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ABSTRACT: A computational study with the BhandHLYP
density functional is conducted to elucidate the mechanisms of
Cu(I)- and Cu(II)-catalyzed reactions of o-alkynylbenzaldehydes
with a nucleophile (MeOH). Our calculations suggest the
following. (a) The use of CuCl as a catalyst deceases significantly
the energy barrier and promotes intramolecular cyclization. (b)
Solvent DMF is critical in the stepwise hydrogen-transport process
involved in an intermolecular nucleophilic addition because it can
greatly reduce the free energy barrier of the hydrogen-transfer
process as a proton shuttle. In addition, we find that substrate
MeOH also plays a role similar to that of DMF in the hydrogen-
transport reaction. (c) The 6-endo product P1 is formed
exclusively using a catalytic system consisting of CuCl and DMF,
whereas a mixture of 6-endo product P1 and 5-exo product P2 in a ratio of ∼1:1 is produced using CuCl2 and DMF as a catalytic
system. Our theoretical calculations reproduce the experimental results very well. This study is expected to improve our
understanding of Cu(I)- and Cu(II)-catalyzed reactions involving Lewis base solvents and to provide guidance for the future
design of new catalysts and new reactions.

1. INTRODUCTION
It is well-known that solvents play an important role in organic
synthesis reactions.1 A large number of experimental and
theoretical studies have been conducted to supplement the
information concerning the influence of solvents on chemical
and biological reactions.2 As reaction media, solvents can
generally affect yields of reactions or even change reaction
mechanisms.3 Furthermore, satisfactory results can also be
obtained when solvents participate directly in reactions.4 In a
word, the solvents in many reactions play a critical role in
producing rate acceleration and higher selectivity.
A significant function of solvents is to improve the yield of

catalytic reactions. Lee et al.5 discovered that DMF is the best
solvent among several that were examined (DMF, THF, and
CH3CN), which leads to the formation of (E)-α-ethynyl-α,β-
unsaturated esters in excellent yields under mild conditions. A
similar phenomenon was also reported by Ma and Lei et al.6 In
addition, combination of two solvents could also yield good
results.7 For example, Wu and co-workers8 found that the
combination of dichloroethane (DCE) and CCl4 acts as a
favorable catalytic medium to give the best yields in the AgOTf-
catalyzed tandem reaction of N′-(2-alkynylbenzylidene)-
hydrazide with alkynes. Besides, solvent and metal catalyst
can be combined into a new catalytic system to promote the
Cu(I)-catalyzed synthesis of furans from 2-(1-alkynyl)-2-alken-
1-ones in DMF.9 This fact was supported by the work of Pal,

Fujimoto, and Huang et al.10 Another significant function of
solvents is to control reaction selectivity, which has aroused a
great deal of attention of many researchers. Doyle and co-
workers11 reported that the 1,3-dipolar cycloaddition of
nitrones with α,β-unsaturated aldehydes catalyzed by a cationic
chiral dirhodium (II, III) carboxamidate has a high selectivity
when toluene is used as solvent. A similar situation was also
observed by Wang et al.12 in the Au-catalyzed reaction of
propargylic sulfides and dithioacetals. Gevorgyan et al.13 found
that in the Au(III)-catalyzed regiodivergent synthesis of
halofurans, the selectivity of the reaction can be changed with
solvent polarity. In short, the results described above indicate
that solvent has a great influence on the yield and selectivity of
reactions. However, the detailed mechanisms of chemical
reactions affected by solvents have not been illustrated clearly
to date, which should be studied further.
At the same time, the use of transition metals as catalysts has

attracted more attention in modern organic chemistry.14 In
general, there are two important kinds of functions for those
catalysts in organic synthesis reactions. First, the reaction can
be conducted smoothly in the presence of transition metal
catalysts. For example, the intramolecular o-vinylation of
carbonyl compounds can be preceded favorably using CuI as
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a catalyst, while no reaction occurs in the absence of copper
catalysts; this experimental result was found by Li et al.15

Second, the transition metal catalysts can control the selectivity
of reactions.13,16 The metallic valence state of transition metal
catalysts is a key factor for the selective control of organic
synthesis reactions.17 However, the influence of the metallic
valence state on the selectivity of organic synthesis is important,
but not clear. On the basis of the reasons mentioned above,
exploration of the effects of the transition metal catalysts on the
catalytic reaction, especially for the selectivity of reaction, is
very critical.
To further understand the roles of solvents and transition

metal catalysts in organic reaction, the Cu(I)- and Cu(II)-
catalyzed synthesis of cyclic alkenyl ethers form o-alkynylben-
zaldehydes (R1) and MeOH (R2) in DMF medium18 (as
shown in Scheme 1) is selected as a simple template to better
explore the following issues in detail: (a) the role of the metal
catalyst in the reaction, (b) how solvent DMF promotes the
reaction and whether excess MeOH (one of the reactants)
plays a role similar to that of DMF, and (c) how the metallic
valence state of copper controls the selectivity of the reaction.

