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Computational Studies on the
Mechanism of the Copper-Catalyzed
sp3-C�H Cross-Dehydrogenative
Coupling Reaction

SET in stone? A computational study
on the mechanism of the copper-cata-
lyzed, aerobic cross-dehydrogenative
coupling reaction of tetrahydroisoquino-
line has been conducted. The calcula-
tions support a single-electron transfer
(SET) mechanism, but also reveal an al-
ternative mechanism in which O2 is di-
rectly involved.
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Introduction

The formation of C�C bonds is a central transformation in or-
ganic synthesis. The development of efficient methodologies
to construct C�C bonds is a longstanding goal in organic
chemistry.[1–3] To meet the imminent need for an atom-eco-
nomic transformation, extensive attention has been paid to
the direct utilization of C�H bonds for C�C bond coupling re-
actions.[4] The cross-dehydrogenative coupling (CDC) reaction,
which couples two C�H bonds directly to form a C�C bond,
has emerged as a promising protocol in the toolbox of organic
synthesis.[3b, 5] By avoiding the necessity for prefunctionalization
of the C�H bonds in substrates, CDC reactions have many ad-
vantages in reducing the number of synthetic steps and mini-
mizing undesired waste, such as halogen-containing by-prod-
ucts.

Dehydrogenative coupling, as an oxidative coupling reac-
tion, requires oxidants and catalysts. Towards improving the
CDC reaction, progress has been reported through the use of
environmentally benign oxidants and inexpensive catalysts.[6]

In 2007, Li and Basl� reported a copper-catalyzed CDC reaction
in water using O2 as the oxidant [Eq. (1)] .[6a] This coupling reac-
tion realized the activation of two sp3-C�H bonds by an inex-
pensive catalyst with a sustainable oxidant in a green solvent,
and serves as an excellent example of economical chemistry.
Diverse tetrahydroisoquinoline derivatives can be generated
by varying the nucleophiles (Nu) in Equation (1). Because tetra-
hydroisoquinoline derivatives are important building blocks for
biological active pharmaceuticals, this reaction also attracts
considerable interest for its potential applications. Thus, many

efforts towards expanding the scope of the substrates have
been reported.[6e, f, 7–10]

To facilitate further development of this reaction, mechanis-
tic studies have been performed experimentally. In 2011, Kluss-
mann and co-workers obtained the crystal structures of imini-
um intermediate 2.[11] The experimental findings provided evi-
dence for the proposed catalytic cycle in which an iminium
cation is involved. The reaction sequence can thus be divided
into two major parts : 1) formation of iminium cation 2 from
tetrahydroisoquinoline 1 by a two-electron oxidation process,
and 2) nucleophilic addition of 2 to afford the final heterocou-
pling product 3. Avoiding the homocoupling product is one of
the challenges in cross-coupling reactions.[12] The formation of
the iminium cation prevents homocoupling of the substrates ;
thus making this protocol more appealing.

Although the structure of the critical iminium intermediate
has been experimentally determined, the details of the forma-
tion of the iminium intermediate remain unclear. The oxidation
of 1 to 2 is a two-electron process, which is usually proposed
to undergo two sequential single electron transfer (SET) pro-
cesses because copper complexes may serve as a one-electron
oxidant.[13, 14] However, there is no direct experimental evidence
to support this hypothesis. On the other hand, computational
studies of this reaction encounter difficulties in describing the
changes in spin states involved in both the reaction of O2 and
the SET process.[15] Reactions of transition-metal complexes
with O2 often involve state crossings between triplet and sin-
glet states and the calculation of state crossing is still challeng-
ing.[16] For SET, simulating the dynamic process of SET and cal-
culating the activation energy of the SET step are difficult.[17]

Moreover, finding an appropriate and reliable method to calcu-
late SET is a challenge because the SET process involves radical
and ionic species with very different electronic structures.
Thus, calculations on both O2 and the SET process are still rare.

