
How CuCl and CuCl2 Insert into C−N Bonds of Diazo Compounds: An
Electronic Structure and Mechanistic Study
Fengyu Li, John Zenghui Zhang, and Fei Xia*

Cite This: J. Phys. Chem. A 2020, 124, 2029−2035 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The transition-metal Cu catalysts CuCl and CuCl2 have been
widely employed to catalyze a series of chemical reactions with diazo compounds
because of their high efficiency and selectivity. However, how to yield the active
Cu carbene species from the Cu catalysts and diazo compounds still remains
unclear. In this work, we performed a comprehensive theoretical investigation on
the electronic structures of CuCl and CuCl2 in solution. The results indicate that
the most stable structures for CuCl and CuCl2 are dimer and monomer,
respectively. The C−N bond insertion of aryldiazoacetate by CuCl yields a stable
bimetallic carbene species, which differs from the monometallic carbene
generated from CuCl2.

1. INTRODUCTION
Carbenes as reactive intermediates are extremely active so that
they are widely used in chemical synthesis. Among them, the
transition-metal carbenes are more prospective in the
application to catalytic reactions due to their high catalytic
efficiency and selectivity.1−4 It is commonly accepted that they
are generated by mixing metal catalysts with diazo com-
pounds.5 Metal carbenes such as Fe,6 Au,7−9 Rh,10−19 and
Cu20−25 carbenes have been employed as active species to
participate in a series of significant chemical reactions such as
C−H bond functionalization,26−31 O−H bond insertion,32−34

cyclization,35−38 and so on.39−41 For example, Dai et al.37

reported a cyclopropanation reaction of alkenes involved with
Cu carbenes. Maier et al.20 and Chen et al.34 reported the
enantioselective O−H functionalization of R−OH and phenols
with Cu carbenes.
Apart from experimental reports, previous theoretical

computations mainly focused on the mechanisms of reactions
explicitly involving metal carbenes.42−59 For example, Pei et
al.56 performed computational study on mechanisms of
cyclization of indenes with Cu carbene. Liu et al.54 calculated
the pathways of the C−H and O−H bond insertions of
phenols by Rh and Cu carbene. Fraile et al.43 presented the
mechanism study of a cyclopropanation reaction by Cu
carbene with DFT calculations. Suess et al.57 proposed the
mechanisms of C−H functionalization of cyclic compounds
catalyzed by Cu catalysts. Brandt et al.58 elucidated the
pathways of a Cu-catalyzed aziridination reaction of alkenes.
Chen et al.59 studied the mechanism of arylation of anilide at
the meta position via a Cu intermediate. Although it is known
that these metal carbenes are definitely involved in numerous
significant reactions, the detailed mechanisms of how to
generate the metal carbenes were seldom reported. Nakamura
et al.44 computed the insertion pathway of dirhodium

tetracarboxylate into diazo compounds to generate Rh carbene.
Liu et al.52,53 calculated the pathways of gold ligands to insert
into the C−N bond of diazo compounds to yield Au carbenes.
As for the generation of Rh and Au carbenes aforementioned,
it was well understood that they were generated from the direct
C−N bond insertion of diazo compounds by the closed-shell
Rh or Au metal catalysts.
Nevertheless, it maybe does not hold true for the generation

of Cu carbenes that were generated from Cu catalysts with
complicated electronic structures. Cuprous chloride (CuCl)
and copper chloride (CuCl2) are two of the most widely used
Cu catalysts3−5 in carbene generation. It is known that the
electronic configurations of Cu and Cl atoms are 3d104s1 and
3s23p5, respectively. The total number of electrons in the CuCl
molecule is even, differing from the odd number of electrons in
the single CuCl2. This fact indicates that the CuCl is a closed-
shell molecule, while CuCl2 is an open-shell species. On the
other hand, the Cu atoms in the monomers have more
unsaturated sites, allowing multiple coordination with more
chloride atoms. Thus, it could not be assumed that the
generation of Cu carbene from CuCl and CuCl2 follows a
simple insertion mechanism.44,52,53 The most stable structures
of CuCl and CuCl2 for the C−N bond insertion of diazo
compounds in solution should be explored and clarified first
before exploring the insertion mechanism.
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In this work, we report a comprehensive density functional
theory (DFT) calculation on the structures of the metal
catalysts CuCl and CuCl2 in solution as well as the reaction
mechanism of insertion into the C−N bonds of diazo
compounds. The possible mechanisms are shown in eqs 1−3:

⥂2CuCl (CuCl)2 (1)

⥃2CuCl (CuCl )2 2 2 (2)

For simplicity, the aryldiazoacetate14−16 molecule that is
often used in reactions is chosen as the representative of diazo
compounds in our DFT calculation. The mechanism of C−N
bond insertion of aryldiazoacetate catalyzed by CuCl and
CuCl2 to generate the corresponding copper carbenes are
uncovered based on DFT calculations.