2. COMPUTATIONAL METHODS
All calculations are conducted with the Gaussian 09 programs.20 The
geometries of all the intermediates and transition states are fully
optimized by using the BhandHLYP method of density functional
theory (DFT),21 which is based on the Becke’s half-and-half method22

and the gradient-corrected correlation functional of Lee and co-
workers.23 The DFT method has been proven to be reliable in
numerous theoretical simulations of mechanisms of metal-catalyzed
reactions.24 For geometric optimizations, the 6-31G* basis set25 is
used for Cl, C, O, and H elements; Cu is described by the LanL2DZ26

basis set. When CuCl2 is selected as a catalyst to replace CuCl, the spin
state of Cu is set to s = 2 (s = 1 in CuCl). Frequency calculations at the
same level of theory are used to characterize all of the stationary points
(no imaginary frequency for an equilibrium structure and one
imaginary frequency for a transition state structure). In several cases
where transition states are not easily confirmed by animation of their
vibrations, intrinsic reaction coordinate (IRC)27 calculations are
performed to unambiguously connect the transition states with the
reactants and the products (all IRC calculations are collected in the
Supporting Information). The charge decomposition analysis (CDA)
and the construction of orbital interaction diagrams are performed
using AOMix-CDA code.28 The effects of solvent on energies are
calculated on the basis of the gas phase-optimized structures with the
polarized continuum model (PCM).29 The dielectric constant in the
PCM computations is set to ε = 37.22 to simulate DMF. The single-
point energies are also computed using the PCM/BhandHLYP/6-

Scheme 1. Baldwin’s Rules19 Apply to the Cu(I)- and Cu(II)-Catalyzed Reactions of o-Alkynylbenzaldehydes with MeOH

Figure 1. DFT-computed energy profile for the Cu(I)-catalyzed 6-endo model reaction without a cocatalyst in DMF medium.
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311++G** (Lanl2DZ for Cu) level. Unless specified, the discussed
energies are the relative Gibbs free energies (ΔGsol) in DMF solvent.

3. RESULTS AND DISCUSSION
3.1. Function of Solvent DMF. In this section, we first

present the computational studies of the mechanisms of Cu(I)-
catalyzed synthesis of cyclic alkenyl ethers with o-alkynylben-
zaldehydes and MeOH in DMF medium, and then a detailed
discussion of the solvent-assisted hydrogen shift process is
presented to enhance our understanding of the role of DMF in
the rate acceleration of this reaction.
3.1.1. Mechanism of Synthesis of Cyclic Alkenyl Ethers in

DMF Medium. The DFT-computed energy surface of the 6-
endo model reaction catalyzed by CuCl in DMF solvent is
given in Figure 1, and the corresponding geometries along the
reaction pathway are collected in Figure 2. The reaction begins
with coordination of Cu(I) to the CC bond of substrate R1
(the structure of R1 is described in Figure 2). In principle, there
are three kinds of models for the coordination of Cu(I) with
R1, Cu(I)/O1, Cu(I)/(C1C2 and O1), and Cu(I)/C1C2.
Unfortunately, the coordination mode of Cu(I)/O1 cannot be
obtained by the various attempts in our calculations. For the
second coordination mode, Cu(I)/(C1C2 and O1), it
produces a complex ia1-1′, which is described in Figure S4 of
the Supporting Information. It is clear that the carbonyl group
(C5O1) can be activated by Cu(I) in ia1-1′ to increase the
eletrophilicity of C5, meaning that this coordination mode
seems to be advantageous for the formation of hemiacetal via
the intermolecular addition reaction of methanol and the