Herein, we present the first computational study on the
mechanism of the aerobic CDC reaction. Extensive DFT calcula-
tions were performed to unveil the mechanistic insights in this
synthetically important system. Of particular interest are fea-

A detailed computational study of a copper-catalyzed aerobic
cross-dehydrogenative coupling reaction has been conducted.
To select a reliable method to describe the thermochemistry of
a single electron transfer (SET) process, benchmark calculations
have been performed. M06/6-311 + g(d,p) is appropriate to
evaluate the thermochemistry of the SET process for the
system involving iminium species. The computational results

support an SET mechanism, but also uncover an alternative
mechanism in which O2 is directly involved in a hydrogen-ab-
stracting step. A comparative study with tert-butylhydroperox-
ide (TBHP) as the oxidant has also been performed. The com-
putations reveal several competitive pathways, including a radi-
cal pathway, a CuIII pathway, and an SET mechanism for the
Cu/TBHP system.
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tures related to 1) identifying a reliable method to calculate
the thermochemistry of a SET process by a benchmark study;
2) elucidating a detailed reaction pathway for the formation of
the iminium intermediate and subsequent nucleophilic addi-
tion; and 3) exploring an alternative pathway for the similar
CDC reaction, which employs tert-butylhydroperoxide (TBHP).

Computational Details

All calculations were performed with the Gaussian 09 package.[18]

Based on good performance in describing systems involving
copper[19] and benchmark calculations in redox potential calcula-
tions (see below), M06 was a suitable functional for the following
computational investigation.[20] The 6-311 + g(d,p) basis set was
employed for the C, H, N, and O atoms and def2-TZVP was used
for Cu and Br.[21] The SMD model[22] was applied to account for sol-
vent effects. Frequency calculations at the same level of theory
were also performed to verify the stationary points as minima (no
imaginary frequency) or transition states (one imaginary frequen-
cy). Transition states were located by using the Berny algorithm. In-
trinsic reaction coordinates (IRCs) were calculated for the transition
states to confirm that they indeed connected two relevant
minima.[23] For the steps of spin state crossover when O2 was in-
volved, the minimum-energy crossing points (MECP) between dif-
ferent electronic states were located with the code developed by
Harvey and co-workers.[24] All relative energies (corrected with zero
point energy) and Gibbs free energies (at 298.15 K and 1 atm) are
reported in kcal mol�1. Geometries are displayed with CYLview.[25]

Kinetic isotope effects (KIEs) were calculated from the calculated
free energies of the isotopomers obtained by isotopic replacement
in Gaussian 09 [Eq. (2)] .

KIE ¼ KH

KD
¼ e DGD�DGHð Þ=RT ð2Þ

Results and Discussion

Benchmark studies

For the system under investigation, it is important to deter-
mine whether a computational method is reliable for describ-
ing the copper complex and the SET process. In addition, iden-
tifying a suitable method is of interest to different communi-
ties because copper and SET are presented in various impor-
tant scenarios in biology and industry.[26] As demonstrated by
recent theoretical studies, DFT methods such as B3LYP,[27]

mPWPW,[28] and the M06 ser-
ies[15f, 29] performed well enough
to provide reliable data for simi-
lar copper systems. However,
accurate calculations on a SET
process, in which open- and
closed-shell configurations of
different charge states need to
be compared, are still challeng-
ing.[17] As part of our long-term
interest in evaluating the per-
formance of DFT functionals, we
initiated the study with a bench-

mark study to seek an appropriate method for the system.
Owing to a lack of systematic experimental data for SET pro-
cesses, experimental one-electron redox potentials were used
for comparison because combining single-electron redox po-
tentials of donors and acceptors represent the thermodynam-
ics of a SET process. As shown in Scheme 1, five amines that
share some similarities with substrate 1 were chosen from the

available data obtained from experiments.[30, 31] By comparison
with this data set, the above-mentioned functionals, that is,
B3LYP, mPWPW, M06, M06L, and M06-2X, together with various
basis sets, were examined.

The redox potential Ecalcd (in V) was computed as indicated
in Equation (3).[32]

Ecalcd ¼ GOx � GRed
� �

=F � 0:03766� 4:44 ð3Þ

in which GOx and GRed are the free energies (in kcal mol�1) of
the oxidized and reduced systems in the solvent, respectively;
F is the Faraday constant (23.06 kcal mol�1) ; �0.03766 eV is the
energy value of a free electron at 298 K, which was calculated
by Barmess;[33] �4.44 eV is the free energy change associated
with the reference normal hydrogen electrode (NHE) half-reac-
tion (i.e. , H+(aq) + e�(g)!1/2H2(g)).[34] Solvent effects were esti-
mated by the SMD[22] model in acetonitrile because most ex-
perimental redox values are measured in acetonitrile.

