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ABSTRACT: Transition-metal-catalyzed carbon—carbon (C—C) bond
formation is an important reaction in pharmaceutical and organic chemistry.
However, the reaction process is composed of multiple steps and is expensive
owing to the presence of transition metals. This study proposes a lithium-
catalyzed C—C coupling reaction of two benzene molecules (Bz) to form a
biphenyl molecule, which is a transition-metal-free reaction, based on ab
initio and direct ab initio molecular dynamics (AIMD) calculations. The =2
static ab initio calculations indicate that the reaction of two Bz molecules Bz
with Li~ ions (reactant state, RC) can form a stable sandwiched complex pre-comp

(precomplex), where the Li~ ion is sandwiched by two Bz molecules. The 4\—/ fecom

complex formation reaction can be expressed as 2Bz + Li = — Bz(Li ~)Bz, i@ L‘% %

where the C—C distance between the Bz rings is 2.449 A. This complex Li%

moves to the transition state (TS) via the structural deformation of

Bz(Li~)Bz, where the C—C distance is shortened to 2.118 A. The barrier height was calculated to be —9.9 kcal/mol (relative to RC)
at the MP2/6-311++G(d,p) level. After TS, the C(sp*)-C(sp?) single bond was completely formed between the Bz rings (the C—C
bond distance was 1.635 A) (late complex). After the dissociation of H, from the late complex, a biphenyl molecule was formed: the
C(sp?)—C(sp®) bond. The calculations suggest that the C—C bond coupling of Bz occurred spontaneously from 2Bz + Li~, and
biphenyl molecules were directly formed without an activation barrier. Direct AIMD calculations show that the C—C coupling
reaction also takes place under electron attachment to Li(Bz),: Li(Bz), + e~ — [Li"(Bz),],; = precomplex — TS — late complex,
where [Li~(Bz),],., is the vertical electron capture species of Li(Bz),. Namely, the C—C coupling reaction spontaneously occurred in
Li(Bz), owing to electron attachment. Similar C—C coupling reactions were also observed for halogen-substituted benzene

molecules (Bz—X, X = F and Cl). Furthermore, this study discusses the mechanism of C—C bond formation in electron capture
based on the theoretical results.
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1. INTRODUCTION
The formation of carbon—carbon C(sp*)—C(sp®) bonds

coupled product, and regeneration of the palladium(0) center.
For these cross-coupling reactions, ligands with soft donor sites

between molecules is important in the synthesis of molecules
for various applications, such as pharmaceuticals, agrochemicals,
and materials.' > Cross couplings are reactions that combine
different carbon substituents via the cleavage of C—C and
carbon—heteroatom bonds. Tamao and Kumada et al.’ and
Corriu et al.” independently reported the cross-coupling
reactions of alkenyl halides or aryl halides with Grignard
reagents in the presence of Ni(II) catalyst.” Subsequently, the
Suzuki—Miyaura coupling reaction, a cross-coupling reaction in
the presence of a Pd catalyst using or%ano-halides and organo-
boron compounds, was proposed.””"® Additionally, Negishi
coupling'*™'® and Mizoroki—Heck reaction'”™" were also
proposed.

According to the proposed mechanisms of these cross-
coupling reactions,”®~” the reaction is initiated by the oxidative
insertion of palladium(0) into a carbon—halogen bond of the
aryl halide used as the substrate and the formation of a
palladium(II) intermediate. This key step is followed by the
coupling of reactants, reductive elimination of the newly formed
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are often required to stabilize the palladium(0) state and satisfy
the vacant coordination sites of the palladium(II) intermediate.
Bulky arylphosphines are particularly popular soft ligands for
these reactions. Thus, multiple steps with transition metals are
needed to achieve C—C bond formation.

Catalytic C—H activation reaction is also a powerful method
for cleaving inactive C—H bonds and generating new bonds.”***
The process of converting to leaving groups such as halogens is
not necessary, and byproducts tend to be small. However, the
reaction conditions are severe and require special alignment
groups to achieve chemo-selectivity.
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The present study proposes that a benzene—benzene C—C
single bond is formed spontaneously via the catalytic reaction of
lithium anion (Li~). A schematic illustration of the concept used
in the present study is shown in Figure 1.
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Figure 1. Reaction scheme of the present study. Bz, Li~, and TS mean
benzene molecule, lithium anion, and transition state, respectively.

