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The reaction mechanism for mechanochemical synthesis of dibenzophenazine was theoretically investi-
gated in terms of the vibronic coupling density, which describes the interactions between electrons and
nuclear motions. The concept theoretically indicates experimentally observed reactive sites that cannot
be explained by the conventional frontier orbital theory. The results of vibronic coupling density analysis
suggested the difference between reaction mechanisms under thermal and mechanochemical conditions.
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1. Introduction

Mechanochemistry has received a great deal of attention
because it is a green synthesis method without organic solvents.'?
Many organic compounds have been synthesized mechanochemi-
cally. Dibenzo[a,c]phenazine, which has a similar quinoxaline
structure to pharmacologically active compounds® and organic
semiconductors,*> was recently synthesized from o-phenylenedi-
amine and phenanthrene-9,10-dione by a mechanochemical ball-
milling method (Fig. 1).° Although a reaction mechanism based
on the concepts of organic chemistry has been proposed,” the
mechanism has not been elucidated using quantum chemistry
calculations.

Observed reactive sites of mechanochemical reactions are not
always consistent with the Woodward-Hoffmann rules8 or fron-
tier orbital theory.>!® Mechanochemical conditions can induce
special excited states due to unexpected phenomena as inverse
Jahn-Teller effect.'!'!? These excited states sometimes allow the
formation of products unexpected by classical rules as
Woodward-Hoffmann rules.”®> In the present case, since the
highest occupied molecular orbital (HOMO) level of a diamine is
high and the lowest unoccupied molecular orbital (LUMO) level
of a dione is low (see Supplementary data), they can be regarded
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as an electron donor and electron acceptor, respectively. According
to frontier orbital theory, reactive sites are indicated by large fron-
tier orbital densities for the HOMO of the diamine and LUMO of the
dione. As shown in Figure 2, the reactive sites are not so clear
because of the delocalizations of the frontier orbitals. However, a
closer look shows that the frontier orbital theory predicts the con-
certed formation of C-N bonds between reactants since both the
diamine and dione have almost the same symmetry for the orbital
phase at their experimental reactive sites: H,N-C-C-NH, for the
diamine and O=C-C=O0 for the dione. Note that the diamine shown
in Figure 2(a) has the most stable structure with C; symmetry and
not C; symmetry. This prediction is inconsistent with the stepwise
formation proposed previously.” The question of which mechanism
is correct therefore arises. This question is important to understand
its reaction profile and chemical kinetics.

To solve this question and overcome the difficulty in the frontier
orbital theory, we applied vibronic coupling density (VCD) analy-
sis'*!” to the mechanochemical reaction. VCD describes the inter-
actions between electrons and nuclear motions in density form
just like frontier orbital density. VCD can be regarded as an exten-
sion of frontier orbital theory in the following respects: (1) stabil-
ization in the initial stage of the reaction is considered, which is
the same as in frontier orbital theory; (2) stabilization is due to
the interaction between electrons and vibrations in VCD, which is
completely ignored in frontier orbital theory; (3) electron correla-
tion beyond orbital approximation can be included in VCD. The
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Figure 1. Reaction scheme for mechanochemical synthesis of dibenzo[a,c]phena-
zine from o-phenylenediamine and phenanthrene-9,10-dione.

(a)

Figure 2. HOMO of the diamine and LUMO of the dione obtained by RB3LYP/6-
311G(d,p) calculations. The isosurface values are 5.0 x 107 a.u.

advantage of VCD is that it is independent of orbital approximation:
in other words, it is approximation-invariant. This concept was
successfully applied to explain the reactivity of fullerenes!'®~'8
and other aromatic compounds'#!>!® where reactive sites some-
times cannot be clarified based on frontier orbital theory.

Note that we focused on the first step of the dibenzophenazine
synthesis, that is, the C-N bond formations between diamine and
dione because only this step needs the approach and contact of
the reactive centers of both reagents. Water eliminations are inter-
nal reactions following the first step.

2. Theory

In a chemical reaction, charge-transfer interaction (frontier
orbital interaction) occurs between reactants as they approach
each other. The charge transfer induces molecular vibrations via
vibronic (vibration-electron) interaction,?®?' which triggers
molecular deformations: bond cleavage and bond formation. Vib-
ronic coupling is therefore the key concept to directly understand-
ing the origin of the reaction.