Table 1 lists the error (Ecalcd�Eexptl) of the calculated redox po-
tentials. All functionals tend to underestimate the potential.
The basis set testing data in the first four rows of Table 1
reveal that 6-311 + g(d,p) performed the best. Among the func-

Scheme 1. Relevant compounds employed in the benchmark study.

Table 1. Differences between the experimental standard redox potential and theoretical standard redox poten-
tial calculated at different theoretical levels.

Method Ecalcd�Eexptl [V]
A B C D E Average

B3LYP/6-31g �1.085 �0.586 �0.789 �0.680 �0.670 �0.762
B3LYP/6-31 + g(d) �0.484 �0.341 �0.318 �0.467 �0.475 �0.417
B3LYP/6-311 + g(d,p) �0.436 �0.306 �0.234 �0.397 �0.412 �0.357
B3LYP/6-311 + + g(2df,2p) �0.464 �0.302 �0.284 �0.423 �0.440 �0.382
mPWPW/6-311 + g(d,p) �0.429 �0.253 �0.252 �0.352 �0.363 �0.330
M06/6-311 + g(d,p) �0.294 �0.235 �0.142 �0.312 �0.326 �0.262
M06L/6-311 + g(d,p) �0.422 �0.318 �0.232 �0.419 �0.443 �0.367
M062X/6-311 + g(d,p) �0.338 �0.331 �0.158 �0.360 �0.376 �0.313
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tionals examined, M06 gave the lowest average error of
�0.262 V. Notably, M06 performed better than M06-2X, al-
though the latter was parameterized for main-group thermo-
chemistry.[20, 35] The small deviations in Table 1 also agree with
findings that the systematic errors in calculated redox potential
can be carefully calibrated.[32a] With a larger dataset containing
fewer relevant compounds (Scheme S1 in the Supporting Infor-
mation), the correlation between the experimental and M06/6-
311 + G(d,p)-calculated standard redox potentials is plotted in
Figure S1 in the Supporting Information. The high correlation
coefficient (0.99) suggests that the method is reliable for calcu-
lating SET processes. By taking its good performance on
copper systems into consideration, M06 was chosen for the fol-
lowing mechanistic investigation. In terms of the basis set, to
match with the triple-z 6-311 + g(d,p) basis set for C, H, N, and
O atoms, the def2-TZVP basis set was employed for Cu and
Br.[21]

Mechanistic study

The capture of the iminium cation intermediate under similar
aerobic conditions[11] provided evidence for a catalytic cycle in-
volving iminium intermediate 2. The formation of 2 from 1 re-
quires a two-electron oxidation coupled with deprotonation.
For most reactions of this type, an SET mechanism was dis-
cussed in the literature.[13, 36] However, details of the process
remain unclear. As depicted in Scheme 2, in addition to the
two popularly proposed SET pathways (D and E), when using
CuII as the oxidant, three more pathways (A, B, and C) were
proposed based on the speculations that CuI may be directly
involved in the activation of 1. In pathway A, CuBr reacts with

1 in a s-bond metathesis manner often proposed for PdX2-cat-
alyzed C�H bond activation.[37] In pathway B, CuBr abstracts hy-
dride from 1 to produce the iminium cation directly. Alterna-
tively, pathway B can be considered as oxidative addition of
a C�H bond to CuI coupled with a two-electron transfer. Path-
way C proceeds through H abstraction by O2, which is coordi-
nated to CuBr, and results in the formation of the iminium
cation 2 in conjunction with the BrCuIOOH� peroxide anion. O2

insertion into Pd�H bonds was reported by Stahl and co-work-
ers,[16d, 38a,b] although direct involvement of O2 in H abstraction
is rare.[39] In the majority of transition-metal-catalyzed aerobic
reactions, O2 was proposed to act as the terminal oxidant to
oxidize reduced catalysts into an active state. Pathways D and
E are proposed as SET mechanisms that employ CuII as the
active species. The difference between these two pathways is
that deprotonation is coupled with the first or second SET pro-
cess, respectively.