The initial state was composed of two benzene molecules
(Bz) and an Li~ anion (reactant state, RC). Mixing of these
species forms a sandwich-type complex (precomplex). Struc-
tural deformation of the complex yields a C—C coupling product
(late complex) via a transition state (TS). This reaction occurs at
a significantly low activation barrier relative to the precomplex
(2.7 kecal/mol at the MP2/6-311++G(d,p) level) and zero
barrier vs RC. Namely, the Li~ anion catalyzes the C—C
coupling reaction of two Bz molecules. After the dissociation of
H, from the complex, a biphenyl molecule was formed as a
product. The reaction energy was —4.3 kcal/mol, indicating that

the C—C coupling reaction proceeded without activation
energy. A similar reaction occurred efficiently from the neutral
complex of Li(Bz), triggered by electron attachment. The
lithium used was a single atom, and no transition-metal catalyst
was required. In this work, similar calculations were performed
for halogen-substituted benzene molecules (Bz—X, where X = F
and CI).

In our previous report, we preliminarilgr demonstrated the
electron capture reaction for Li(Bz),.”° The C—C bond
formation was observed. However, a detailed analysis of the
full collision (2Bz + Li~) was not carried out, and the zero-point
vibration energy (ZPE) was not considered in the dynamics
calculations. As a result, the discussion of the previous study was
limited to a qualitative nature. In this study, static calculations
were performed at the MP2 level, and the ZPE was included in
the reaction dynamics.

2. COMPUTATIONAL DETAILS

2.1. Ab initio Calculations. Static ab initio calculations
were carried out using the 6-311++G(d,p) and 6-311++G(2d,p)
basis sets.””*® The geometries and energies were obtained using
the MP2, MP4(SDQ), and CAM-B3LYP methods.”* ' The
atomic charge was calculated using the natural population
analysis (NPA) method.*”*® Standard Gaussian 09 and 16
program packages were used for all static ab initio
calculations.****

2.2. Direct AIMD Calculations. Two methods were used in
the direct AIMD calculations: (a) the optimized structure of
Li(Bz), as the starting structure and (b) Li(Bz), including the
zero-point vibrational energy (ZPE). In the direct AIMD
calculation of [Li(Bz),]”, Li(Bz), was first optimized at the
CAM-B3LYP/6-311G(d,p) level. Thereafter, the trajectory of
[Li(Bz),]” was started from the vertical electron capture point.
The rotational temperature, momentum vector, and excess
energy of [Li(Bz),],., were set to be zero (time = 0 fs), where
“ver” means vertical electron capture of Li(Bz),. The maximum
simulation time was 1.0 ps. The time step was 0.02 fs. The
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Figure 2. Schematic energy diagram for the Li~catalyzed C—C coupling reaction from benzene to biphenyl. The relative energies are in kilocalorie per
mole. The energy levels were calculated at the MP2/6-311++G(d,p) and MP2/6-311++G(2d,p) levels. ZPE means zero-point energy correction.
Values without parentheses are calculated with MP2/6-311++G(d,p). Values in parentheses are from MP2/6-311++G(2d,p). Values in brackets are
those calculated with MP2/6-311++G(d,p) including zero-point correction.
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Figure 3. Optimized structures of Li(Bz), reaction system calculated at the MP2/6-311++G(d,p) and MP2/6-311++G(2d,p) levels. Bond distances

are in A.

velocity Verlet algorithm was used to solve the equations of
motion of the system. The drift in the total energy was <0.01
kcal/mol. No symmetry restriction was applied to calculate the
energy gradient.

The effects of ZPE on the reaction mechanism were
investigated using the classical vibrational sampling method
(microcanonical ensemble).’*™** The calculations including
ZPE were performed at the CAM-B3LYP/6-31G(d) level.
Direct AIMD calculations were carried out using our own
code.””~*" The drifts of the total energies were <1.0 X 10~ kcal/
mol in all trajectory calculations.

