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ABSTRACT: Diboron(4) compounds serve as useful reagents for
borylation, diboration, and reduction in organic synthesis. A variety N\ /T
of pyridine derivatives have been found capable of activating (nep)B _ — —
diboron(4) compounds, and different reaction mechanisms have _ ? -
been identified. 4,4’-Bipyridine was found to activate diboron(4) to Ph—N Ph” N\o’ B(nep)
form N,N’-diboryl-4,4’-bipyridinylidene in 2015, and very recently, 'V Baneps
¥

it has been found that this transformation is crucial in the 4,4'-
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bipyridine-catalyzed reduction of nitroarenes by bis-
Triplet nitrene

[l Metrics & More | @ Supporting Information

o one step!
T -—

(neopentylglycolato)diboron (B,nep,), which features the for-
mation of arylnitrene intermediates. However, the mechanism of
N,N’-diboryl-4,4’-bipyridinylidene formation, as well as its role in
the transformation of nitroarene to arylnitrene, remains unknown.
In this work, we investigated the possible pathways of this
intriguing transformation and discovered several important intermediates through density functional theory (DFT) calculations. An
N-boryl 4,4’-bipyridyl radical was found to be a crucial intermediate in both the formation of N,N’-diboryl-4,4'-bipyridinylidene and
the reduction of nitroarene. A type of single-step reaction with three stages, including a dissociation and two migration steps, was
identified in the generation of nitrosobenzene and its reduction. Arylnitrene formation was found to occur on a triplet potential
energy surface, and an intersystem crossing was found to be important for achieving a reasonable activation energy barrier for nitrene
formation. We anticipate our work to provide deeper insights into the nature of this reaction that could facilitate further rational

design of pyridine- and bipyridine-based catalysts.

1. INTRODUCTION

Diboron(4) compounds are useful reagents in terms of both
reduction and borylation, and in most cases, their application
requires proper catalytic conditions to weaken or cleave the
boron—boron bond." Among those methods that could activate
diboron(4) compounds, transition-metal-free catalytic systems
have attracted much interest.” Recently, the utilization of azines
in the activation of diboron(4) compounds has attracted much
attention.

In 2015, 4,4'-bipyridine was found to display a novel behavior
in activating diboron(4) compounds. It was reported that 4,4'-
bipyridine can be “inserted” into the boron—boron bond to
generate N,N’-diboryl-4,4-bipyridinylidene (Scheme Ia).’
However, the mechanism of the insertion process is still
unknown to date. 4-Cyanopyridine was reported to evoke direct
homolytic cleavage of the boron—boron bond and form a
pyridine-boryl stabilized radical complex (Scheme 1b),* which
can subsequently be used as an equivalent of a boron radical for
later borylation and diboration, or be used as a catalyst in
perfluoroalkylative pyridylation of alkenes.” It was reported that
isoquinolines could undergo stereospecific coupling with
diboron(4) compounds,® and density functional theory
(DFT) calculations revealed that this reaction proceeded
through a [3,3]-sigmatropic rearrangement,” which corresponds
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to the formation of the C—C bond and dissociation of the B—B
bond. By using chiral diboron compound, this reaction could be
used to construct asymmetric coupling of isoquinoline
derivatives (Scheme 1c).° 4-(4-Cyanophenyl)pyridine was
found to activate diboron(4) through a [3,3]-sigmatropic
rearrangement and a subsequent homolytic cleavage (Scheme
1d), forming a pyridine-boryl radical, which can be utilized as a
catalyst for the reductive coupling of aldehydes.” Diboron(4)
can also form an electron-rich borate complex when treated with
4-phenylpyridine and MeOK, which served as an electron donor
to initiate the radical reaction in the borylation of aryl halides.”
Further experimental and DFT studies revealed that the
mechanism was rather distinct from that of 4-cyanopyridine.'’
In this reaction, both 4-phenylpyridine and methoxide anion
worked cooperatively to promote the heterolytic cleavage of the
boron—boron bond in the diboron(4) compound, which
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Scheme 1. Methods for the Activation of Diboron(4)
Compounds by Azines
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resulted in a boryl—pyridine anion complex and then afforded a
2,2’ -tetrahydrobipyridine borate complex after trapping another
pyridine (Scheme le).'" All of the works above demonstrated
various applications and great potentials of the azine-promoted
diboron activation system. The nature of different reaction
systems led to a variety of intriguing reaction modes and
mechanisms.

