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ABSTRACT: An in-depth theoretical study of synergistic Cu(II)/Cu(I)-
mediated alkyne coupling was performed to reveal the detailed mechanism for
C—C bond formation, which proceeded via an unusual dinuclear 1,2-reductive
elimination. Because the reactant for dinuclear 1,2-reductive elimination was
calculated to be triplet while the products were singlet, the minimum energy
crossing point (MECP) was introduced to the Cu/TMEDA/alkyne system to
clarify the spin crossing between triplet state and singlet state potential energy
surfaces. Computational results suggest that C—H bond cleavage solely catalyzed
by the Cu(I) cation is the rate-determining step of this reaction and Cu(II)-
mediated dinuclear 1,2-reductive elimination after the MECP is a facile process.
These conclusions are in good agreement with our previous experimental results.

B INTRODUCTION

The development of Cu-catalyzed or -mediated coupling
reactions has been studied for more than a century, since the
pioneering work of Ullmann,* Goldberg,2 and Hurtley3 in
modern Cu chemistry.* Cu catalysis is well accepted as a
practical and efficient method for the synthesis of various
natural products, medicinal molecules, and organic functional
materials;” for example, the Glaser—Hay® and Sonogashira’
coupling reactions, which use Cu salts to catalyze alkyne
coupling, have been widely used for the construction of internal
alkynes and diynes.® However, most research on these reactions
is devoted to synthetic methodology,” and more attention
needs to be paid to the mechanistic study of Cu/alkyne
chemistry."’

Generally, Cu-catalyzed or -mediated alkynes coupling
reactions proceed through C—H activation of alkynes, which
generates a Cu acetylide, followed by reductive elimination
from a dinuclear Cu(II) acetylide to give a coupling product.'’
Our previous research using in situ X-ray absorption spectros-
copy (XAS) and EPR spectroscopy provided solid evidence for
the reduction of (TMEDA)CuCl, to [(TMEDA)CuCl], by
terminal alkynes (Scheme 1a).'' A plausible inner-sphere
electron-transfer process was proposed to clarify the formation
of the C—C single bond. Furthermore, in situ Raman
spectroscopic studies of synergistic Cu(Il)/Cu(I)-mediated
terminal alkyne homocoupling (Scheme 1b) showed that Cu(I)
rather than Cu(Il) participated in the rate-determining step,
and it was deduced that Cu(Il) acted as oxidant in the C—C
bond-construction step.''* These investigations provided
oxidation state and structural information on Cu intermediates

-4 ACS Publications  © 2016 American Chemical Society

1654

Energy

TSri | Unfavorable

1,2-reductive / MECP N\

elimination ;/ TS-sin

1,2-reductive
elimination

Singlet

Ph + Ph

7 = Ph
\/ /\\ Y Jl\ 4+
[ icg-Cl cm' j [ i © / \N/IC/C\ /\N/
/\ W /\ \IW /\ [ :
Ph Ph /\

Triplet Singlet

Reactant Product

Scheme 1. (a) Reduction of (TMEDA)CuCl, to
[(TMEDA)CuCl], Using Phenylacetylene, Observed by in
Situ XAS and EPR. (b) Synergistic Cu(II)/Cu(I)-Mediated
Phenylacetylene Homocoupling Reaction
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in Cu/TMEDA/alkyne system. However, the detailed mech-
anism in the Cu/TMEDA/alkyne system still remains unclear
and needs to be clarified, especially the reductive elimination
process."”

Unlike well-known 1,1- reductlve eliminations occurring from
mononuclear complexes,”” the C—C bond formation here is
thought to be achieved via an unusual intramolecular dinuclear
1,2-reductive elimination.'* Our computational results show
that the dinuclear Cu acetylide complex was triplet rather than
singlet, whereas the product diyne 3 and [(TMEDA)CuCl],
dimer 4 were singlet, which 1nd1cates that the reductive
elimination is a two-state reaction.”” There might be a crossing
point between the triplet and singlet 1,2-reductive elimination
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potential energy surfaces.'® This case is consistent with the two-
state reactivity concept proposed by Schwarz and co-workers as
the Cu-mediated phenylacetylene coupling reaction involves
the spin crossover.'” Therefore, the actual mechanism of this
reaction is determined by the interplay of spin inversion and
the respective energy span on both spin surfaces. To clarify the
spin-inversion process during C—C bond formation, the
minimum energy crossing point (MECP)'® was introduced to
the Cu/TMEDA/alkyne system.