carbonyl group of ia1-1′. In fact, the calculation results show
that the hemiacetal cannot be formed because its formation
needs to overcome the high energy barriers; the detailed
mechanisms and the corresponding geometric structures along
the reaction path are collected in Figures S1−S4 of the
Supporting Information. In addition, the structure of ia1-1′ also
shows that the coordination mode of Cu(I)/(C1C2 and O1)
is dead-end for the intramolecular nucleophilic cyclization of
O1 and the C1C2 bond. According to our calculations, one
feasible strategy is to form the resonance-stabilized oxonium
ion ia1-2 by the nucleophilic attack of aldehydic oxygen on the
copper-coordinated alkynes (from ia1-1 to ia1-2 though tsa1-1,
as shown in Figure 1), which would be trapped by the alcohol
to form the final product P1. This mechanism has already been
reported by Yamamoto, Abbiati, and Belmont.9,18,30 In
summary, the coordination of Cu(I) with C1C2 is the
most favorable for the synthesis of cyclic alkenyl ethers. Besides,
it is worth noting that the synthetic reaction was conducted
under nonadiabatic conditions.18 Although the formation of
intermediates ia1-1 and ia1-1′ is very exothermic, the energies
generated from the coordination process would be quickly
released into the environment if the sample were being stirred
and could not contribute to the following procedure. This
similar fact has been supported by Zhang’s group.31 Therefore,
the reactants need to be heated at 70 °C for 8 h to produce the
final product P1.
As indicated by the calculation, the formation of complex ia1-

1 is exergonic by 83.7 kJ/mol in DMF solvent. In ia1-1, the
Cu−C1 and Cu−C2 bond lengths are 2.151 and 2.146 Å,

Figure 2. Optimized structures for the Cu(I)-catalyzed 6-endo model reaction without a cocatalyst in DMF medium [selected structural parameters
are listed (bond lengths in angstroms)].
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respectively. The bond length of the C1C2 bond increases to
1.216 Å, while the C5O1 bond is extended to 1.201 Å. In
addition, the APT charges of C1 and C2 are increased from
+0.026 to +0.071 and from −0.307 to −0.103, respectively,
while the APT charge of O1 is slightly decreased from −0.672
to −0.680. The changes in bond lengths and APT charges show
that the coordination Cu(I)/C1C2 enhances the electro-
philicity of the C1C2 bond and the nucleophilicity of the
carbonyl O1, which can induce the following intramolecular
cyclization.
The carbonyl oxygen O1 (as nucleophile) attacks the

activated C1C2 bond to form an intermediate ia1-2 via a
transition state tsa1-1 with a free energy barrier of 50.6 kJ/mol
in DMF solvent (see Figure 1). In tsa1-1, the C1−O1 bond
length is shortened from 2.941 Å (in ia1-1) to 1.926 Å,
demonstrating that the C1−O1 bond is partly formed. In ia1-2,
the C1−C2 bond completely changes from a triple bond to a
double bond [d(C1−C2) of 1.365 Å] and the C1−O1 bond is
completely formed [d(C1−O1) of 1.367 Å]. The C5−O1 bond
also has some double-bond character, and the length is now
1.295 Å in ia1-2. Furthermore, the APT charges of C1, O1, and
C5 are +0.409, −0.330, and +0.323, respectively. Both the
structures mentioned above and the APT charges indicate that
ia1-2 is an oxonium ion. The electrophilic property of the
carbocation (C5+) makes it easy to attack the nucleophile
(MeOH) in a subsequent hydrogen-transfer reaction in ia1-2.
Our calculations show that H3 of methanol can directly transfer
to C2 to complete the catalytic cycle. In the H3-transfer
process, ia1-2 first captures a MeOH with two hydrogen bonds,
O2···H1−C [d(O2−H1) = 2.202 Å] and O2···H2−C [d(O2−H2) =
2.521 Å], to form a complex ia1-3-1, as described in Figure 2.
The corresponding stabilization energy of ia1-3-1 is 11.2 kJ/
mol relative to ia1-2 in DMF, indicating that the formation of
ia1-3-1 is favorable in energy. A subsequent step generates an
intermediate ia1-4-1 through O2 of MeOH (as nucleophile)
attacking C5 (as an electrophile). This process requires an
activation free energy barrier of 167.0 kJ/mol in DMF solvent
via a transition state tsa1-2-1. In tsa1-2-1, the C5−O2, O2−H3,
and H3−C2 bond lengths are 1.475, 1.251, and 1.654 Å,
respectively. It is clear that the C5−O2 and H3−C2 bonds are
partly formed while the O2−H3 bond is partly broken. These
changes in bond distance show that the intermolecular
nucleophilic addition and the hydrogen transfer occur at the
same time, demonstrating that this is a concerted reaction.
Finally, ia1-4-1 releases the product P1 and regenerates the
catalyst CuCl. In principle, ia1-4-1 also can be formed through
a stepwise addition reaction. We tried our best to find this
stepwise addition but failed.
Figure 2 shows that the H3-transfer process, including the

