* in
the reaction cycle. Cu(OTf), is produced by the reaction of 7
with HOTT produced from 6 to B’. This step is endothermic by
50.3 kJ/mol. The produced Cu(OTf), then reenters the cycle by
reacting with 1 or 8.

2.2. Kinetic Monte Carlo Simulations. As mentioned
above, we have located two pathways that can lead to 3, starting
from the three reactants. Figure 2 shows the potential energy
surface from the reactants to B’, and we did not extend to 3
because Routes IT and III go through the same route from B’ to 3.
Note the barrier of the rate-determining step is only 28.8 kJ/mol
for the left pathway (Route III) whereas that of the right pathway
(Route IT) is 106.9 kJ/mol. At first glance, B’ produced from the
left will be dominant. However, 1 can be transformed to § via a
barrier-free process, which will deplete the reactants very fast and
thus reduce the contribution to B’ formation from the left
pathway. At this stage, one question arises: which pathway
dominates the production of B'? To answer this question, we
used the kinetic Monte Carlo method to simulate the reaction
network presented in Figure 2, using the DFT calculated pre-
exponential factors and rate constants for each reaction
presented in the Supporting Information.

Figure 3 shows the time evolution of the final product B’
produced through the right pathway and denoted as B'R. B’
produced via the left pathway is close to 0 and is not shown in
Figure 3. The simulation result clearly shows that B’ is almost
exclusively produced from the right pathway. Note that the
barrier heights of the rate-limiting step are 28.8 and 106.9 kJ/mol
for the left and right pathways, respectively. The present
simulations indicate that one cannot judge the contribution of a

DOI: 10.1021/acs.joc.5b02503
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Figure 3. Time evolution of 1, 5, and B’ produced from the right
pathway in Figure 2.

pathway simply by considering the energy barrier height of the
rate-limiting step. From Figure 3, one can see that the
concentration of 1 decreases to ~0 whereas that of § shoots up
to ~100% in a very short time, indicating that nearly all of the
reactants are instantly converted to 3. This is obviously because
the formation of 5 from 1 via stepwise complexation with
Cu(OTf), and then with THF is a barrier-free process. This
complexation reaction overwhelms the reaction from 1 to 8 even
though the latter has a quite low barrier of only 28.8 kJ/mol. With
increasing time, formed S gradually transforms into B'.
According to our simulation (Figure 3), B’ reaches 86% after
24 h compared to 14 h experimentally.

From the PES shown in Figure 2, one may expect that the
equilibrium concentration of § should be higher than that of B/,
which is inconsistent with our simulation (Figure 3 indicates that
the percentage of B’ reaches 99%, whereas that of § is less than
1% after SO h). Analysis reveals that this is because the rate
constant of reaction 6 — B’ (4.18 X 10°) is extremely large
compared with those of B’ — 6 (8.21 X 107*) and 6 — 5 (4.86 X

(of course, essentially this is because the PES is not Gibbs free
energy based) on the equilibrium concentration of § and B’, we
set the forward and backward reaction rate constants of 6 — B’ to
be 4.18 X 10* and 8.21 X 10% respectively, while keeping the
other constants unchanged. In this case, we have ky_ ¢ < kq_, s &
ks & 1/2kg_s We found that the percentage of S reaches
100% very quickly whereas the ones of both 6 and B’ are next to 0
(Figure 4). If we keep k_, s unchanged and set k;_, k¢_p, and
kg ¢ to be 2.27 X 10* 4.18 X 10% and 8.21 X 10, respectively (in
this case, k; & k, & ky & 1/2k,), the equilibrium percentages of 5,
6, and B’ become 58, 27, and 14%, respectively, consistent with
our expectation.

3. CONCLUSIONS

We have studied the mechanism of Cu-catalyzed cross-
dehydrogenative coupling reaction of thiazoles with THF. We
show that this reaction does not follow the previously assumed
Cu(II)-assisted concerted metalation—deprotonation (CMD)
mechanism. In the favorable mechanism, the Cu(Il) catalyst first
combines with the thiazoles, forming an organocopper species 4.
Then, species 4 binds to a THF radical via the C—O interaction,
forming 5. The C—C bond formation is realized through an
intramolecular structural rearrangement. The Cu catalyst works
as a matchmaker to render the occurrence of C—C bond
formation. The rate-limiting step is formation of the C—C bond.
Another route, in which the Cu(II) catalyst attacks intermediate
8 formed by the combination of thiazoles with THF, may
compete with the favorable route. Kinetic Monte Carlo
simulations demonstrate that the latter route hardly contributes
to the production of the final product because the formation of §
is a barrier-free process, which makes the formation of 8
impossible. This result also indicates that one should be careful
when drawing conclusions simply based on the barriers. Finally,
we reveal that the role of potassium peroxydisulfate is to produce
sulfate radical anion without which transformation of B’ to final
product 3 is difficult, which is in agreement with the experimental

10%) (Table S1). To examine the influence of the rate constants observation.
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4. EXPERIMENTAL SECTION

Computational Methods. All of the calculations were performed
with the Gaussian09 package.)6 Geometry optimization of all the
minima and transition states involved was carried out at the B3LYP*"**
level with the Lanl2DZ>® basis set for Cu and 6-31G(d) for C, H, O, N,
and S. Default convergence criteria were used. The vibrational frequency
calculations were conducted at the same level of theory as geometry
optimization to confirm whether each optimized structure is an energy
minimum or a saddle point. For each transition state, intrinsic reaction
coordinate (IRC) analysis® was performed to verify that it connects the
right reactants and products on the potential energy surface. The solvent
effects were considered using the PCM model®"** with the gas-phase-
optimized structures as the initial geometries.
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