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ABSTRACT: The detailed mechanism of the cyanide-catalyzed synthesis of benzoxazole from 2-aminophenol and benzaldehyde
was investigated in depth using density functional theory (DFT). The metal-free aerobic oxidative process as well as the
dehydrogenation detail were examined and described. Cyanide anion was proved to assist the oxygen atoms to undergo an
aerobic dehydrogenation rather than direct cyclization which was predicted according to Baldwin’s S-exotet rule. The
dehydrogenation pathway was thermodynamically favored over cyclization with an activation energy difference of 24.2 kcal/mol.
Another point noteworthy was the observation that a trace amount of water could reduce the activation energy effectively during

the condensation step (AAG* = 22.3 keal/mol).

1. INTRODUCTION

Molecular oxygen is an ideal oxidant for its natural abundance,
cheapness, and clean oxidative products, therefore it has gained a
lot of attention in many chemical reactions.” However, the
previously reported aerobic oxidative reactions often require a
metal catalyst because the direct oxidation of organic substrates
using O, under mild conditions is relatively difficult.” Nowadays,
metal-free aerobic oxidative reactions have become a principal
research area, and a number of methods have been established.’
For example, though requiring a co-oxidant and high temper-
ature, methods used for the selective oxidation of allylic/benzylic
compounds to alcohols,* phenols,” and benzoic acids® have been
reported and proved very appealing. To the best of our
knowledge, very few metal-free oxidation mechanisms have
been proposed for these aerobic processes in the absence of a co-
oxidant, although a variety of explorative experiments have been
carried out.

Recently, Cho et al. reported a series of works on an intriguing
metal-free aerobic oxidative reaction in which benzofused azoles
and their derivatives were synthesized efficiently via cyanide-
catalyzed reactions (Scheme 1, eq 1).” Air was employed as the
sole oxidant, and CN~ was designed to be an effective
nucleophile used to catalyze the reactions under mild conditions
without the need of a metal catalyst, acid, or co-oxidant, which
was greatly different from most of the previously reported work
(Scheme 1, egs 2 and 3).~"* Cho et al. believed CN™ mainly
facilitated the cyclization step through the nucleophilic attack of
CN~ to afford a S-exotet structure based on Baldwin’s rule.'*
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However, the controlled experiments showed a paradoxical
outcome in which cyclization may still not occur in the absence of
air (Scheme 2).

Considering that facile dehydrogenation and cyclization are
still obscure and controversial, we were interested in the detailed
oxidation mechanism of the reaction which will be of significance
for designing metal-free reactions. In addition, Seo and Zang also
reported the important applications of this type of reaction in
aerobic oxidation using cyanide."> Thus, we report a complete
DFT study using the M06-2X'® method and propose new
mechanisms for the reaction here.

2. COMPUTATIONAL DETAILS

All the computations reported in this work were carried out using
Gaussian 09 package.17 All structures for the substrates, intermediates,
transition states, and products were optimized using the MO06-2X
method in conjunction with 6-31+G(d)'® basis set. The UM06-2X
method was used for the doublet and triplet spin states structures and
the corresponding (S?) values listed in the Supporting Information (SI).
Frequency calculations were implemented at the same level of theory to
confirm the optimized structures as the minima in energy (no imaginary
frequency) and transition state (just one imaginary frequency). Single
point energy calculations were performed at (U)M06-2X/6-311+
+G(3df2pd)'*" level of theory in DMF, where the CPCM solvation
model*® and UAKS radii were used to account for the effect of implicit
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Scheme 1. Selected Methods Used for the Synthesis of Benzoxazoles
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solvation. All the energy data in this work are reported in kcal/mol, and
the bond length data are reported in angstroms (A).