intermolecular nucleophilic addition, is the rate-limiting step of
the whole reaction catalyzed by CuCl with a free energy barrier
of 167.0 kJ/mol. Obviously, this barrier is too high to run this
reaction. Thus, this direct H-shift mechanism is unfavorable for
synthesis of the expected product in DMF solvent.
3.1.2. How Does Solvent DMF Promote the Reaction? Our

calculations indicate that the synthesis of cyclic alkenyl ethers
catalyzed by the Cu(I) complex is quite difficult on the basis of
the direct H-shift mechanism because of the high free energy
barrier (167.0 kJ/mol). In this section, we focus on how the
DMF molecules promote the reaction rate of the tandem
reaction. Theoretically, the DMF molecules can affect all steps
of the entire reaction. In the intramolecular cyclization step, the
DMF molecule coordinates with Cu(I) as a ligand, but this

coordination does not alter the reaction mechanism of the
intramolecular cyclization reaction, as shown in Scheme 2. The

calculated activation free energy of the cyclization is 71.0 kJ/
mol in the presence of DMF (as ligand), which is 20.4 kJ/mol
higher than that in the case without the DMF as the ligand
(50.6 kJ/mol). It is clear that the effect of DMF on the
intramolecular cyclization process is negative. However,
calculations indicate that the participation of DMF changes
the direct hydrogen shift (involving the addition of the
methanol hydroxyl oxygen and methanol hydroxyl hydrogen
transfer) into a stepwise hydrogen-transfer process, which is
quite similar to the proton-transfer processes in proton-
transport catalysis32 and many enzyme-catalyzed reactions.33

More importantly, the present DMF-assisted hydrogen-transfer
process can well explain the experimental phenomena.
In solution, our calculations show that the DMF molecule

with Lewis base properties obtains a proton from substrate
MeOH as an assisted catalyst34 to facilitate the nucleophilic
addition of methanol hydroxyl O2 with C5 and promote the
transfer of H3 from O2 to C2. The energy profile for this
process is shown in Figure 3, and the corresponding geometries
are collected in Figure 4.
As illustrated in Figure 4, ia1-2 captures a MeOH molecule

and a DMF molecule to generate an intermediate ia1-3-2. This
process is exothermic by 37.5 kJ/mol relative to that of ia1-2.
ia1-3-2 is stabilized by two kinds of interactions. One is a weak
interaction between C5 and O2; the other is a O2−H3···O3
hydrogen bond, which is formed between the O2−H3 bond of
MeOH and O3 of DMF. The C5···O2 and H3···O3 bond
lengths in ia1-3-2 are 3.030 and 1.820 Å, respectively. The
interaction between H3 and O2 is weakened because of the
presence of the O2−H3···O3 hydrogen bond, which leads to
the occurrence of intermolecular nucleophilic addition between
O2 and C5 atoms. This case is more favorable than that in the
direct H-transfer process (see Figures 1 and 3).
The following steps are DMF-mediated two-step proton-

transfer processes, including a protonation of DMF (involved
in the intermolecular nucleophilic addition reaction between
C5 and O2) and a deprotonation of DMF-H+. In the
protonation of DMF, H3 connected with O2 is transferred to
O3 of DMF. Concurrently, the intermolecular addition reaction
between C5 and O2 also occurs. The net result of this process
is generation of an intermediate ia1-4-2 via a transition state
tsa1-2-2. In this step, the bond between O2 and H3 (1.557 Å in
ia1-4-2) is broken and the C5−O2 and H3−O3 bonds (1.438
and 1.009 Å, respectively, in ia1-4-2) are formed. The breakage
and formation of these bonds lead to a new O2···H3−O3