2. COMPUTATIONAL METHODS
The DFT calculations throughout this work were carried out in
the Gaussian09 program package.60 All the structures of
intermediates and transition states were optimized directly in
the solution phase using the ωB97XD functional.61 The large
6-31+G** basis set62 is used for the nonmetallic H, C, O, N,
and Cl elements, while the SDD basis set63 combined with the
pseudopotential is used to describe the metal element Cu. The
combination of the ωB97XD functional and two basis sets is
denoted as the ωB97XD/6-31+G**+SDD method. The
unrestricted ωB97XD was employed to calculate the open-
shell species. In addition, we also carried out single-point
energy calculations on all optimized structures using the
M0664,65 functional for further comparison to the results of
ωB97XD. The solvent effect of dichloromethane was evaluated
using the IEFPCM model66 in Gaussian09.
The frequency calculations were performed at the same level

to validate whether the optimized structures were either local
minima or transition states on the energy potential surface. All
the energies presented in figures refer to the standard Gibbs
free energies ΔG in solution, in the unit of kcal/mol at the
temperature of 298.15 K. The intrinsic reaction coordinate
(IRC)67 calculations were performed to make sure that all the
transition state structures connect the correct reactants and
products. Nature bond orbital (NBO)68 analysis was
performed in Gaussian09 to elucidate the bonding interactions
between the Cu and Cl atoms in the monomers and dimers of
cuprous and copper chlorides.

3. RESULTS AND DISCUSSION
3.1. Structures of the Monomer and Dimers of CuCl.

In this section, we present the study on the stable structures of
the monomer and dimers of CuCl by using DFT calculations.
We analyze the bonding patterns and the electronic structures
of optimized structures based on the NBO analysis and related
occupied molecule orbitals (MOs), such as the highest
occupied MO (HOMO). Figure 1a shows the optimized
structures of monomer and dimers for CuCl and the
corresponding free-energy profile for CuCl dimerization. The
optimized monomer MA1 is a simple linear closed-shell
diatomic molecule with the bond length being 2.16 Å. The
NBO analysis about the bonding in MA1 reveals that the Cu−
Cl bonding interaction is mainly contributed by 8.2% the s

orbital of Cu and 91.7% the p orbital of Cl, while the
antibonding interaction comes from 91.7% the s orbital of Cu
and 8.2% the p orbital of Cl. The CuCl monomer appears to be
a metal coordination compound, rather than a typical covalent
diatomic molecule. IfMA1 inserts into the C−N bond of diazo
compounds to yield Cu carbene, the dz

2 orbital of Cu overlaps
with the sp2 hybrid orbital of the carbon atom to form a σ-type
bond, as shown in Figure 1b. Meanwhile, a conjugated π bond
is also formed with the overlapping of the Cu d orbital and the
carbon pz orbital.
Owing to the unsaturated coordination of the Cu atom in

CuCl, the monomer MA1 is prone to form three different
dimers, namely, the flag-shaped DA1, L-shaped DA2, and
butterfly-shaped DA3, by releasing the energies of 11.1, 9.5,
and 6.3 kcal/mol, respectively. By comparing the calculated
relative free energies of the three dimers with each other, we
find that the most stable dimer among them is the flag-shaped
dimer DA1 with the Cs symmetry. In DA1, the Cu−Cl−Cu
angle is 71° and the Cu−Cu bond length is 2.59 Å. The second
most stable dimer is the L-shaped DA2 having a larger Cu−
Cl−Cu angle of 106°. The energy of DA2 is a little higher than
that of DA1 by 1.6 kcal/mol, while that of the butterfly-shaped
DA3 with the D2h symmetry is even 4.8 kcal/mol higher than
that of DA1. Actually, these three dimers might convert to
each other in solution through bond breaking and electron
rearrangement. For example, DA1 could convert to the
conformation of DA2 by breaking the short Cu−Cu bond.
Also, DA1 could convert to DA3 if it formed a new Cu−Cl
bond. It is apparent that the electron configurations and
bonding patterns in the three dimers differ distinctly from each
other, which are originally caused by their specific geometrical
structures.
It could be understood why the structure of DA1 is more