3. RESULTS AND DISCUSSION

Amine-Aldehyde Condensation. According to Cho’s
work,” this reaction can be generally considered to involve
three steps: (1) An amine-aldehyde condensation reaction to
afford a key phenolic Schiff base intermediate, (2) cyclization
catalyzed by CN™ to afford a cyclic intermediate according to
Baldwin’s S-exotet rule, and (3) a final oxidative dehydrogenation
step to obtain benzoxazole (Scheme 1, eq 1). We first examined
the condensation step and found that a trace amount of water
plays a surprisingly significant role in reducing the activation
energy. In the absence of water, condensation and dehydration
are very difficult at room temperature because two relatively high
activation free energy barriers must be overcome, which were
24.4 (TS1) and 42.7 kcal/mol (TS2), respectively (Figure 1).
However, with the aid of water, the six-membered ring proton-
transferred transition state TSIW and the subsequent TS2W are
formed. Thus, the activation energies reduced to 6.6 and 20.4
kcal/mol, respectively.
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It is noteworthy that in TS2W, the water molecule
preferentially assists the proton to transform from the phenolic
hydroxyl group instead of the imine N atom in ortho-position
(TS2N). When compared to the commonly believed transition
state TS2N, TS2W was 2.9 kcal/mol lower than TS2N. This
unusual choice can be attributed to the higher acidity of phenolic
hydroxyl group and the higher stability of TS2W which was more
structurally stretched (see SI for the detailed structures). All in
all, the relative energy difference between TS2W and TS2 was up
to 22.3 kcal/mol, which shows that the existence of a trace
amount of water will accelerate the condensation step
significantly.

Direct Catalyzed Cyclization. Without the aid of water,
INT2 can also turn into INT3 via a proton-transferred
equilibrium through TS3 (AG¥ = 16.2 kcal/mol). Then, the
exposed O atom will attack the sp>-hybridized C at the imine site.
This direct cyclization reaction only needs 8.4 kcal/mol (TS4)
and should be facile at room temperature. However, in the
assumed subsequent aerobic oxidative process, a ca. 30—36 kcal/
mol activation barrier must be overcome. This is difficult to
achieve at room temperature (see SI for details) and rules out the
possibility that the dehydrogenation step will occur from the
already formed cyclized INT4, as described in many previous
studies.””" In this step, we also examined the effect of water, but
no beneficial effect could be observed.

The spontaneous aerobic oxidation reaction is difficult. Cho et
al. suggested that CN™ may exert a positive effect in two basic
aspects. On one hand, CN™ will change the hybridization of a-C
atom from sp” to sp’ so that the cyclization was changed from S-
endo-trig to S-exotet. On the other hand, it would force the o*
orbital of the C—CN bond to be more appropriately oriented to
the lone pair electrons of the O atom so that it facilitated the
cyclization reaction. To check this idea, we located the classical
Sx2 nucleophilic substitution transition state TS6a (Figure 2), in
which the CN~ leaves and the C—O bond is formed
simultaneously to afford a cyclic intermediate. It was found
that the activation energy of TS6a was very high (AG* = 47.9
kcal/mol) (Figure 3). When compared to the direct cyclization
transition state TS4 (Figure 1), the activation energy difference
was up to 39.5 kcal/mol, distinctly negating the possibility that
CN™ mainly functioned as a cyclization catalyst. Moreover,
molecular orbital analysis also shows the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of TS6a have less overlap than those found for
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Figure 1. Potential energy surface for the condensation and direct catalyzed cyclization of 2-aminophenol and benzaldehyde.
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Figure 2. Proposed cyclization transition states reported by Cho et al.
and our DFT calculated results.

TS4 (Figure 2). Therefore, we believe that CN~ was NOT
directly facilitating the cyclization reaction according to
Baldwin’s S-exotet rule and that TS6a was not a reasonable
transition state for the cyclization step.

Oxidative Dehydrogenation and Cyclization. Under
these circumstances, we suggest CN™ initially effects the
oxidative dehydrogenation by O, and then leads to ring
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formation. Actually, a similar assumption was previously
reported but was not exactly proved by experiment.”” From
this point of view, we located TS6 (AG* = 23.7 kcal/mol) in
which triplet-state molecular O, directly abstracts the H atom
from a-C, site to give INT6 and a hydroperoxyl free radical
(Figure 3). In addition, it was also taken into consideration
whether H-N or H—C, was oxidatively dehydrogenized first.
We found that, although the activation energy of TS6b (AG* =
9.9 kcal/mol) was lower than that of TS6, the intermediate
INT6b, formed by O, initially abstracting the H atom from -N
site, was 4.0 kcal/mol higher than the transition state TS6b. The
higher energy of INT6b was mainly induced by the change in
structural stability when the H atom of N was abstracted by O, to
give the hydroperoxyl radical. The N—H bond shows more
resistance than C;—H to lose a hydrogen atom. And more
importantly, when N—H loses a hydrogen atom, the remaining
single electron of N would be inclined to interact with the z
electron system of the adjacent benzene ring. This can be
reflected from the changes in bond length observed for several
bonds. As shown in Figure 4, when compared with the precursor
INTS, the 6 N, —C; bond of INT6b was largely reduced in length
from 1.42 to 1.33 A, while the 7z bonds C;—C,, C,—Cs, and C;—
Cg increased in length from 1.45, 1.43, and 1.39 A to 1.49, 1.44,
and 1.43 A, respectively. This bond length variation (0.01—0.09
A) was responsible for the instability. On the contrary, when C,—
H loses a H atom, the remaining single electron tends to interact
with the 7 bond of the cyanide group, which leads to a reductions
in the ¢ C,—C,, N;—C,, and C,—C,; bond lengths from 1.48,
1.46, and 1.52 A (INTS) to 1.41, 1.36, and 1.45 A (INT6),
respectively. However, the benzene ring was less influenced
because the C—C bond lengths in INT6 were not dramatically
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Figure 3. Potential energy surface for the oxidative dehydrogenation and cyclization of 2-aminophenol with benzaldehyde.