Very recently, it has been reported that under the catalysis of
4,4’ -bipyridine, diboron(4) compounds are capable of reducing
nitroarenes to aminoarenes (Scheme 1f)."' This reaction
featured the intermediacy of the N,N’-diboryl-4,4-bipyridinyli-
dene reported previously, and in particular, the identification of
arylnitrene as a key intermediate during the reduction of
nitroarene. These interesting features of the reaction were
confirmed by a series of control experiments, but the detailed
reaction mechanism remained elusive.'' We envisaged that
understanding the reaction mechanism would provide valuable
information on the reaction and help to develop this process into
a general protocol for nitrene formation from nitro compounds.
Herein, we report our investigation into the mechanism of using
DFT computation.

2. RESULTS AND DISCUSSION

Previous studies”'' have confirmed several important inter-
mediates of the 4,4'-bipyridine-catalyzed reduction of nitro-
benzene by bis(neopentylglycolato)diboron (B,nep,) and have
subsequently deduced a preliminary mechanism of this reaction
(Scheme 2).

Scheme 2. Preliminary Mechanism Proposed in Previous
Studies

A. Activation of Banep,

S, <

B. Reduction of PhNO,

(nep)B—Ni>=<jN—B(nep)

- (Bnep)2.0

_-(Bnep)0 .
“B(nep) QN ’

‘ Baoneps
B(nep)
O

B(nep)

ot
Q B(nep)

40’ ‘B(nep) CH3CN

However, no mechanistic details were given in the previous
works, and the pathways for both diboron(4) activation and
nitroarene reduction were unclear. To better understand this
reaction, two key issues need to be addressed:

1. The mechanism of diboron activation that leads to the
formation of N,N'-bis-[ (neopentylglycolato) boryl]-4,4'-
bipyridinylidene (3).

2. The detailed pathway for nitrobenzene reduction,
especially that for nitrene generation.

In this work, the reduction of nitrobenzene by bis-
(neopentylglycolato)diboron (B,nep,) catalyzed by 4,4’-bipyr-
idine was chosen as the model reaction. The mechanism of the
two key stages of this reduction, the activation of B,nep,
(Scheme 2A) and the reduction of PANO, (Scheme 2B), was
modeled by DFT calculations. The results are presented below.

2.1. Activation of Diboron(4) Compounds. Previous
studies have established two different modes for the azine-
promoted diborone(4) activation: direct homolysis and [3,3]-
sigmatropic rearrangement/homolytic cleavage. For compar-
ison, both pathways in the reaction between 4,4’-bipyridine and
B,nep, were calculated (Scheme 3).

First, we studied the direct hemolysis pathway, which mimics
the mechanism of diboron(4) activation by 4-cyanopyridine.* In
this pathway, diboron(4) coordinated with two molecules of
4,4'-bipyridine to form intermediate 14, and then the direct
homolytic cleavage of the B—B bond proceeded through 15-TS-

https://dx.doi.org/10.1021/acs.joc.0c01963
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Scheme 3. Potential Energy Surface for the Formation of Radical 18
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A to form two radical species 18. The formation of adduct 14 is
endergonic by 15.6 kcal/mol, and the homolytic cleavage
required an overall activation free energy barrier of 33.4 kcal/
mol (Scheme 3, red pathway), which made the direct homolytic
pathway improbable even at 100 °C.

In the second pathway, intermediate 14 undergoes a [3,3]-
sigmatropic rearrangement to form intermediate 16, which then
undergoes a C—C bond cleavage to form 18 (Scheme 3, black
pathway). This pathway is similar to diboron(4) activation by
either isoquinoline® or 4-arylpyridine.'” DFT calculations
showed that the [3,3]-sigmatropic rearrangement of 14
proceeded smoothly via 15-TS, with an overall activation
energy barrier of 29.2 kcal/mol. Compared with the direct
cleavage pathway (AGE, = 33.4 kcal/mol), the [3,3]-
sigmatropic rearrangement/homolysis pathway is more reason-
able.