3. RESULTS

3.1. Energy Diagram for the C—C Coupling Reaction.
Figures 2 and 3 show the energy diagram of the C—C coupling
reaction of two benzene molecules (Bz) to form a biphenyl
molecule (Biph) catalyzed by the lithium anion (Li~) and the
optimized structure at the stationary points, respectively.

The results obtained from the MP2/6-311++G(d,p)
calculations are mainly discussed here. The energy diagram
comprises two reaction pathways: a full collision reaction (red
arrow) and an electron-induced reaction (green arrow). In the
full collision reaction, three molecules, two Bz molecules and Li~
(2Bz + Li7), are related to the reaction (reactant state, RC). In
electron-induced reactions, the complex composed of two Bz
and Li atoms, Li(Bz),, causes the reaction after electron capture.
In both pathways, the C—C coupling reaction occurred after the
reactions.

The reactant state (RC) in the full collision reaction was
composed of two Bz molecules and Li~ (2Bz + Li~, point a),
where the energy level was set to zero. The Li~ anion has a
positive electron affinity (0.62 eV), which is more stable than the
Li atom. After the collision of Bzs with Li~, a sandwich-type
complex was formed (point b, denoted by the precomplex),
where Li~ was sandwiched between two Bzs. The nearest C—C
distance between the Bzs (R) was 2.449 A, as shown in Figure 3
(precomplex), and the energy of the precomplex was —12.6
kcal/mol more stable than that of RC.

The precomplex led to a transition state (TS) with a structural
change. The C—C distance decreased from R = 2.449 A
(precomplex) to 2.118 A (TS). The energy levels of TS were
calculated to be —9.9 kcal/mol (relative to RC) and +2.7 kcal/
mol (relative to precomplex). After TS, the reaction point
reached the late complex (point c). The C—C distance was
further shortened to R = 1.635 A (late complex), suggesting that
a single C—C bond was formed from the reaction of Bz with Li~;
the C—C coupling occurred in the late complex. The energy
levels of the late complex were —12.8 kcal/mol (relative to RC)
and —0.2 kcal/mol (relative to precomplex). This reaction
occurs as an exothermic reaction from the RC.

In the product state (PD, point d), the H, molecule
dissociated from the late complex, and the product was
biphenyl-Li~ + H,. The C—C bond length was R = 1.439 A.
The energy level of PD was —4.3 kcal/mol (relative to RC),
indicating that biphenyl molecules were formed without an
activation barrier from two Bz’s due to the catalyzation of Li.
The dissociation state (biphenyl + H, + Li~, point e) was slightly
higher in energy than the RC (1.6 kcal/mol). However, the
inclusion of ZPE decreased to —1.1 kcal/mol. A full collision
reaction occurred as an almost isothermal reaction. These results
strongly indicate that the C—C coupling reaction of two Bz
molecules is catalyzed by Li".

In the electron-induced C—C coupling pathway, the initial
state was the sandwiched complex Li~(Bz),, as shown in Figure
3. The complex was formed via the reaction of two Bz molecules
with a Li atom. The C—C bond distance was 3.542 A in Li(Bz),.
The reaction was initiated by the electron capture of Li(Bz),,
and then [Li~(Bz),],., was tentatively formed (point f). The
vertical electron capture point was —4.4 kcal/mol lower than
that of the RC and 15.0 kcal/mol higher than that of the neutral
complex Li(Bz),. The reaction point moved spontaneously to
the precomplex region, where the relative energy from the RC
changed to —12.6 kcal/mol. The relative energy of the TS was
—9.9 keal/mol (vs RC) and 2.7 kcal/mol higher than that of the
precomplex. After the TS, the reaction point moved to the late
complex, which was —12.8 kcal/mol lower in energy than that of
the RC. The product state was composed of biphenyl molecule-
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Li~ and H, molecule, which was —4.3 kcal/mol lower in energy
than that of the RC. The energy diagram calculated at the MP2/
6-311++G(2d,p) level showed similar energetics for both
reaction paths.

3.2. C-C Bond Population along the Reaction. To
elucidate the C—C bond formation in detail, the bond
populations between C—C atoms in the bonding site (Pcc)
were calculated for the RC, [Li"(Bz),],., pre- and late-
complexes, TS, biphenyl—Li~ complex, and biphenyl molecules.
The results are presented in Table 1.