Figure 4. Structural analysis of INTS, INT6, and INT6b.

changed (<0.02 A). The improved stability of INT6 can be
attributed to the capto-dative effect.”® This effect has been
employed in previous work to account for the findings observed

o . . 24
for a similar carbene-catalyzed Benzoin condensation reaction.
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When both the electron-donating amine and electron-
withdrawing cyanide are simultaneously connected to the carbon
free radical generated from TS6, the two groups will jointly

stabilize the radical intermediate by delocalizing the radical ion
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Figure 5. Spin population analyses and structures of TS6, INT6, TS6, and INT6b (isovalue = 0.02).

Table 1. Atomic spin densities of selective atoms in TS6, INT6, TS6b and INT6b

values
substance C, @ N, N, 0, 0, (oX
TS6 —0.001 0.036 0.254 0.000 0.232 0.452 0.626
INT6 0.220 —-0.076 0.269 0.102 0.121 0.296 0.718
TS6b —0.024 0.018 0.242 0.000 0.287 0.415 0.606
INT6b —0.031 0.030 0.300 0.000 0.253 0.332 0.685

via resonance. To test this idea, we implemented electron spin
population analyses for all structures with a single electron, as
shown in Figure S and Table 1, which clearly demonstrate the
free radical sites and spin densities. In INTS, the single electron
was delocalized very well in C;, N, and N,, and the N, atom of
the cyanide group has more distribution than in INT6b. So, we
can draw our conclusion that the capto-dative effect makes the
radical intermediate stable.

It is noteworthy that the large energy difference between TS6
and TS6a (AAG* = 24.2 kcal/mol) significantly demonstrates
the real role of CN™: CN™ assists the aerobic dehydrogenation by
stabilizing the radical instead of directly catalyzing the cyclization
in accordance with Baldwin’s S-exotet rule.

When triplet oxygen finishes abstracting the H atom from C,
the hydroperoxyl free radical generated can spontaneously
abstract another H atom from $-N to produce planar INT7 and
hydrogen peroxide via TS7 (AG* = 20.0 kcal/mol).

Naturally, TS8 (AG* = 18.5 kcal /mol) was the transition state
in the eventual cyclization step, and it resembles TS6a, whereas
CN~ would not leave immediately. After the formation of the C—
O bond, CN~ will leave via TS9 (AG* = 5.7 kcal/mol) to afford
the benzoxazole product. Hereby, a complete mechanism was
proposed. The whole potential surface was relatively smooth, and
the highest energy barrier was 23.7 keal/mol (TS6) during the
oxidative dehydrogenation step, which was in good accordance
with the mild experimental conditions used.
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4. CONCLUSIONS

In summary, a computational study of the detailed mechanisms
on the preparation of benzoxazole gives a significant theoretical
insight into the amine-aldehyde condensation, CN™-catalyzed
dehydrogenation, and final cyclization reactions. CN™ was found
to function mainly as a locating group to trigger the aerobic
oxidative dehydrogenation at the a-carbon instead of catalyzing
the direct cyclization expected by Baldwin’s S-exotet rule. This
can facilitate triplet oxygen dehydrogenation because of the
capto-dative effect to stabilize the intermediates, which reduces
the activation energy to make the reaction progress smoothly. In
addition, a trace amount of water will assist the proton to transfer
from the hydroxyl group primarily but not from imine N atom,
which is generally accepted during the condensation step. This
study has provided a novel insight into the design of metal-free
aerobic oxidative reactions.
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