The reaction free energy profiles for pathways A–C and
pathways D and E are depicted in Figures 1 and 2, respectively.
Attempts to locate the transition structure of the s-bond meta-
thesis in pathway A failed. The optimization of the transition
structure always gave the reactant structure, which was far
downhill in energy. Although the transition state could not be
located, the rather unstable intermediate A1 reveals that the
activation free energy is higher than 56.0 kcal mol�1, which is
unlikely to occur. The activation free energy for pathway B is as
high as 43.4 kcal mol�1 owing to the unfavorable formation of
a Cu�H bond. Pathway C starts with coordination of dioxygen
to the copper center, affording triplet C2, in which the spin
density locates mostly at the dioxygen. The singlet-state coun-
terpart C2’ is 15.2 kcal mol�1 higher in energy. The following

hydrogen-abstraction step
occurs on the triplet surface. In
TS1-C, copper adopts a linear
bis-coordination (aBrCuO =

170.58), indicating the oxidation
state of CuI remains unchanged.
Meanwhile, the O�O bond
length of TS1-C increases to
1.29 � from 1.20 � (in C2), re-
vealing the reduction of dioxy-
gen to a peroxide. Therefore,
transition-state TS1-C demon-
strates direct oxidation of tetra-
hydroisoquinoline by dioxygen.
The MECP was located with the
code developed by Harvey and
co-workers.[24] The MECP is very
similar to TS1-C geometrically
and energetically. The formation
of singlet complex C3 is strong-
ly downhill in energy. The Cu�N
distance (3.48 �) indicates that
the iminium cation binds to the
anionic copper complex with
electrostatic interactions. The
overall barrier of pathway C wasScheme 2. Four proposed pathways for the formation of the iminium intermediate.
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calculated to be 29.2 kcal mol�1. A comparable barrier was re-
ported by Liu and co-workers in a similar system.[39] This barrier
can be overcome under the experimental conditions.

It is widely accepted that CuI

can be easily oxidized to CuII in
the presence of an oxidant.[40]

This assumption is also the
starting point for SET path-
ways D and E. Because
CuIIX(OH) (X = Cl and Br) would
probably precipitate, and the
CuIX2 anion was found as
a counterion in the crystal struc-
ture, we employed CuIIBr2 as the
active species for the SET path-
ways because CuIIBr2 easily ab-
stracts an electron to form the
CuIBr2 anion. To compare path-
ways D and E, we first calculat-
ed the relative stability of the
two SET intermediates in
Scheme 2. As shown in Figure 2,
compound D4 is much higher
in energy than E4. From the
long Br�Cu distance (3.48 �) in
TS1-D, one may conclude that
the bromine atom that ab-
stracts hydrogen is likely to be
a radical. A considerable barrier

(27.6 kcal mol�1)[41] is thus expected. After this step is an exo-
thermal SET process that leads to the iminium cation 2. On the
other hand, the first SET step towards E4 is rather thermody-

Figure 1. Potential energy profiles of pathways A, B, and C.

Figure 2. Potential energy profiles of pathways D and E.
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namically and kinetically facile. Unlike the bis-coordinated,
linear CuI complex, CuII prefers a four-coordinated structure.[42]

From E1 to E3, the CuII complex can undergo ligand exchange
easily. In E3, CuII adopts a four-coordinated structure (dCu�N =

2.11 �, dCu�O = 2.17 �, dCu�Br1 = 2.35 �, dCu�Br2 = 2.36 �) with the
spin density mainly distributed on the CuBr2 moiety, indicating
that E3 is still a CuII complex. After the first electron transfer,
doublet E4 and CuBr2

� are formed. Replacing CuIBr2
� with

CuIIBr2 leads to E5, which is required for the second electron
transfer. Transition-state TS1-E can be regarded as a transition
state of proton-coupled electron transfer. The proton is ab-
stracted by Br� , whereas electron transfer to CuII results in the
iminium cation and CuIBr with a very large driving force. The
overall barrier from E4 to intermediate 2 is 21.2 kcal mol�1.

Towards the formation of the iminium cation, both path-
ways C and E are feasible and consistent with available KIE ex-
periments.[43] The activation free energy of pathway E (21.2 kcal
mol�1) is lower than that of pathway C (29.2 kcal mol�1) ; this
implies that the SET pathway is more likely to proceed. Howev-
er, pathway C cannot be conclusively ruled out because
1) there is a missing link in the SET catalytic cycle, since the oxi-
dation of CuI to CuII by O2 is unclear ; 2) CuIX2

� anions are iso-
lated as counterions of the iminium cation, indicating that CuI

can exist under an atmosphere of O2 ; and 3) these two path-
ways crossover at different spin states,[15c] which makes the
direct comparison of two pathways less accurate. In summary,
of the five pathways leading to iminium, SET pathway E is the
most favorable, but pathway C cannot be excluded as an alter-
native pathway.