stable than DA2 since the metal Cu−Cu bond plays an
important role in stabilizing the structure of DA1. However,
why is the structure DA3 with the D2h symmetry less stable
than that of low-symmetry DA1 in energy? To account for it,
we plotted the two highest occupied MOs of DA1 and DA3 in
Figure 2. It is obvious that the HOMO of DA1 is a typical
antibonding MO that destabilizes the whole structure.
Nonetheless, the 35th MO of DA1 shows that the two Cu
atoms use two d orbitals to form an irregular weak δ bond to

Figure 1. (a) Calculated energy profile for the dimerization of the
CuCl monomer MA1 to form the three dimers DA1, DA2, and DA3.
(b) The plotted MOs of the metal carbene show the σ and π bonding
interactions between the Cu and C atoms, respectively. The bond
lengths are in angstrom.
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strengthen the Cu−Cu interaction. In contrast, the 36th and
35th MOs of DA3 are typical antibonding MOs in which the
atomic orbitals of Cu and Cl could not form the effective
bonding overlapping. The more occupied MOs of DA1 and
DA3 are displayed in Figures S1 and S2 of the Supporting
Information, respectively. The five highest occupied orbitals of
DA3 are characterized by the antibonding interactions, leading
to the low stability of the DA3 structure. Actually, the
instability of MOs in DA3 is indeed caused by its own high D2h
symmetry. In order to stabilize the whole system in energy,
DA3 must distort from the high D2h symmetry to a structure
with low symmetry Cs, such as that of DA1.
3.2. Structures of Monomers and Dimers of CuCl2. As

for CuCl2, two monomers,MB1 andMB2, were obtained from
our DFT calculations, as shown in Figure 3a. The monomer

MB1 has a V-shaped structure with the C2v symmetry, while
the MB2 is linear with the D∞h symmetry. The energy of MB1
is lower than that ofMB2 by 10.2 kcal/mol. The NBO analysis
reveals that the hybrid type of Cl atoms in MB1 is sp3.
Meanwhile, the central Cu atom adopts the dsp2 hybridization,
overlapping with the hybrid orbitals of Cl atoms. Figure 3b
shows that MB1 inserts into the C−N bond of the diazo
compound and forms the metal carbene species. The left plot
shows that one of the dsp2 orbitals of Cu overlaps with one of
the sp2 orbitals of the C atom to form a σ bond, while the right
plot shows a conjugated π bond formed by the d orbital of Cu

and pz orbital of the C atom. Thus, the Cu−C bond in the
metal carbene is characterized by a double bond.
Another question that needs to be clarified is why the V-

shaped MB1 is more stable than the linear MB2. Figure 4

shows the five highest MOs of MB1 and MB2 occupied by α
and β electrons. It is obvious that the 26th and 27th MOs of
both MB1 and MB2 are completely characterized by the
antibonding orbital interactions. However, the p orbitals of Cl
atoms in the α-electron 25th MO of MB1 overlap with each
other, so that the whole structure deviates from the linear. On
the other hand, the 25th MO occupied by the β-electron
exhibits a remarkable π bonding interaction between the d
orbital of Cu and two p orbitals of Cl atoms, which strengthens
the Cu−Cl bonding interaction to lower energy. In contrast,
the 27th and 26th MOs of the linear MB2 are antibonding
MOs with strong repulsion interactions. Also, there is no
effective overlapping between the d orbital of Cu and the two p
orbitals of Cl atoms in the 25th MO of MB2. In a
consequence, the overall bonding and antibonding interactions
inMB1 andMB2 lead to the difference in stabilities. The more
occupied MOs of MB1 and MB2 in Figure S3 of the
Supporting Information also exhibit their difference in bonding
and antibonding patterns.
Besides, we have calculated three dimers, DB1, DB2, and

DB3, possibly formed from MB1. Our DFT calculations
indicate that these dimers are quite unstable with the
calculated energies being endothermic by 34.7, 39.5, and
42.1 kcal/mol, respectively. Therefore, it is almost impossible
to form the three dimers in solution. Why are these structures
of dimers quite unstable? In the case of DB1, the two highest
occupied 53rd and 52nd MOs displayed in Figure 5 show that

the two MOs are characterized by the strong antibonding
interactions between the atomic orbitals of Cu and Cl atoms.
Therefore, the high C2h symmetry of DB1 renders it unstable
in energy, similar to the situation of DA3.