The strength of vibronic coupling is estimated by the vibronic
coupling constant (VCC) V,:

. (oH
%/ Ry

where H is a molecular Hamiltonian, Wcr is the electronic wave
function after the charge transfer, Q, is the vibrational coordinate
of mode o, Ry is the molecular geometry before the charge transfer,

(a)

Figure 4. Vibronic coupling densities (VCDs) for effective modes: (a) C; symmet-
rical diamine cation and (b) dione anion. The isosurface values are 2.0 x 107° a.u.
Blue and gray surfaces are negative and positive contributions, respectively.

and 7 denotes all spatial and spin coordinates of electrons. If V, is
not zero, molecular deformation along the normal mode o is
induced so that molecular deformation mode s, which is a linear
combination of the vibrational normal modes, occurs. In this Letter,
we define the direction of the vibrational mode o such that V, is
negative. This means that the positive displacement of mode «
induces stabilization in the charge-transfer state.

V, can be written in density form using vibronic coupling den-
sity (VCD) ,,(r):"41°

w=/fnmm )

1, (1) = Ap(r) X 4 (r), 3)

where Ap(r) is the electron density change caused by the charge
transfer and v,(r) is the derivative of the potential acting on a single
electron from all nuclei with respect to the normal coordinate Q, at
reference geometry Ro. Ap(r) and v,(r) can be obtained from elec-
tronic and vibrational structure calculations, respectively.

In the reactivity problem of a chemical reaction, we regard the
effective vibrational mode, or deformation mode s, as the reaction
mode.'*!® The effective vibrational coordinate Q, is defined as

-y _q, ()

= LVl

which can be assumed to coincide with the steepest descent path in
the early stage of a reaction. Because #,(r) gives a local picture of Vs,
which is the origin of bond cleavage and bond formation, 7,(r) can
be regarded as a reactivity index.'*!8

Ap(r), which is the part of 7,(r), is roughly equal to the frontier
orbital density. It includes effects from the other orbitals due to
orbital relaxation and orbital mixing effects, which are ignored in
frontier orbital theory. In addition, the effects of nuclear motions
(vibrational effects) are also included as v.(r), which is the part
of #,(r). The distribution of VCD #,(r) tells us the region where sta-
bilization due to vibronic coupling is large based on the electronic
structure Ap(r) and vibrational structure z,(r). Such a region can
be regarded as a reactive site.

Figure 3. Two types of diamine structures: (left, right) C; symmetrical isomers, (center) C; symmetrical one.
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Figure 5. Vibronic coupling densities (VCDs) for effective modes: (a) ethylene cation, (b) cis-1,2-diaminoethylene cation, and (c) cis-glyoxal anion. Blue and gray surfaces are

negative and positive contributions, respectively.

3. Computational method

Because the diamine is an electron donor and the dione is an
electron acceptor (see Supplementary data), their charge-transfer
states can be regarded as cationic and anionic ones, respectively.
We therefore performed vibronic coupling density (VCD) analyses
for the isolated diamine cation and isolated dione anion.

First, we optimized the neutral diamine and neutral dione with
B3LYP/6-311G(d,p) level of theory and performed vibrational anal-
yses for the neutral species. Second, we calculated the electronic
states of the diamine cation and dione anion at their neutral opti-
mized geometries and calculated their potential energy gradients
analytically. These calculations were performed by caussian 03
Rev E.01.%2

We used the potential energy gradients to evaluate vibronic cou-
pling constants (VCCs) defined by Eq. (1) as per the Hellmann-
Feynman theorem.?>?* From the electronic and vibrational states
obtained above, we calculated VCDs defined by Eq. (3) for the dia-
mine cation and dione anion. These calculations were performed
with our codes.

4. Results and discussion

We obtained two types of diamine isomers: C, and C; symmet-
rical structures (Fig. 3). The C, symmetrical isomer had the most
stable structure: the total electronic energy was lower than the
Cs symmetrical isomer by 182 meV (4.20 kcal/mol). Although the
C, symmetrical isomer had no imaginary frequency, the C; sym-
metrical isomer had an imaginary one. We also obtained the C,,
symmetrical dione, which was the most stable and had no imagi-
nary frequency. We therefore performed vibronic coupling density
(VCD) analyses for the C, and Cs symmetrical diamine cations and
C,, symmetrical dione anion.

Figures 4(a) and (b) show the VCDs for the effective modes of
the C; symmetrical diamine cation and dione anion, respectively.

(b)

Figure 6. Atomic vibronic coupling constants (AVCCs) for effective modes in
10* a.u.: (a) C, symmetrical diamine cation and (b) dione anion. Constants for
which absolute values were less than 0.10 x 10~ a.u. were ignored. Negative and
positive values are stabilizing and destabilizing contributions, respectively.