Scheme 2. Comparison of the Activation Free Energies for
the 6-Endo Cyclization Process without and with DMF in
DMF Medium (DMF as a ligand)
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hydrogen bond in ia1-4-2. In the transformation from ia1-3-2 to
ia1-4-2, DMF acts as an electrophile to gain a proton from
MeOH. The strategy used in this protonation is proton-
transport catalysis, which is very similar to that adopted in some
enzymatic reactions33 involving general acid/base catalysis.
After uncovering the origin of protonation of DMF, next we

turn our attention to explaining the reaction mechanism of
deprotonation of DMF-H+. In the deprotonation of DMF-H+,
ia1-4-2 transforms into ia1-5-2 via migration of a proton (H3)
from protonated DMF (DMF-H+) to C2 that is directly
connected by CuCl. This reaction goes through a transition
state tsa1-3-2. It is notable that the geometry of tsa1-3-2 is

obtained through a loose scan from ia1-4-2 to ia1-5-2 along the
formation of the H3−C2 bond, as illustrated in Figure 5. This
method applied to search the transition state has been adopted
successfully in the previous theoretical calculations.35 In tsa1-3-
2, the protonated DMF (as a proton donor) transfers a proton
to C2 to produce a complex ia1-5-2 that will decompose into 6-
endo product P1 and regenerate DMF and catalyst CuCl. In
summary, in the two-step hydrogen-transfer strategy, solvent
DMF plays a role as a proton shuttle to assist the transfer of H3
from MeOH to C2 of reactant R1. It should be emphasized that
we tried our best to find two transition states and one
additional intermediate in the transformation of ia1-4-2 to ia1-

Figure 3. DFT-computed energy profile of the stepwise hydrogen-transfer process in the Cu(I)-catalyzed 6-endo model reaction with DMF as an
assisted catalyst in DMF medium.

Figure 4. Optimized structures of the stepwise hydrogen-transfer process in the Cu(I)-catalyzed 6-endo model reaction with DMF as an assisted
catalyst in DMF medium [selected structural parameters are listed (bond lengths in angstroms)].
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5-2 in which the protonated DMF and the CuCl complex are
separated entities but failed.
Calculation results indicate that the present proton-transport

catalytic strategy, involving the protonation of DMF and the
deprotonation of DMF-H+, is easy to implement in DMF
solvent because of their lower free energy barriers (40.3 and
29.7 kJ/mol) compared with that of the direct H-shift process
(Figure 1 vs Figure 3). This means that DMF can act as a
proton shuttle to significantly reduce the free energy barriers of
the proton-transport process. Furthermore, the rate-determin-
ing step is changed from the hydrogen shift process to the
intermolecular cyclization step because of the participation of
DMF. In the DMF-assisted catalytic mechanism, the free
energy barrier of the rate-limiting step is 50.6 kJ/mol (see
Figures 1 and 3), which is far lower than that of the direct
hydrogen-transfer mechanism (167.0 kJ/mol).
The analysis described above shows that solvent DMF, which

acts as a proton shuttle to lower the free energy barrier of the
rate-limiting step, is critical in the stepwise proton-transport

process. In addition, we are surprised to find that the substrate
R2 (MeOH) can also play a similar role in the H-transport
catalysis strategy because of its Lewis base character. This
means that a transition metal-catalyzed reaction involving a
similar hydrogen shift step can be accelerated when the solvent
used is a Lewis base.
To explore the role of excessive MeOH in the CuCl-

catalyzed reaction,35,36 we substitute DMF with MeOH in the
hydrogen-transfer mechanism. The calculated energy profile for
this pathway is shown in Figure 6, and the geometries of
involved intermediates and transition states are collected in
Figure 7. The MeOH-assisted reaction is triggered by a weak
interaction between ia1-2 and MeOH, leading to the
production of a complex ia1-3-3. This process is exothermic
by 25.3 kJ/mol with respect to that of ia1-2. Similar to the
DMF catalytic process, the subsequent steps are the MeOH-
mediated two-step hydrogen-transfer process, including a
protonation of MeOH and a deprotonation of MeOH-H+. In
the protonation of MeOH, ia1-3-3 isomerizes to a new
intermediate ia1-3-4 via a transition state tsa1-2-3. In tsa1-2-3,
a MeOH molecule acts as a nucleophile to attack C5.
Simultaneously, another MeOH molecule acting as a proton
acceptor captures a proton from the nucleophile mentioned
above to form a protonated MeOH (MeOH-H+). In the
deprotonation of MeOH-H+, a proton of MeOH-H+ is
transferred to C2 that is directly connected by catalyst CuCl,
via a transition state tsa1-3-3 to form a complex ia1-5-3. At last,
the complex ia1-5-3 releases the 6-endo product P1, MeOH (as
an assisted catalyst), and regenerates the catalyst CuCl to
complete the catalytic reaction.
In the MeOH-assisted catalytic strategy, one of the MeOH

molecules is used as a reactant and the other acts as a proton
shuttle. Comparing Figures 3 and 6, we find that the
mechanism of MeOH-assisted catalysis is similar to that of
the DMF-assisted reaction. However, the rate-limiting step is
changed from the intramolecular cyclization between O1 and
C1 to the protonation of MeOH. Calculations indicate that the
rate-determining step free energy barrier of the MeOH-assisted
reaction (63.9 kJ/mol) is higher than that of the DMF-assisted