3.3. Pathways of the Generation of Copper Carbene
Using Catalytic CuCl. Before studying the insertion

Figure 2. 36th HOMO and 35th MO of DA1 and DA3, respectively.

Figure 3. (a) Calculated two monomers MB1 and MB2 for CuCl2 as
well as the energy profile for the dimerization of MB1 to form the
three dimers DB1, DB2, and DB3. (b) The plotted MOs of the metal
carbene show the σ and π bonding interactions between the Cu and C
atoms. The bond lengths are in angstrom.

Figure 4. 27th, 26th, and 25th MOs occupied by α electrons and the
26th and 25th MOs occupied by β electrons for MB1 and MB2,
respectively.

Figure 5. 53rd HOMO and 52nd, 51st, and 50th MOs of DB1.
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mechanism, we first explore whether the aryldiazoacetate itself
is ready to release N2 directly at room temperature. The free-
energy profile in Figure 6 shows that the direct dissociation of

N2 from the Diazo through the transition state Dia-TS has a
high barrier of 32.3 kcal/mol. The release of N2 possibly leads
to two kinds of free carbenes, namely, Car-S in the singlet state
and Car-T in the triplet state. Both their generations are
endothermic by 11.9 and 12.8 kcal/mol, while the energy of
Car-T is slightly higher than that of Car-S by 0.9 kcal/mol.
The high kinetic barrier and endothermicity of the dissociation
reaction indicate that it is difficult to occur spontaneously in
solution. Thus, the direct dissociation of N2 molecules from
the aryldiazoacetate should be ignored, and the insertion
mechanism of the C−N bond by the metal catalysts should be
considered as a reasonable alternative. The DFT calculations in
the last section demonstrate that CuCl exits in the form of
dimers in solution. Thus, it is more reasonable to consider the
dimers rather than the monomer to insert into the C−N bond
of aryldiazoacetate.

Figure 7 shows the calculated energy profiles for the three
dimers DA1, DA2, and DA3 to insert into the C−N bonds of
aryldiazoacetates. As what we discussed above, the precursors
for the insertion reactions should involve the CuCl dimers as
well as the aryldiazoacetate. In the first step, the DA1 attaches
to the central carbon atom of Diazo to form three stable
intermediates, DA1-1, DA2-1, and DA3-1, by absorbing the
energies of 7.0, 7.8, and 14.7 kcal/mol, respectively. The results
of energy scanning indicate that no transition states exist for
the Cu−C bond addition. Along the addition pathways, the
central carbon atoms change their hybridization pattern from
sp2 to sp3. The energy difference between DA1-1 and DA2-1 is
merely 0.8 kcal/mol, which indicates that the transformation to
each other is very feasible. It is noted that the flag-shaped
DA1-1 could convert to the L-shaped DA2-1 by breaking the
Cu−Cu bond in the dimer. As mentioned above, the Cu−Cu
bonding in DA1 is a weak δ-like bonding. The attachment of
the terminal Cu to the carbene carbon in DA1-1 weakens the δ
bonding interaction between the terminal Cu and the middle
Cu further, giving rise to the generation of DA2-1.
The subsequent dissociation of N2 from DA1-1, DA2-1, and

DA3-1 needs to go through the transition states DA1-TS,
DA2-TS, and DA3-TS with the calculated energies of 12.8,
14.4, and 24.5 kcal/mol, respectively. Comparing DA1-TS
with the other two transition states, the energy is nearly
endothermic by 12.8 kcal/mol, lower than that of DA3-TS by
11.7 kcal/mol. After releasing the N2 molecule, the stable
bimetallic carbene species69 DA1-2, DA2-2, and DA3-2 are
yielded. The generation of the three metal carbenes is
exothermic by 14.9, 14.2, and 5.6 kcal/mol, which indicates
that they are quite stable in solution. If DA1-2 yields the final
monometallic carbene DA-3 by dissociating a CuCl monomer,
it needs the energy of 8.9 kcal/mol. We notice that the
calculated length of the Cu−C bond in DA1-2 is 1.87 Å, quite
similar to the bond length of 1.86 Å in the monometallic

Figure 6. Calculated free energy profile for direct disassociation of N2
from the diazo compound via the transition state Dia-TS, yielding the
triplet Car-T and singlet Car-S species.