Theoretical calculation is a powerful tool for mechanistic
studies in organic chemistry.'” Relative energies and specific
structures of intermediates can be obtained via calculation, even
for transient intermediates and the minimum energy crossing
points (MECPs), which cannot be monitored using exper-
imental techniques.”” More importantly, the combination of
theoretical calculations and experimental results provides more
convincing and comprehensive explanations for reaction
mechanisms.”’ Here, density functional theory (DET)
calculations were used to investigate the mechanism of
synergistic Cu(1I)/Cu(I)-mediated phenylacetylene homocou-
pling reaction.

B COMPUTATIONAL METHODS

All the DFT calculatlons were carried out with the GAUSSIAN 09
series of programs.” The DFT method B3-LYP*® with a standard 6-
31G(d) basis set (SDD** basis set for Cu) was used for geometry
optimizations. Harmonic vibration frequency calculations were
performed for all stationary points to confirm them as a local minima
or transition structures and to derive the thermochemical corrections
for the enthalpies and free energies. Solvent effects were considered by
single-point calculations on the gas-phase stationary points using an
SMD continuum solvation model.”> The newly developed M11-L
functional with a 6-311+G(d) basis set (SDD basis set for Cu) was
used to calculate the solvatlon single-point energies to give more
accurate energy information.”® The energies given in this work are
MI11-L calculated Gibbs free energies in N,N-dimethylformamide
(DMF) unless otherwise noted. As shown below, M11-L-calculated
Gibbs free energy G(DMF),, is obtained by eq 1, in which
E(DMF),y . is the solvation single-point energy calculated at the
M11-L/6-311+G(d) level and G(gas).orection is the thermochemical
corrections calculated in gas phase for the Gibbs free energies:

G(DMF)MH—L = E(DMF)MII—L + G(gas) (1)

In addition, the MECP in this work were located with the code
developed by Harvey and co-workers at the B3-LYP/6-31G(d) level.””
The final energies of the MECP are the M11-L/6-311+G(d) (SDD
basis set for Cu) calculated Gibbs free energles in DMF. Optimized
structures are displayed using CYLview.”®

correction

B RESULTS AND DISCUSSION

Our initial calculation focused on the C—H bond activation
step, for which four possible pathways are proposed: (1) C—H
activation catalyzed solely by Cu(Il); (2) C—H activation
catalyzed solely by Cu(I); (3) C—H activation co-catalyzed by
Cu(Il) and Cu(I); and (4) C—H activation catalyzed by di-
Cu(I). All of these possibilities were considered, and the
corresponding calculations were performed to obtain the most
reliable mechanism.

As shown in Figure 1, (TMEDA)CuCl, (2) was set as the
relative zero free energy point for the solely Cu(II)-catalyzed
C—H activation potential energy surface. Cleavage of the Cu—
Cl bond in complex 2 generates Cu(II) cation §; the reaction is
endothermic by 5.1 kcal/mol. Subsequent z-coordination of
phenylacetylene 1 toward Cu gives intermediate 6 with an

energy span of 5.9 kcal/mol, followed by hydrogen bonding
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Figure 1. Free energy profile for C—H activation catalyzed solely by
Cu(Il) and formation of Cu(II) acetylide.

between nitrogen and hydrogen, leading to generation of
complex 7 with a relative free energy of 17.0 kcal/mol. Finally,
Cu(Il) acetylide 9 is generated through deprotonation of
transition state 8-ts with an overall energy span of 23.5 kcal/
mol.

Deprotonation solely catalyzed by Cu(I) is shown in Figure 2
(some key structures are given in Figure 3). 7-Coordination of
the C—C triple bond toward (TMEDA)CuCl (10) generates
intermediate 11. Deprotonation then occurs via transition state
13-ts from hydrogen-bonded intermediate 12, generating
Cu(I)—ate complex 14. The activation energy is 23.6 kcal/
mol, which is nearly equal that in the Cu(II)-catalyzed pathway.
Alternatively, deprotonation could take place through a
mechanism catalyzed by the Cu(I) cation. As shown in the
free energy profile (shown in blue), Cu—Cl bond breakage in
complex 11 occurs through transition state 15-ts; the activation
free energy is 3.0 kcal/mol. The formation of Cu(I) cation 16 is
exothermic by 3.3 kcal/mol, which indicates that the
coordinating ability of phenylacetylene toward the Cu(I) cation
is stronger than that of chloride ion. Subsequent C—H bond
cleavage could be achieved via transition state 18-ts with an
activation energy of 19.1 kcal/mol, which is 4.5 kcal/mol lower
than that of the electroneutral Cu(I)-catalyzed pathway.