Figure 5. Loose scan profile from ia1-4-2 to ia1-5-2 along the
formation of the H3−C1 bond in DMF medium (from 2.300 to 1.280
Å).

Figure 6. DFT-computed energy profile of the stepwise hydrogen-transfer process in the Cu(I)-catalyzed 6-endo model reaction with MeOH as an
assisted catalyst in DMF medium.
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reaction (50.6 kJ/mol), indicating that the former is inherently
disfavored compared with the latter.
3.2. Influence of the Metallic Valence of Copper on

Selectivity. Yamamoto and his co-workers found that the 6-
endo product P1 is formed exclusively when Cu(I) salts (such
as CuCl, CuBr, and CuI) are employed as catalysts, but the use

of Cu(II) salt (CuCl2) leads to a mixture of 5-exo P2 and 6-
endo P1 in a 1:1 ratio.18 These experimental results show that
in DMF medium, the Cu(I) catalyst, but not the Cu(II)
complex, has an excellent selectivity in the synthesis of cyclic
alkenyl ethers via intramolecular cyclization of o-alkynylbenzal-
dehydes. However, we wonder how the metallic valence of

Figure 7. Optimized structures of the stepwise hydrogen-transfer process in the Cu(I)-catalyzed 6-endo model reaction with MeOH as an assisted
catalyst in DMF medium [selected structural parameters are listed (bond lengths in angstroms)].

Figure 8. Optimal energy profiles for the Cu(I)-catalyzed reactions with DMF as an assisted catalyst in DMF medium.
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copper [Cu(I) and Cu(II)] affects the selectivity. Generally, the
details of reaction mechanisms cannot be easily accessed by
experiments. Therefore, we present our theoretical studies of
the Cu(I)- and Cu(II)-catalyzed synthesis of cyclic alkenyl
ethers in DMF solvent, aiming to explore the reasons leading to
different selectivities of Cu(I) and Cu(II) salts.
Our calculations show that the Cu(I)-catalyzed synthesis of

6-endo product P1 is favorable in energy, because of a low rate-
determining free energy barrier (50.6 kJ/mol in DMF). The 5-
exo model reaction, which is similar to the 6-endo one, also
includes an intramolecular 5-exo cyclization and a stepwise
hydrogen-transfer process (see Figure 8). The calculated free
energy barriers of these processes are 72.5, 26.6, and 11.5 kJ/
mol, respectively (the geometries of involved intermediates and
transition states are collected in Figures S19 and S21 of the
Supporting Information). Clearly, the cyclization reaction is
also the rate-determining step for the 5-exo model reaction, and
its free energy barrier (72.5 kJ/mol) is much higher than that of
the 6-endo model (50.6 kJ/mol). This means that the 6-endo
product P1 can be exclusively obtained when Cu(I) salt is used
as a metal catalyst. Actually, the cyclization is a nucleophilic
addition reaction, in which carbonyl O1 of ia1-1 attacks C1 and
C2. In ia1-1, the APT charges for C1 and C2 atoms are +0.071
and −0.103, respectively, indicating that the nucleophilic attack
of O1 on C1 is easier than on C2. In addition, the APT charge
for C1 is changed to +0.772 in tsa1-1, which is 0.585 higher
than that for C2 (+0.187) in tsb1-1. The results related to the
APT charges suggest that the Cu(I)-catalyzed reaction will lead
to the formation of the O1−C1 bond and finally produce
exclusively the 6-endo product P1.
Why was a mixture of 5-exo P2 and 6-endo P1 obtained in a