Figure 7. Calculated free energy profiles and structures for DA1 to insert into the C−N bonds of aryldiazoacetates to yield the bimetallic carbenes.
The bond lengths are in angstrom.
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carbene DA-3. The MOs of DA-3 in Figure 1b indicates the
Cu−C bond of DA-3 is a typical double bond. Thus, the Cu−
C bond in DA1−2 also indicates that it is a double metal−
carbon bond. The comparison of the thermodynamic stability
of DA1-2 and DA-3 indicates that the dominant metal carbene
species resulted from the insertion reaction should be the
bimetallic carbene DA1-2, rather than the general mono-
metallic carbene species DA-3. DA1-2 should be regarded as
the active precursor to participate in the subsequent reactions.
Besides, the insertion into the C−N bond of aryldiazoacetate
by the monomer MA1 is also calculated and presented in
Figure S4 of the Supporting Information. Since the dimer DA1
is more stable than the monomerMA1, the generation ofMA1
from DA1 needs to absorb an energy of 11.1 kcal/mol. The
whole kinetic barrier for the monomer insertion is high up to
21.7 kcal/mol, which is much less favorable than the insertion
by DA1 with the barrier of 12.8 kcal/mol.
3.4. Pathways of the Generation of Copper Carbene

Using Catalytic CuCl2. We also calculated the free-energy
profile of the insertion of aryldiazoacetate by the CuCl2
monomerMB1. Different from the case of CuCl, the monomer
MB1 is so stable that it is regarded as the reaction precursor.
The calculated pathway is shown in Figure 8. The attachment

of MB1 to the carbene carbon is endothermic by 11.3 kcal/
mol to form the insertion intermediate MB1-1. Subsequently,
the N2 molecule is released fromMB1-1 via the transition state
MB1-TS, giving the monometallic copper carbene MB1-2 as
the final product. The calculated Cu−C bond length in MB1-2
is 1.94 Å, a little longer than that in DA-3 by 0.08 Å. The
barrier of the rate-determining step for this reaction is 19.8
kcal/mol, which means that the generation of MB1-2 is
feasible at room temperature.
It has to be mentioned that Cu(II) species such as CuCl2

might be reduced to CuCl by the diazo compounds, as what
has been observed in the previous reactions between
aryldiazoacetates and copper species.70,71 In the CuCl2-
catalyzed reaction, if the CuCl2 catalyst was partially reduced
to CuCl, the insertion into the C−N bond of aryldiazoacetate
would follow the mechanism shown in Figure 7, which led to
the bimetallic carbene DA1-2 finally. On the other hand, in the
CuCl-catalyzed reaction, if CuCl was partially oxidized to
CuCl2, the reaction still followed the mechanism in Figure 7.
The reason lies in the fact that the calculated kinetic barrier for

the CuCl insertion is lower than that of CuCl2 by 7.0 kcal/mol.
The reaction pathways of CuCl are more favorable in energy
than those of CuCl2, so the Cu(I) carbenes might be dominant
in the final insertion products.

4. CONCLUSIONS
We performed a comprehensive DFT study and electronic
structure analysis on the stable structures of CuCl and CuCl2
in solution. It is found that CuCl prefers the dimer to the
monomer in solution. Three possible stable dimers including
the butterfly-shaped, L-shaped, and flag-shaped structures were
obtained from DFT calculations. The flag-shaped dimer is the
most stable one in energy among them. Through the MO
bonding patterns and NBO analyses, we explain the reason
why the structure of the flag-shaped dimer is the most stable
one.
Further, the reaction mechanisms of C−N bond insertion of

aryldiazoacetates catalyzed by CuCl and CuCl2 are inves-
tigated. The reaction pathways for the CuCl dimer and CuCl2
monomer to insert into the C−N bonds of aryldiazoacetates
were calculated and presented in figures with the details. The
DFT results indicate that the inserted product catalyzed by
CuCl might be the bimetallic carbene DA1-2, rather than the
monometallic carbene species DA-3. For the insertion reaction
catalyzed by CuCl2, the V-shaped monomer MB1 was inserted
into the C−N bond of aryldiazoacetate to yield the metal
carbene MB1-2. The calculated results using the M06 method
shown in Figures S5−S10 of the Supporting Information also
support the conclusions. The calculated active carbene species
DA1-2 and MB1 in this study should be regarded as the
precursors in the carbene-participated reactions catalyzed by
CuCl and CuCl2.
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