The generated Cu(I) acetylide 19 could then combine with
(TMEDA)CuCl, (2) and form the dinuclear Cu complex 20,
which contains a chloride-bridging bond. Through a four-
membered cyclic transmetalation transition state 21-ts, the
alkynyl group could migrate from Cu(I) to Cu(II), thereby
generating the Cu(II) acetylide 9 and (TMEDA)CuCl 10. The
activation energy for transmetalation is only 9.3 kcal/mol.
Consequently, as the rate-determining step of this free energy
profile, the deprotonation process catalyzed by Cu(I) cation is
more favorable than the electrically neutral Cu(I) catalysis
mechanism and the Cu(II) sole catalysis mechanism.

In addition to the pathways catalyzed by Cu(II) or Cu(I), the
collaboration between Cu(II) and Cu(I) in C—H activation is
also taken into account (Figure 4). Combination of alkyne-
coordinated Cu(II) complex 6 with (TMEDA)CuCl (10)
through 7 bond coordination could form a dinuclear Cu
intermediate 22, with an energy span of 4.9 kcal/mol. The
optimized structure of 22 suggests that Cu(II) and Cu(I) are
connected by the p orbital vertical to the benzene ring. The
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Figure 2. Free energy profile for C—H bond activation catalyzed solely by Cu(I) and formation of Cu(II) acetylide.
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ts and dinuclear Cu complex 20.
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Figure 4. Optimized intermediates in Cu(II)/Cu(I)-cocatalyzed C—H
activation pathway. The values in square brackets are the free energies
relative to that of alkyne-coordinated Cu(II) cation 6.

relative free energy and structural information for the
corresponding hydrogen-bonded complex 23 are also given.
Although the deprotonation transition state could not be
located, the relative free energy of complex 23 was calculated to
be 21.2 kcal/mol, which is 4.2 kcal/mol higher than that of
complex 7. Furthermore, this energy span is already 2.1 kcal/
mol higher than the overall energy span in the pathway
catalyzed solely by Cu(I). The Cu(Il)/(I) cocatalyzed C—H
activation pathway is therefore less favorable than the Cu(I)
cation catalysis mechanism.

Experiments and calculations both show that the Cu(I)
cation has excellent catalytic activity; therefore, the di-Cu(I)
catalysis model may be a good alternative mechanism for C—H
activation. A chloride-bridged dinuclear Cu(I) intermediate 24
is obtained by the combination of the alkyne-coordinated Cu(I)
cation 16 and electroneutral Cu(I) 10 (Figure S), whereas a
similar C—C triple bond bridged structure as complex 22 is not
located. Structural analysis of complex 24 suggests that the
alkyne is only z-coordinated to the Cu(I) cation. The bond
length of electroneutral Cu(I)—Cl is 2.19 A, while the cationic
Cu(I)-Cl bond length is 2.80 A, which indicates weak
coordination of chloride to the Cu(I) cation. In the
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Figure 5. Optimized intermediates in di-Cu(I)-catalyzed C—H
activation pathway. The values in square brackets are the free energy
relative to alkyne-coordinated Cu(I) cation 16.
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Figure 6. Free energy profiles of triplet state (a) and singlet state (b) 1,2-reductive elimination for the C—C bond formation. The underlined
numbers are the NPA charges of copper atoms, followed by numbers in bold italic are the Mulliken spin densities located on each copper.

hydrogen-bonded complex 25, the cationic Cu(I)—Cl bond is
lengthened to 3.71 A. This distance is so long that there is
almost no interaction between the cationic Cu and chloride;
therefore, complex 25 is supposed to be unstable. From the
energetic point of view, the energy span for the generation of
complex 25 from 16 is 19.0 kcal/mol, almost the same as the
deprotonation activation energy (19.1 kcal/mol) in the
mechanism catalyzed by the Cu(I) cation. The relative free
energy of deprotonation transition state would be higher than
that of the intermediate; therefore, the di-Cu(I) catalyzed C—H
activation pathway can be ruled out, although the structure of
the transition state was not obtained.