Subsequently, radical species 18 could proceed through a
chain transfer process with 4,4’-bipyridine-diboron(4) complex
12 to produce 4,4'-bipyridinylidene 3 (Scheme 4).

First, the other N-site of radical 18 coordinated to the vacant
boron atom in 12 to form 19. Then, the boron—boron bond in
19 cleaved homolytically to generate product 3 and release
another molecule of radical 18, which could participate in
another cycle of chain transfer. The activation energy barrier of
this reaction was 27.1 kcal/mol, which was kinetically more
favorable than the initiation step.

It is notable that the formation of radical 18 from complex 14
was relatively slow (AGZ,; = 29.2 kcal/mol). In fact, this process
could be viewed as a radical initiation step that provided initial
radical species 18 to facilitate the following chain transfer
process. In the chain transfer process, formation of bipyr-
idinylidene 3 and regeneration of radical 18 could proceed at a
reasonable speed at 100 °C (AGY; = 27.1 kcal/mol), and the
radical chain mechanism predominated the formation of 3 from
B,nep, and 4,4'-bipyridine.

Finally, we found that the termination step of this radical
chain process was the intermolecular reaction of two molecules
of radical species 18. Dimerization of radical 18 occurred first to

Scheme 4. Chain Transfer Mechanism for the Generation of 3

— et
AGsol
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form complex 23 with a very low energy barrier, and finally, 4,4'-
bipyridine dissociated from complex 23 to generate 3 (Scheme
S).

This chain termination process exhibits a low activation
energy barrier (AG?,, = 2.2 kcal/mol) due to its nature of radical
recombination. It is also noteworthy that its reverse process (i.e.,
3 + 2 - 2 X 18) has a reasonable activation energy barrier
(AGE; = 19.1 keal/mol), which makes the reverse reaction
viable when other reactions are draining intermediate 18.

The three aforementioned pathways together form the full
radical chain mechanism of the activation of diboron(4)
compounds by 4,4'-bipyridine (Scheme 6). In the beginning,
radical intermediate 18 is generated at a relatively low rate,
which initiates the chain reaction. The chain transfer process

https://dx.doi.org/10.1021/acs.joc.0c01963
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Scheme S. Chain Termination Mechanism
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then enables the rapid formation of 3 from diboron(4) and
bipyridine in the presence of 18. The chain termination process
contributes little to the generation of intermediate 3 but enables
3 to serve as a “reservoir” of radical species 18 when other
reactions that consume 18 are present.

2.2. Reduction of Nitrobenzene. In this section, the
mechanism of the reduction of nitrobenzene (corresponds to
Scheme 2B) and how it was validated are depicted in detail.

Reduction of Nitrobenzene to Nitrosobenzene. As verified
by the experimental study, in the first stage, nitrobenzene was
reduced to nitrosobenzene by compound 3. A plausible
mechanism would be that nitrobenzene directly reacts with
intermediate 3 to form a complex in which the oxygen atom of
the nitro group is coordinated to the boryl moiety.

However, we failed to locate any of the possible complexes on
the potential energy surface (PES). Meanwhile, no suitable
transition state (TS) of direct boryl substitution was found.

Considering that in the presence of 4,4'-bipyridine,
intermediate 3 can transform back to radical 18, a mechanism
based on the reaction between nitrobenzene and radical 18 was
proposed (Scheme 7). The radical species 18 could combine
with nitrobenzene, generating a new radical intermediate 28.
Intermediate 25 then underwent ligand dissociation, releasing
4,4'-bipyridine and affording radical 27. Subsequently, radical
27 combined with another equivalent of intermediate 18 to
generate 28, which subsequently gave out 4,4’-bipyridine and
compound 30. Through relaxed PES scanning, no obvious TS
for the generation of 25 and 28 was found under the current
computational level.

It is noteworthy that the formation of nitrosobenzene (5)
from intermediate 30 proceeded through only one TS (31-TS).
In an attempt to unveil the nature of this process, we calculated
the intrinsic reaction coordinate (IRC) of this reaction, analyzed
the wavefunction of every geometry on the IRC, and plotted the

Scheme 6. Overview of the Mechanism of the Activation of
B;,nep,
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changes in the Mayer bond order of the bonds altered alongside
the reaction (Figure 1, for a detailed analysis of the bond order,
see Figure S2).