1:1 ratio when the Cu(II) catalyst was used in the experiments?
Figure 9 displays the calculated energy profiles of CuCl2-

catalyzed reactions with DMF as an assisted catalyst (the
geometries of intermediates and transition states are collected
in Figures S25 and S27 of the Supporting Information). By
comparing Figures 8 and 9, the CuCl- and CuCl2-catalyzed
reactions have a similar mechanism, including an intramolecular
cyclization and a two-step hydrogen-transfer process. It is
noteworthy that the rate-determining steps of the CuCl2-
catalyzed reactions are partly changed compared with those of
the CuCl-catalyzed reactions because of the effect of different
valence states of copper. The rate-determining step of the
CuCl2-catalyzed 5-exo model reaction is still the cyclization
reaction with a required energy of 38.9 kJ/mol, but that of the
CuCl2-catalyzed 6-endo model reaction is changed into the
deprotonation of DMF with a required energy of 36.4 kJ/mol
(relative to the stable intermediate ia2-3-2). This difference in
energy of 2.5 kJ/mol is quite small, which means that the 5-exo
model and 6-endo model reactions catalyzed by CuCl2 can be
conducted at the same rate. Further, Figure 9 reveals that the
formation of intermediate ia2-3-2 (ib2-3-2) from ia2-1 via
transition structure tsa2-1 (tsb2-1) is an irreversible reaction
because the next barriers are all lower than the reverse barrier of
this step [from ia2-3-2 (ib2-3-2) to tsa2-1 (tsb2-1)], indicating
that the determining steps of selectivity for the 6-endo and 5-
exo models are tsa2-1 and tsb2-1, respectively. Evidently, the
two barriers (21.2 vs 38.9 kJ/mol) are not equal, which shows
that the results presented here do not seem to support the
experimental finding that a mixture of 5-exo and 6-endo
products was obtained in a 1:1 ratio.18 However, under the
experimental condition18 (the reactants were heated at 70 °C
for 8 h), the two low-energy barriers (21.2 and 38.9 kJ/mol) are
easy to exceed; thus, the 5-exo and 6-endo products can be
generated at the same time.

Figure 9. Optimal energy profiles for the Cu(II)-catalyzed reactions with DMF as an assisted catalyst in DMF medium.
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3.2.1. How To Understand the Selectivity Difference in
Cu(I)- and Cu(II)-Catalyzed Reactions. In this section, the
charge decomposition analysis (CDA) and the constructed
orbital interaction diagrams are used to explore this interesting
issue. Complexes ia1-1 and ia2-1 are chosen as a studied system
because the selectivity depends on their electronic structures.
The electronic interactions between substrate R1 (fragment 1)
and catalyst (CuCl or CuCl2, fragment 2) are calculated by the
AOMix-CDA program [on the basis of the BhandHLYP/6-
31G* results, α and β denote the α and β molecular orbitals
(MOs), respectively, of ia2-1], and the orbital interaction
diagrams are shown in Figures 10 and 11. For the CuCl-

catalyzed reaction, the calculated electrons results show that the
occupied molecular orbital HOMO-8 of ia1-1 is related to the
C1−Cu and C2−Cu coordination bonds. According to the
results of the molecular orbital fragment analyses, HOMO-8 of
ia1-1 is composed of 1.2% HOFO-3 (the HOMO-3 of fragment

orbitals) of R1 and 4.4% HOFO-3, 89.7% HOFO-4, and 1.8%
HOFO-7 of fragment 2 (CuCl). It is clear that the composition
of HOMO-8 is mainly from catalyst CuCl. More importantly,
the net charge donation, including both charge donation and
electronic polarization contributions, is only 0.243 electrons
from fragment 1 to fragment 2. Similarly, for the CuCl2-
catalyzed reaction, HOMO-9 of ia2-1 is related to the C1−Cu
and C2−Cu coordination bonds. In contrast with the CuCl-
catalyzed case, the contribution of HOMO-9 is mainly from
substrate R1. Further, the net charge donation (including the
net charge donation of 0.123 electrons for α MOs and the
charge donation of 0.256 electrons for β MOs) is beyond 0.379
electrons from fragment 1 to fragment 2. On the basis of the
analysis described above for ia1-1 and ia2-1, these results reveal
that the coordination capability of Cu(II) with R1 is much
stronger than that of Cu(I) with R1 (0.243 electrons in ia1-1 vs
0.379 electrons in ia2-1 for the net charge donation from
fragment 1 to fragment 2), which is just the reason that the
intramolecular cyclization has lower activation energies in the
CuCl2-catalyzed reactions. In a word, because of the stronger
coordination capability, the Cu(II) salts can greatly decrease
the cyclization free energy barriers of the 5-exo and 6-endo
model reactions. This partly changes the rate-determining steps
of the CuCl2-catalyzed reactions as compared to that of CuCl-
catalyzed reactions and finally results in the different selectivity
of CuCl and CuCl2 in DMF medium. A similar explanation can
also be obtained from the orbital interaction diagram of tsa1-1
versus tsa2-1 and tsb1-1 versus tsb2-1 (shown in Figures S30−
S33 of the Supporting Information). This fact can also be
confirmed by comparing the stabilization energies of ia1-1 and
ia2-1 (83.7 vs 139.3 kJ/mol), as indicated in Figures 8 and 9. Of
course, this conclusion needs to be proven in future work.