Subsequent C—C bond formation via 1,2-reductive elimi-
nation starts from the dimerization of Cu(II) acetylide 9, which
leads to the generation of a dinuclear Cu(II) acetylide complex.
Because the outer electronic configuration of Cu(Il) is 3d,’
both triplet (26 and 27) and singlet (28) dinuclear Cu
intermediates were located in the calculation (Figure 6).

Optimized structures in Figure 6a suggest that chloride and
alkynyl groups are simultaneously used as the bridging bonds in
triplet Cu dimer 26. The alkynyl groups therein lie in the cis
position, and the relative free energy of 26 is 9.6 kcal/mol.
When the alkynyl groups are located at the trans position, a
triplet isomer 27 using terminal carbons of alkynes as bridging
bonds is formed. The relative free energy is 9.2 kcal/mol. The
corresponding singlet structure of 27 is shown as dimer 28
(Figure 6b), although the corresponding singlet structure of 26
cannot be obtained. The singlet Cu dimer 28 has two
resonance structures, which are given in Figure 6b. From an
energy point of view, the relative free energy of 28 is 17.2 kcal/
mol, which is 7.6 and 8.0 kcal/mol higher than that of triplet
dimers 26 and 27, respectively. Consequently, the formation of
singlet dinuclear Cu acetylide is unfavorable.”

Followed by dissociation of chloride from triplet Cu dimer,
26 or 27 generates a more stable cation intermediate 29, the
relative free energy of which is —4.1 kcal/mol (the dissociation
of another chloride is thermodynamically unfavorable, and both
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of the dissociation transition states are not located; see Figure
S3 in the Supporting Information for details). Structural
information on 29 is also given. As shown in the CYLview
structure, both alkynyl groups and chloride are employed as the
bridging bonds, which makes the combination between two Cu
atoms stronger than that in 26 or 27 and therefore contributes
to the extra stability. In addition, calculated NPA charges of
Cul and Cu2 in 29 are equal (i.e,, 0.92), and the Mulliken spin
densities of Cul and Cu2 are almost the same (0.77 for Cul,
0.76 for Cu2). These data imply that (1) the spin state of
intermediate 29 is indeed triplet and (2) the coordination
environment and electronic property of each Cu in 29 are
nearly equivalent.”

The free energy profile of the triplet state ends with the 1,2-
reductive elimination of 29. Through transition state 30-ts, the
coupling product 3 and intermediate 31 are generated;
activation free energy for this step is 22.1 kcal/mol. The
relative free energy of 3 and 31 is 5.6 kcal/mol, which indicates
the C—C bond formation process along triplet potential energy
surface is endergonic.

On the singlet free energy profile (Figure 6b), analogous
dissociation of chloride from 28 leads to the generation of a
singlet cationic intermediate 32. As shown in the CYLview
structure of 32, the Mulliken spin densities on Cul and Cu2 are
all zero, which confirms the spin state of 32 is truly singlet.
Moreover, the bond lengths of Cul—Cl1, Cu2—Cl, Cul-Cl,
and Cu2—Cl1 in 32 are very close, which is different from those
in triplet cation intermediate 29 as the bond lengths of Cul—
C1 and Cu2—Cl1 therein are 2.26 and 1.98 A, respectively. This
difference reflects the distinction of alkynyl coordination modes
in singlet and triplet Cu complexes. Although the relative free
energy of 32 is 5.6 kcal/mol higher than that of 29, the
activation free energy of 1,2-reductive elimination via transition
state 33-ts (5.9 kcal/mol) is 16.2 kcal/mol lower than that on
triplet free energy profile. The generation of product 3 and
singlet intermediate 34 is exergonic by 31.1 kcal/mol.
Subsequent coordination of phenylacetylene 1 to Cu(I) cation
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in 34 can regenerate intermediate 16 and 10. The comparison
between singlet and triplet free energy profile suggests that (1)
the dimerization of Cu(Il) acetylide 9 prefers to generate a
triplet cationic intermediate for reductive elimination, rather
than a singlet intermediate, and (2) the 1,2-reductive
elimination for C—C bond formation on a singlet free energy
profile is more favorable than that on triplet free energy profile,
both kinetically and thermodynamically.