It was found that the reaction can be roughly divided into
three stages. The first stage is the migration of the Bnep group
from O1 to N. The second stage is the migration of the OBnep
group from N to B1. The last stage is the heterolytic cleavage of
the N—B1 bond. This process mimics a syn-elimination of
(Bnep),0 from intermediate 30 that forms nitrosobenzene.

From Nitrosobezene to Nitrene. In the previous experi-
ments,"" nitrosobenzene was found able to directly react with
B,nep, under room temperature and form intermediate 7, which
can then transform into nitrene at 100 °C. Therefore, the
formation and further transformations of intermediate 7 are
critical steps of the whole reaction.

Our calculation revealed that similar to the transition between
intermediate 30 and nitrosobenzene, the transition between
nitrosobenzene and intermediate 7 was also a single-step
reaction with one TS, 32-TS (Scheme 8).

By calculating the IRC and analyzing each geometry on the
IRC, it was found that this reaction could also be divided into

https://dx.doi.org/10.1021/acs.joc.0c01963
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Scheme 7. Reduction from Nitrobenzene to Nitrosobezene
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Figure 1. Analysis of the transition state 31-TS leading to nitro-
sobenzene.

three stages (Figure 2, for a detailed analysis of the bond order,
see Figure S3).

The first stage is the simple addition of nitrosobenzene and
B,nep,, forming a N—B1 bond of moderate strength. The
second stage is the migration of the Bnep group (containing B2)
from B1 to N. In this stage, the bond length of B1—B2 increases
and the bond length of N—B2 decreases. The last stage is the
migration of the other Bnep group (containing B1) from N to
O1. In this stage, the bond length of N—B1 increases and the

AGsol / |
(kcal/mol) Ph B
00
Byneps 20.7

o B(nep)

Ph” N. B(nep)

bond length of O1—B1 decreases. The whole process mimics a
formal syn-addition of Bjnep, to nitrosobenzene that forms
intermediate 7 in the end.

A previous study employing isolated intermediate 7
supported the existence of phenylnitrene during the reaction,
as N,N-diethyl-3H-azepin-2-amine, the trapping product of
arylnitrene, was detected in the trapping experiment with
diethylamine.'" We proposed an intramolecular elimination
mechanism that rationalizes the formation of phenylnitrene
from intermediate 7. First, the transition state 33-TS was found,
which corresponds to the rearrangement of intermediate 7 to an
unstable linear intermediate 34 with an activation free energy of
30.7 kcal/mol (Scheme 9). Natural population analysis revealed
that the natural charge of nitrogen in 34 (—0.41391) was very
close to that of the nitrogen in 7 (—0.42679). However, the
natural charge of the para (—0.00903) and ortho (—0.07128 and
—0.04540) carbons on the arene group in 34 is significantly
more positive than that in 7 (para: —0.28068, ortho: —0.28027
and —0.29270), indicating that the positive charge was mainly
distributed on the para and ortho carbons in 34.

It was expected that by elimination of (Bnep),O, intermediate
34 could undergo a heterolytic N—B bond cleavage to afford

https://dx.doi.org/10.1021/acs.joc.0c01963
J. Org. Chem. 2020, 85, 13877—13885
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Figure 2. Analysis of the transition state 32-T'S leading to intermediate
7.

singlet phenylnitrene (8). However, this pathway requires an
overall activation energy of 38.0 kcal/mol, making it not
operable even at 100 °C (Scheme 9, red pathway).

Inspired by the intersystem crossing (ISC) of singlet
nitrene,">"> we envisaged that intermediate 34, a precursor of
nitrene that resembles nitrene in structure, might also be able to
go through an ISC and transform into its corresponding triplet
state. To evaluate the possibility of this process, the minimum
energy crossing point (MECP) between the singlet and triplet

PESs was located (Figure 3). The electronic energy barrier of
this process is only 3.1 kcal/mol, which makes ISC viable. A

(keal/mol)

Figure 3. Minimum energy crossing point (MECP) between the singlet
and triplet PESs.

rough estimation of the ISC rate was also carried out, with an
estimation of estimated k. of 4.6 X 10*s7!.