The blue surfaces signify negative contribution: in other words,
stabilizing contribution due to the vibronic coupling. From VCD
analysis, we can extract a picture of a functional group.'® By com-
paring Figure 4 with Figure 5, we found that the diamine consists
of two functional groups—ethylene and diaminoethylene—and
the dione has one functional group—glyoxal. These sites can be
considered to be reactive ones. Figures 6(a) and (b) show atomic
vibronic coupling constants (AVCCs);'” these are the atomic contri-
butions of the VCDs, which enable us to quantify the site reactivity.
Figure 6(a) shows that the diaminoethylene fragment of the dia-
mine was more reactive than the ethylene fragment because the
diaminoethylene fragment had larger vibronic contributions; bond
cleavage, and bond formation occurred more strongly. Figure 6(b)
shows that the central C-C bond of the glyoxal fragment of the
dione was reactive because the C-C bond had a much larger vib-
ronic contributions than the terminal oxygens. These reactive sites
of the diamine and dione as predicted by the VCD analysis were
completely consistent with the experimental findings (Fig. 1).

Next, we examined whether concerted or stepwise C-N forma-
tions between the reactants proceed in this mechanochemical
reaction. This problem is important to understand its reaction pro-
file and chemical kinetics. As shown in Figure 4(b), the dione has
the symmetrical distribution of the VCD at its reactive site, which
favors the concerted mechanism. Therefore, the reactivity of the
diamine controls whether the concerted or stepwise mechanism
occurs.

As shown in Figure 4(a), the C; symmetrical diamine has posi-
tive and negative distributions of the VCD at amino groups over
its molecular plane. This is because the C, symmetrical diamine
has the effective mode of opposite directions at amino groups, as
shown in Figure 7(a). This fact suggests that the C, symmetrical
diamine favors the stepwise mechanism (Fig. 8).

On the other hand, the C; symmetrical diamine has the effective
mode of the same direction at amino groups as shown in Fig-
ure 7(b). In the case of the C; symmetrical diamine, therefore, we
obtained negative distributions of the VCD at amino groups over
its molecular plane as shown in Fig. 8 (right). This suggests that
the C; symmetrical diamine favors the concerted mechanism
(Fig. 8).

(a) (b)

N N N f
wp ) O g
H {/H H 3 H ;/H M H

Figure 7. Displacements of amino groups in effective modes of diamine cations: (a)
C, symmetrical structure, (b) C; symmetrical structure.
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Figure 8. Vibronic coupling densities (VCDs) for effective vibrations of C, and C; symmetrical diamine cations. Isosurface values are 2.0 x 10~° a.u. Blue and gray surfaces are
stabilizing and destabilizing contributions, respectively. Note that signs on VCD of amino groups differ in the C, structure and are the same in the C; structure.

Because the C; symmetrical diamine was less stable than the C,
symmetrical diamine by 182 meV (4.20 kcal/mol), the concerted
mechanism is preferred thermally. However, mechanochemical
techniques such as the ball-milling method could give enough en-
ergy for some diamine molecules to overwhelm the energy differ-
ence between the C, and C; structures. The concerted mechanism
therefore can proceed mechanochemically via the activated spe-
cies: the C; symmetrical diamine. The greater possibility of the
concerted mechanism represents the uniqueness of the mechano-
chemical reaction.

A thermal condition prefers the stepwise C-N formations, while
a mechanochemical condition can enhance the concerted reaction.
This difference in chemical reactivity cannot be predicted by fron-
tier orbital theory because the direction of displacement of the
nitrogen atoms in the effective mode is essential for this argument
(Fig. 7).

5. Conclusion

We elucidated the reaction mechanism for mechanochemical
synthesis of dibenzo[a,c]phenazine by using vibronic coupling den-
sity analysis. Our method clearly explains the reactive sites of the
reactants o-phenylenediamine and phenanthrene-9,10-dione. Our
results suggest that the C; symmetrical isomer of the diamine,
which is the most stable isomer, favors the stepwise mechanism,
while the C; symmetrical isomer, which is energetically unstable
but mechanochemically possible, favors the concerted mechanism.
Therefore, although the stepwise mechanism is preferred under
the thermal condition, the concerted one can be enhanced under
the mechanochemical condition. This reactivity difference can be
related to the uniqueness of the mechanochemical reaction.
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