3.3. Roles of CuCl and CuCl2 in the Present Cu(I)- and
Cu(II)-Catalyzed Cyclization. The calculation results pre-
sented above rationalize the experimental observations18 when
catalysts CuCl and CuCl2 take part in the cyclization of o-
alkynylbenzaldehydes. In this section, we focus on whether the
cyclization will occur without CuCl and CuCl2. To illuminate
the effect of CuCl and CuCl2 on the reaction, the mechanisms
of the cyclization of o-alkynylbenzaldehydes without metal
catalysts are studied. The calculated energy profiles of the 5-exo
and 6-endo cyclization processes are shown in Figure 12, and
the corresponding geometries are collected in Figure S34 of the
Supporting Information. Starting from substrate R1, the
reaction forms the intermediates ib3-2 and ia3-2 via the 5-exo
and 6-endo cyclization with transformation required energies of

Figure 10. Orbital interaction diagram illustrating the coupling of the
R1 and CuCl fragments in the ia1-1 complex (the AOMix-CDA
calculation at the BhandHLYP/6-31G* level; the net charge donation
is 0.243 electrons from fragment 1 to fragment 2).

Figure 11. α,β-Spin orbital interaction diagram illustrating the
coupling of the R1 and CuCl2 fragments in the ia2-1 complex (the
AOMix-CDA calculation at the BhandHLYP/6-31G* level; α and β
MOs are colored black and red, respectively; the net charge donation,
including the net charge donation of 0.123 electrons for α MOs and
the charge donation of 0.256 electrons for β MOs, is 0.379 electrons
from fragment 1 to fragment 2).

Figure 12. DFT-computed energy profiles for the 5-exo and 6-endo
cyclization reactions without a metal catalyst in DMF medium.
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174.4 and 144.3 kJ/mol, respectively. Obviously, the cyclization
reaction cannot occur in the absence of metal catalyst CuCl or
CuCl2, indicating metal catalysts CuCl and CuCl2 are
prerequisites for the producion of the cyclic alkenyl ethers via
an intramolecular cyclization of o-alkynylbenzaldehydes.

4. CONCLUSIONS
Here, the mechanisms of the Cu(I)- and Cu(II)-catalyzed
cyclization of o-alkynylbenzaldehydes are computationally
addressed using the DFT method (BhandHLYP/6-31G*,
LanL2DZ for the Cu atom). Calculation results indicate that
Cu(I) catalysts are effective for the synthesis of cyclic alkenyl
ethers. Importantly, the important role of solvent DMF is
revealed; it can promote the stepwise hydrogen-transfer
process, including the protonation of DMF and deprotonation
of DMF-H+. In the whole proton migration process, DMF acts
as a proton shuttle to assist a proton migration from MeOH to
the carbon atom. In addition, we find that the substrate MeOH
also plays a role similar to that of DMF in the proton-transport
catalytic strategy, whereas its catalytic capability is weaker than
that of the DMF. It is worth mentioning that the appropriate
metallic valence of copper is crucial for the selective synthesis of
the target product. In this work, the Cu(I) salts are selected as
effective metal catalysts to exclusively produce the 6-endo
product P1. Calculations also reveal that a transition metal-
catalyzed reaction involving a hydrogen shift step can be
accelerated when the solvent used has Lewis base natures.
These findings and insights should be valuable for the
understanding of the Cu(I)- and Cu(II)-catalyzed synthesis of
cyclic alkenyl ethers from o-alkynylbenzaldehydes with MeOH
(in DMF solution) and be expected to help us design other
new reactions.
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Comput. 2012, 8, 1532−1535. (d) Krauter, C. M.; Hashmi, A. S. K.;
Pernpointner, M. ChemCatChem 2010, 2, 1226−1230. (e) Sola,̀ M.;
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