The Mayer bond order analysis of intermediate 35 revealed
that the Mayer bond order of the two N—B bonds are 0.03921
and 0.01007, respectively, indicating that intermolecular
interactions are the main forces that drag two fragments
together. Energy decomposition analysis of intermediate 36 was
carried out through SAPT (Table 1), and the results showed that

Table 1. Energy Decomposition Analysis of Intermediate 35

components electrostatics exchange induction dispersion  total
SAPTO -73 154 -2.0 -126 -6.5
(kcal/mol)

two fragments in intermediate 35 were mainly drawn together
by dispersion, indicating that intermediate 35 is, in nature, a
weakly bound complex of triplet nitrene and (Bnep),O.

After the ISC, intermediate 35 can then be dissociated into
triplet nitrene and (Bnep),O via 36-TS with a rather low
activation energy barrier.

Scheme 9. Generation of Nitrene
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Scheme 10. Identification of Nitrene and Later Reactions
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The reaction mechanism studied by DFT calculations was in
agreement with the experimental findings. The original report
showed that this reaction was carried out under 100 °C and
could not proceed under room temperature. This phenomenon
was in agreement with our DFT calculations that the highest
activation barrier of this reaction was 30.7 kcal/mol (the
conversion from 7 to 34). On the other hand, the experimental
fact that the reaction between nitrosobenzene and B,nep, stops
at intermediate 7 under room temperature'' implied that the
rate-limiting step of the reaction was after the formation of 7,
which was also the case in the DFT-modeled mechanistic
pathway.

Further Reactions of Nitrene. With a reasonable pathway for
nitrene formation from nitrobenzene in mind, we further studied
the possible transformations of phenylnitrene that led to the
production of either aniline or the trapping product.

The formation of aniline from phenylnitrene served as the
major pathway in the reaction system (Scheme 10, red
pathway). When excess diboron(4) existed, triplet nitrene 9
could react with it to form a triplet intermediate 43, which was
then transformed into two radicals: intermediate 45 and -Bnep.
Intermediate 45 could further combine with -Bnep to form N,N-
diborylaniline (10), but due to the low concentration of both
radicals, this pathway might not be the major contributor to the
generation of 10. On the other hand, the interaction between 45
and another equivalent of diboron(4) became viable to form 10
via 46-TS with a reasonable activation barrier. Upon aqueous
workup, compound 10 would form aniline as the final product. It
is notable that a direct “addition-type” TS leading to 10 from
nitrene 8 and B,nep, could not be located. Overall, the reaction
leading to the formation of compound 10 was actually the
reduction of phenylnitrene by diboron(4), which takes place
rather rapidly under reaction conditions due to an overall
activation free energy of 20.0 kcal/mol.

The experimental study showed that the phenylnitrene
intermediate could also be trapped before its reduction.
Compound 42, the diethylamine capture product of ring
expansion intermediate 41, was obtained and regarded as direct
evidence for nitrene formation in the reaction. We tried to figure
out the detailed pathway for its formation and found that the
ring expansion occurred on the singlet potential energy surface.
Triplet nitrene 9 first underwent an intersystem crossing to
singlet nitrene 8. Considering the rate constant of the singlet to
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triplet ISC of kigc = 3.2 X 10°s™","” the rate of its reverse process
was calculated to be kysc = 2. 4 s, implying that this reverse
ISC process is kinetically feasible. Singlet nitrene 8 subsequently
underwent a three-membered ring formation via 38-TS to
intermediate 39 to generate seven-membered azine intermedi-
ate 41. When diethylamine is present, intermediate 41 could be
trapped to form intermediate 42 as the final product."’

It is notable that the reduction of the nitrene intermediate
proceeded much more rapidly than the rearrangement, as
demonstrated by the activation barriers of the two pathways (20
vs 25.1 kcal/mol). Therefore, under the catalytic reduction
conditions (i.e., in the presence of excess B,nep,), only the
reduction product was observed. Once intermediate 7 was
isolated and independently reacted under elevated temperature,
the products related to nitrene could be obtained.