Table 1. C—C Bond Populations In Binding Sites for Li"(Bz),
System

state MP2/6-311++G(d,p) MP2/6-311++G(2d,p)

RC 0.00 0.00

VER 0.009 0.00S
precomplex 0.187 0.191
TS 0.344 0.359
late complex 0.732 0.731
biphenyl-Li(—) 1.006 1.020
biphenyl 0.879 0.888

The C—C bond population was zero in the RC (Pc¢ = 0.0).
The values of the C—C bond populations increased gradually as
the reaction progressed: the precomplex, TS, and late complex
were Pcc = 0.187, 0.344, and 0.732, respectively. The biphenyl—
Li~ complex, the product of the reaction, has a P value of
1.006, suggesting that the C—C single bond was formed in the
late complex. Similar values were obtained at the MP2/ 6-311+
+G(d,p) and MP2/6-311++G(2d,p) levels.

3.3. Intrinsic Reaction Coordinate (IRC) for the C-C
Coupling Reaction. As shown in the previous sections, a TS
structure was found between the pre- and late-complexes. To
verify the true TS, the IRC was calculated from the TS. The
results are shown in Figure 4.

-470.625
-470.626 MP2/6-311++G(d,p)
-470.627

-470.628

Energy / a.u.

-470.629 -
late-comp.

-470.630 -

pre-comp.

-470.631 ' - L
05 0.0 0.5 1.0

IRC (s)

Figure 4. IRC between pre- and late-complex regions calculated at the
MP2/ 6-311++G(d,p) level.

The potential energy curve of the IRC shows that the TS is
connected smoothly to both the pre- and late-complex regions.
The C—C bond in the binding site gradually shortened as the
reaction proceeded. This result strongly suggests that the TS is
the true saddle point in the C—C coupling reaction in Li~(Bz),.

Similar calculations were performed at the CAM-B3LYP/6-
3114++G(d,p) level. The results are shown in Figure SI in the
Supporting Information (SI). The calculation shows that the TS
was located between the pre- and late-complexes in the C—C
coupling reaction.

3.4. Reaction Dynamics of C—C Coupling Reaction.
Direct AIMD calculations were performed for the electron-
induced reaction path to determine the time scale of the
reaction. First, the structure of Li(Bz), was fully optimized at the
CAM-B3LYP/6-311G(d,p) level. Next, the reaction of (Li-
(Bz),)” after vertical electron capture of the neutral complex,
Li(Bz),, was tracked via direct AIMD calculations. The time
propagation of the potential energy of the system (Li~(Bz),)
following electron capture is shown in Figure 5.
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O — —
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Li- ‘ 3.633 Li- ‘ 3.137
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Figure S. (A) Time evolution of potential energy of Li~(Bz), after
vertical electron capture of the neutral complex Li(Bz),, and (B)
snapshots of Li"(Bz),. Bond distances are in A. The calculation was
carried out at the CAM-B3LYP/6-311G(d,p) level starting from the
optimized structure.

After the electron capture of Li(Bz),, the energy decreased
rapidly to —3.0 kcal/mol at 10 fs due to the rapid structural
deformation of the benzene rings. Subsequently, this energy
periodically vibrated. Both Bz rings were gradually closer to each
other: R = 3.137 A at 401 fs, which is 0.496 A shorter than that at
time zero. At 650 fs, the intermolecular distance was R =2.564 A,
and the energy was —5.0 kcal/mol. At 650—700 fs, the potential
energy suddenly decreased to —15.0 kcal/mol. This drastic
change was caused by the formation of a single C—C bond
between the two benzene rings: R = 1.678 A at 700 fs. These
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results indicate that the C—C single bond was directly formed
after the electron capture of Li(Bz),.

Similar direct AIMD calculations were carried out using the
MO062X and wB97X functionals on the 6-311++G(d,p) basis.
The results are shown in Figures S1 and S3. Both calculations
show that the C—C coupling reactions occurred in Li(Bz), after
the electron capture.