After the formation of iminium, the following process is rela-
tively straightforward. By taking MeNO2 as an example, two
steps, deprotonation of nucleophile and nucleophilic addition,
were proposed. The results shown in Figure 3 indicate that nu-
cleophilic addition is still a fast step relative to the formation
of the iminium cation; this is in agreement with experimental
results.

Given that comprehensive experimental investigations have
been performed for nucleophilic addition by Klussmann and
co-workers,[43] we maintain the main theme for the oxidation
step. By combining the potential energy profiles in Figures 1–
3, for TS1-C and TS1-E, the C�H bond cleavage steps of the
two pathways under consideration were found to be the rate-

determining steps. The KIE values calculated from transition
structures TS1-C and TS1-E are 5.1 and 5.3, respectively, which
are close to the experimental value (4.5).[43] By examining the
two transition states, one finds that the roles of oxygen are dif-
ferent in these two pathways. In TS1-C, the O�O bond is large-
ly extended, whereas oxygen is not involved in TS1-E ; this im-
plies that 18O KIEs may provide a hint to distinguish between
these two mechanisms. The 18O KIE calculated from transition
structure TS1-C is 1.5, which is rather significant,[44] whereas no
18O KIE is expected in pathway E. Thus, we predict that an 18O
KIE experiment could verify the mechanism.

As illustrated in Scheme 3, computational studies on the
copper-catalyzed aerobic CDC reaction support the prevalent
SET mechanism, but also uncovered an alternative mechanism
(in blue) in which O2 is directly involved in the C�H abstraction
step. Both of these two mechanisms are in good agreement
with the experimental deuterium KIE.

Comparative study on TBHP

Different catalysts, oxidants, and nucleophiles were reported
for this CDC reaction.[6, 43] To probe whether reactions with dif-
ferent oxidants underwent the same SET catalytic cycle as that

proposed in Scheme 3, Kluss-
mann and co-workers conduct-
ed a comparative study on the
mechanism of CDC reactions
with an oxidant, namely,
TBHP.[43] Unlike the reaction
with O2, an amino peroxide in-
stead of an iminium cation, was
observed as an intermediate in
the CDC reaction with TBHP
[Eq. (4)] . By comparing the rela-
tive nucleophilicity of TBHP
with other nucleophilic reac-
tants, Klussmann and co-work-
ers excluded the SET mecha-Figure 3. Potential energy profile for the nucleophilic addition step.

Scheme 3. Catalytic cycle for the SET mechanism (black) and an alternative
mechanism in which O2 is directly involved in the C�H abstraction step
(blue).
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nism (pathway E described in the previous section). Based on
further detailed kinetic studies, a radical mechanism was pro-
posed (Scheme 4).[43]

Radical inhibitors could not completely suppress the reac-
tion in experiment by Klussmann and co-workers ; this appears
to be in contradiction to the study reported by Li and co-work-
ers. Furthermore, considering that homocoupled side products
were common in radical reactions, we wondered whether
a radical pathway might account for the mechanism of this
cross-coupling reaction. Thus, we also performed a computa-
tional study to explore the possibility of alternative pathways
for the CDC reaction when using TBHP as an oxidant. The criti-
cal experimental results suggested that the proposed radical
pathway was the observation of 3 a as an intermediate. There-
fore, we focused on the formation of 3 a. The reaction energy
profile of the radical pathway is shown in Figure 4 in blue.
tBuOOH oxidizes CuIBr to CuIIBr(OH) and releases a tBuOC radi-
cal. CuIIBr(OH) reacts with a second molecule of TBHP to give
CuIIBr(OOtBu) and H2O via TS1-F. Meanwhile, the tBuOC radical
can abstract a hydrogen atom from 1 to form radical F6. The
barrier for hydrogen abstraction was calculated to be
22.7 kcal mol�1. Combining radical F6 with the doublet F5,
compound 3 a formed in conjunction with CuIBr. Overall, the
rate-determining step is hydrogen abstraction. The KIE estimat-
ed from TS-2 F is 1.49, which is much smaller than the experi-

Scheme 4. Catalytic cycle for the radical mechanism.