However, it is inadequate to simply describe the C—C bond
formation process as either a low-spin state pathway or high-
spin state pathway because the reactant for 1,2-reductive
elimination is proven to be triplet while the products are
singlet. Along with the decrease of C—C bond distance, the
triplet and singlet potential energy surfaces will cross each
other, and a spin transition is assumed to occur at the crossing
point. Locating the minimum energy on the hypersurface where
the two spin states have the same energy, i.e., the MECP, would
therefore provide valuable information for the energy span of
C—C bond formation.

In order to describe the emergence of crossing point more
clearly, a structure scan along the triplet reductive elimination
surface at B3-LYP/6-31G(d) level was carried out. The
structure of relatively stable intermediate 29 was employed as
the starting point. The distance between two terminal alkynyl
carbons (C1 and C2) was chosen as the coordinate. In total, 11
points were indicated on the triplet potential energy curve
(Figure 7, red line). Meanwhile, the corresponding singlet
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Figure 7. Triplet and singlet potential energy curves obtained by
constrained geometry optimizations during C—C bond construction.
The distance between carbon C1 and C2 in 29 was chosen as the
coordinate. The step size between each point was set to 0.1 A.

structure of each point was also obtained by constrained
geometry optimization (black line). As shown by the red line,
the triplet potential energy curve initially increases with the
reduction of C1—C2 bond distance and then decreases after the
maximum value.

On the other hand, the singlet potential energy curve shows a
tendency of decline from the C1—C2 bond distance 2.74 to
2.44 A. The structure corresponding to 2.44 A has the local
energy minimum, and further optimization of this structure can
gain the singlet intermediate 32. As the C1—C2 bond distance
continues to decrease, the singlet curve increases and finally
declines after the maximum value. Obviously, these two curves
have one crossing point as they intersect with each other at
around 2.58 A.

An accurate structure of the crossing point is located as the
minimum energy crossing point 35-MECP. The CYLview
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structure shown in Figure 8 suggests that the C1—C2 bond
distance in 35-MECP is 2.64 A. Through this structure, the
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Figure 8. MECP between the triplet and singlet potential energy
surfaces.

singlet intermediate 32 can be easily generated from triplet
intermediate 29; the energy span is only 9.1 kcal/mol.
Subsequent 1,2-reductive elimination on the singlet potential
energy surface via 33-ts can afford the coupling product 3
(Figure 6b). Consequently, the overall activation free energy
for 1,2-reductive elimination is 10.0 kcal/mol, which is 9.1 kcal/
mol lower than that in Cu(I) cation catalyzed deprotonation.
Furthermore, these data also indicate that the spin crossing
between triplet-state and singlet-state potential energy surfaces
in this work is a facile process.

On the basis of the above research, a complete reaction
pathway for synergistic Cu(II)/Cu(I)-mediated alkyne coupling
is given in Scheme 2. The C—H bond activation of alkyne

Scheme 2. Complete Reaction Pathway for Synergistic
Cu(II)/Cu(I)-Mediated Alkyne Coupling
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proceeds via Cu(I) cation catalyzed deprotonation, generating
Cu(I) acetylide 19. This process is the rate- determmlng step,
and the activation free energy is 19.1 kcal/mol.”>" Subsequent
transmetalation between (TMEDA)CuCl, and Cu(I) acetylide
19 affords the Cu(II) acetylide 9. The dimerization of 9 and the
dissociation of chloride ion forms a triplet cationic intermediate
29. The corresponding singlet cationic intermediate 32 is
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formed by the spin-flip process via 35-MECP. Finally, the 1,2-
reductive elimination on the singlet potential energy surface
generates the alkyne homocoupling product, thereby finishing
the catalytic cycle.

B CONCLUSION

In summary, DFT calculations were performed to investigate
synergistic Cu(II)/Cu(I)-catalyzed phenylacetylene homocou-
pling to highlight the 1,2-reductive elimination for C—C bond
formation. As the reactant for 1,2-reductive elimination is
demonstrated to be triplet and products are singlet, the MECP
is introduced to clarify the spin inversion process. According to
the computational results, the conclusion could be drawn that
C—H bond cleavage catalyzed by the Cu(I) cation is the rate-
determining step of this reaction, and the C—C bond formation
accomplished by Cu(II)-mediated 1,2-reductive elimination
after the MECP is a fast process. The theoretical results are
consistent with our previous experimental results. We believe
that the introduction of an MECP into the Cu/TMEDA/
alkyne system will bring new insights for Cu-catalyzed
transformations.
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