3.5. Effects of Zero-point Energy (ZPE) on the Reaction
Mechanism. Direct AIMD calculations, including ZPE
calculations, were performed at the CAM-B3LYP/6-31G(d)
level. Twenty trajectories were performed, six of which are
shown in Figure S4. The reaction time for the C—C bond
formation was distributed in the range of 205.3—426.8 fs, with
an average of 300.0 fs. In contrast, the reaction time in the
absence of ZPE was 449.6 fs. These results indicate that the ZPE
accelerated the reaction time for C—C bond formation.

3.6. Effects of Halogen Substitution (X = F and Cl). In
this section, the effects of halogen substitution on the reaction
mechanism are discussed. All of the calculations were performed
at the CAM-B3LYP/6-311G(d,p) level of theory. First, one of
the hydrogen atoms of the benzene molecule in Li(Bz), was
substituted with an F atom, and the geometry of (F—Bz)Li(Bz)
was subsequently optimized. Direct AIMD calculations were
performed for (F—Bz)Li(Bz)~ from the vertical electron capture
point. The results are shown in Figure 6.

After the electron capture of (F—Bz)Li(Bz), the energy
decreased rapidly to —3.0 kcal/mol at 10 fs due to the rapid
structural deformation of the benzene rings. Subsequently, the
energy gradually decreased. At approximately 400 fs, the energy
suddenly decreased and reached a minimum at 423 fs. The
distances of F—Bz from Bz drastically changed to R = 3.488 A
(time = 0 fs), 2.704 A (310 fs), and 1.660 A (423 fs), indicating
that the carbon atom of F—Bz gradually approached and collided
with the carbon atom of Bz at 423 fs. After the collision, a new
C—C bond was formed between F—Bz and Bz at 513 fs (R =
1.637 A). The new C—C bond was located in ortho-position
relative to the F-atom. A similar C—C coupling reaction was
observed for X = CI, as shown in Figure SS5.

To check the position of C—C coupling, direct AIMD
calculations were carried out from several initial configurations
of F-Bz relative to Li”Bz. The calculations showed that the C—C
coupling products are found in the meta- and ortho-positions. In
contrast, there was no para-position product. These results
suggest that there is regioselectivity in this C—C coupling
reaction.

4. DISCUSSION AND CONCLUSIONS

As a summary of the present study, a schematic illustration of the
reaction mechanism is given in Figure 7. The reaction state
(RC) was composed of two benzene molecules (Bz) and an Li~
anion. The reaction of these species produced a precomplex,
where the Li~ anion was sandwiched between two Bz molecules.
After the transition state (TS), alate complex was formed, where
the C—C bond was shortened to 1.635 A, suggesting that the C—
C coupling was completed in the late complex (the C—C bond
population was Pc¢ = 0.733). Next, the biphenyl—Li~ complex
was formed via the dissociation of H,, where P = 1.066 and the
C—C bond length was 1.440 A (the normal bond length of the
C—C bond). In the final state, a biphenyl molecule was formed
as a product. These results indicate that the C—C coupling
reaction occurs spontaneously from two Bz molecules and an
Li™ anion.
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Figure 6. Effects of halogen substitution on the reaction mechanism.
(A) Time evolution of potential energy of Li"(F-Bz)(Bz) after vertical
ionization of the neutral complex Li(F-Bz)(Bz), and (B) snapshots of
Li~(E-Bz)(Bz). Bond distances are in A. The calculation was carried out
at the CAM-B3LYP/6-311G(d,p) level starting from the optimized
structure.
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Figure 7. Schematic energy diagram for the Li-catalyzed C—C coupling
reaction from benzene to biphenyl obtained on the basis of the present
study.

pre-comp C(sp?)-C(sp?)

C(sp3)-C(sp3)

Opverall, this study demonstrates another reaction route as the
C—C coupling reaction to form biphenyl. The lower curve
indicates the formation of a sandwiched neutral complex,
Li(Bz),, via the reaction of two Bz molecules with an Li atom.
After the electron capture of Li(Bz),, a precomplex was formed
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as an intermediate, and the reaction produced the biphenyl
molecule. The time scale of the C—C coupling reaction was less
than 1.0 ps, indicating that the C—C coupling catalyzed by Li~
occurs as a fast process after electron capture.
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