Figure 4. Potential energy profiles of pathways F (radical pathway) and G (CuIII pathway).
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mentally measured value (4.5).[43] Interestingly, the calculated
value is close to the KIE (1.79) for the CuBr-catalyzed oxidation
of N,N-dimethylaniline by T-HYDRO.[45]

Besides the radical pathway, another alternative pathway in-
volving a high-valent CuIII intermediate had been considered
as well. Himo and co-workers reported that the reaction of
CuIBr with tert-butylperoxide led to the formation of a high-
valent CuIIIBr(OtBu)2 intermediate with a free energy barrier of
16.9 kcal mol�1, which could be overcome easily under the re-
action conditions.[46] The CuIII reaction pathway is shown in
Figure 4 (in red). Complex BrCuI(TBHP) F1 undergoes oxidative
addition to afford CuIIIBr(OtBu)(OH) (G1). The activation free
energy for this step was calculated to be 24.6 kcal mol�1. The
binding of tetrahydroisoquinoline to G1 results in a four-coor-
dinated CuIII complex (G2). Hydrogen abstraction from tetrahy-
droisoquinoline by the tBuO ligand coupled with electron
transfer to the copper center yields iminium cation G3 via TS2-
G. This process proceeds with a low barrier and a large driving
force owing to the instability of the high-valent CuIII species.
Subsequent nucleophilic addition by another molecule of
TBHP affords the observed intermediate 3 a. However, the rate-
determining step of the CuIII mechanism is the oxidative addi-
tion of tBuOOH to CuI, which is not in agreement with the KIE
experiment.[43]

Because CuI can also be oxidized to CuII by TBHP, the SET
pathway may also operate in the Cu/TBHP system. The barrier
for SET (in Figure 2) is comparable to the radical pathway and
the CuIII pathway. The computational results indicate that the
radical pathway is more favorable, although the CuIII and SET
pathways cannot be excluded completely. The experimental
KIE value (3.4) is between 5.11 and 1.49, which are the calculat-
ed values for pathways E and F. This suggests that both path-
ways may operate in the Cu/TBHP system.

Conclusion

The reaction mechanism of the copper-catalyzed oxidative
CDC reaction involving sp3-C�H bond activation was studied
by using the M06 method. We conducted a benchmark study
to find a reliable method to describe our system. One-electron
redox potentials were used for calibration. Our computational
results combined with the data in the literature indicated that
the M06/6-311 + g(d,p) method was reliable for calculating the
SET process according to its good performance for calculating
the one-electron redox potential and describing copper sys-
tems.

Applying this computational methodology, we conducted
the first computational study on the mechanism of the
copper-catalyzed aerobic CDC reaction of tetrahydroisoquino-
line. The details of the formation of iminium intermediate were
then studied. Computational results support a SET mechanism
(pathway E) in which iminium intermediate 2 is formed via
a radical cation species E4 rather than a radical compound D4.
In addition to this prevalent SET mechanism, our study also in-
dicated another possible pathway, C, in which O2 was directly
involved in the hydrogen-abstraction step. The subsequent nu-
cleophilic addition step was calculated to be a fast step com-

pared with the previous C�H bond cleavage step. For path-
ways C and E, the C�H bond cleavage step was the rate-deter-
mining step. The calculated KIE values for pathways C and E
were 5.05 and 5.11, respectively, which were comparable to
the experimental value (4.5). An experiment to measure the
18O KIE was predicted to distinguish these two pathways.

A study for the similar CDC reaction, which employed TBHP
as the oxidant, was also performed. Different from the previous
reaction with O2, an amino peroxide rather than an iminium
cation was observed as the intermediate when employing
TBHP as the oxidant. Three pathways, the radical pathway, the
CuIII pathway, and the SET pathway were calculated to have
comparable activation free energies. The rate-determining step
for the CuIII pathway was not consistent with experimental ob-
servations. The radical and SET pathways were both in agree-
ment with the fact that hydrogen abstraction was involved in
the rate-determining step and the calculated KIE values do not
allow the exclusion of either of these pathways at this point.
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