Comparison of the Reactivity Difference between B,nep,
and B,pin,. In the preliminary research paper, it was reported
that B,nep, served as a suitable reductant to reduce nitroarenes
under 4,4'-bipyridine catalysis, while B,pin, exhibited signifi-
cantly diminished reactivity.'' We sought to understand this
difference by DFT calculations according to the established
mechanistic model (for details, see Schemes S1—S3 in the
Supporting Information).

It was found that the formation of N,N’-diboryl-4,4’-
bipyridinylidene from B,pin, and 4,4'-bipyridine was viable,
which was even more favorable than the reaction employing
B,nep, with regard to chain initiation and propagation processes
(Table 2). This was consistent with the experimental findings
that 4,4'-bipyridines reacted smoothly with B,pin, to form N,N’-
diboryl-4,4’-bipyridinylidenes. The difference was in the chain
termination step, in which the B,pin,-related system exhibited a
greater activation free energy barrier as well as an enhanced
thermodynamic driving force. Since the subsequent reduction of

Table 2. Comparison of the Reactivity Difference between
B,nep, and B,pin,

reaction employing reaction employing

energies Bnep, B,pin,
(kcal/mol) AGE, AG,, AGE, AG,,
chain initiation 29.2 -9.2 26.7 =S.1
chain propagation 27.1 -27.5 27.0 —23.6
chain termination 2.7 -16.9 4.5 —18.5
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nitroarene relied on the regeneration of radical 18 from 3 (i.e.,
the reverse reaction of the chain termination step), this
difference made the radical-generation process of the B,pin,-
related system disfavored both kinetically and thermodynami-
cally. Therefore, the low reactivity of B,pin, in bipyridine-
catalyzed nitroarene reduction could be attributed to this factor.

3. CONCLUSIONS

In this work, the mechanism of 4,4’-bipyridine-catalyzed
reduction of nitrobenzene by B,nep, was studied in detail by
DFT calculations. We found that an important radical
intermediate 18 was first generated through a [3,3]-sigmatropic
rearrangement and a subsequent homolytic cleavage, which then
participated in the formation of boryl bipyridinylidene
intermediate 3 through a radical chain mechanism. Intermediate
3 served as a stable reservoir of 18 and nitrobenzene could react
with radical 18 to finally form intermediate 30. Intermediate 30
afforded nitrosobenzene through a complicated single-step
reaction to eliminate (Bnep),O. Similarly, nitrosobenzene and
B,nep, were found to form intermediate 7 through a single-step
reaction. Intermediate 34, coming from the migration of 7, could
go through an ISC and transform into triplet intermediate 35,
which could generate triplet nitrene through a simple
dissociation process. When diboron(4) is present, triplet nitrene
can form subsequent products, otherwise, it can undergo other
nitrene-related reactions. We believed that our results can evoke
rational designs of new pyridine catalysts by providing deeper
insights into this type of reaction, which may broaden the usage
of this methodology.

4. EXPERIMENTAL SECTION

Geometry optimization and frequency calculations were carried out
with Gaussian 16 at the M06-2X"°/def2-SVP'° level of theory. Single
point energies were obtained at the PWPB95'7/def2-TZVPP'® level
with DFT-D3 dispersion correction'®'? using ORCA.***' The SMD
solvation model®* was applied to all types of calculations mentioned
above. The optimization of the MECP structure and the prediction of
the intersystem crossing (ISC) rate were completed with ORCA***" at
the @B97M-D3(BJ)**/def2-TZVPP'¢ level. All calculations performed
with ORCA were completed with RI approximation>* and Mayer bond
order™ analysis was completed with Multiwfn.”® The full intrinsic
reaction coordinate (IRC) was computed at the B3LYP?”/def2-SVP'®
level*® with DFT-D3 dispersion correction'®'” and the SMD solvation
model.*” Natural population analysis was completed with the NBO3
program.”*~>* Molecular visualization was completed with CYLview.**
Symmetry-adapted perturbation theory®> (SAPT) was utilized to
analyze weak interactions using Psi4’° at the level of SAPT0*” /aug-cc-
pVDZ.3%
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