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Multiple stable redox states and tunable ground
states via the marriage of viologens and
Chichibabin’'s hydrocarbony

Yuyang Dai, 1% Zhuofeng Xie,{? Manling Bao,® Chunmeng Liu® and Yuanting Su

*ab

Chichibabin's hydrocarbon and viologens are among the most famous diradicaloids and organic redox
systems, respectively. However, each has its own disadvantages: the instability of the former and its
charged species, and the closed-shell nature of the neutral species derived from the latter, respectively.
Herein, we report that terminal borylation and central distortion of 4,4'-bipyridine allow us to readily
isolate the first bis-BN-based analogues (1 and 2) of Chichibabin's hydrocarbon with three stable redox
states and tunable ground states. Electrochemically, both compounds exhibit two reversible oxidation
processes with wide redox ranges. One- and two-electron chemical oxidations of 1 afford the crystalline
radical cation 1'* and dication 12*, respectively. Moreover, the ground states of 1 and 2 are tunable with
1 as a closed-shell singlet and the tetramethyl-substituted 2 as an open-shell singlet, the latter of which
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Introduction

Diradicaloids have gained considerable attention owing to their
synthetic challenges, unique chemical bonding, interesting
physical properties, and promising applications in functional
materials." One of the most noteworthy examples is Chichibabin's
hydrocarbon (CH, Fig. 1a), which was first synthesized by Chi-
chibabin in 1907 (ref. 2) and has been of high interest for more
than a century. Experimental measurements® and theoretical
studies' disclose that CH is best described as a resonance hybrid
of open-shell diradical and closed-shell quinoid forms. However,
the highly reactive nature of CH and its charged species greatly
restricts their development and practical applications. Thus,
many efforts have been devoted to preparing its analogues with
enhanced stability and stable redox states. Recently, neutral
carbon (I),* dianionic boron (II)° and dicationic nitrogen (III)®
analogues of CH have been isolated by the groups of Wu, Kubo,
Ghadwal, Jana, Marder, Wang and others. Despite these great
achievements, these systems typically feature only one or two
stable redox states and analogues of CH structurally charac-
terized in all three redox states are limited to II (ref. 5) and IIL,***
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could be thermally excited to its triplet state because of the small singlet-triplet gap.

while neutral analogues of CH featuring three crystalline redox
states remain elusive.

Organic redox systems featuring multiple redox states are of
vital importance in electron transfer processes and offer various
applications in photocatalysts, organic electronics, and redox
flow batteries.” Among the most representative examples of
such species, one can mention viologens introduced by
Michaelis in 1932.% They can undergo two successive reversible
reductions to form cationic radicals and neutral species,
respectively (Fig. 1b).° Although many modifications on
bridging backbones and terminal substituents have been
developed, neutral species derived from viologens are diamag-
netic. This is unfavorable for radical-mediated applications
because of the reduced radical utilization efficiency. Thus, it is
highly challenging but very important to construct viologens
with a diradical neutral state. Recently, the strong sensitivity of
the fluorescence and efficient photocatalytic oxidative coupling
reaction involved with the diradical neutral state of viologens
were reported by Walter' and He," respectively. In spite of
these initial advances, such diradicals were only characterized
in solution, while their solid-state structures and diradical
character are hitherto unknown.

Inspired by these reports, we envision that replacement of
both terminal C=C bonds in CH with isoelectronic B=N bonds
could simultaneously lead to bis-BN-based analogues of CH and
neutral species of bisboryl-substituted viologens (Fig. 1c), which
may combine the diradical character and stable redox states in
a single system and allow developing both well-known chem-
istries. Such a strategy has indeed been randomly employed to
construct bis-BN-based analogues of CH, which have been used
as key intermediates in 4,4-bipyridine-based organocatalytic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Resonance forms and redox states of (a) Chichibabin’s hydro-

carbon and (b) viologens. (c) This work.

addition reactions, but they are closed-shell singlet species and
only stable in their neutral states or observed as radical cations
in solution.'” Thus, further tuning of the terminal groups and
central linkers is highly desirable.

By employment of the bulky 1,3,2-diazaborolyl ligand,*
Aldridge** and our group™ recently isolated BN/carbene- and
bis-BN-based analogues of Thiele's hydrocarbon (TH), respec-
tively, both of which are closed-shell singlets in their ground
states. Herein, we report the facile isolation, full characteriza-
tion, and computational studies of the first bis-BN-based
analogues of CH, which are also the neutral species of
bisboryl-substituted viologens, featuring multiple stable redox
states and tunable ground states (Fig. 1c).

Results and discussion

A one-pot reaction of bromoborane (HCNDipp),BBr (Dipp =
2,6—iPr2C6H3) with potassium graphite in the presence of half
the equivalent of 4,4"-bipyridine in toluene at room temperature
readily afforded 1 as an orange solid in 64% yield (Scheme 1).
Compound 1 is extremely moisture- and oxygen-sensitive but

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 1.

can be stored under an inert atmosphere at room temperature
for months. Compound 1 exhibits a well-resolved '"H NMR
spectrum at room temperature (Fig. S11) and resonances for
protons on bridging rings appear at a relatively high field (6 =
5.35 and 4.89 ppm). Moreover, even upon heating up to 333 K,
no NMR spectral broadening could be observed for 1 (Fig. S27),
which indicates its closed-shell nature.

Single crystals of 1 suitable for X-ray diffraction analysis were
obtained from its saturated THF/hexane solution mixture. The
boron centers in 1 display a trigonal planar geometry (Fig. 2 and
S$171). The exocyclic B-N; bonds (avg. 1.4033(18) A, Table 1) of 1
are slightly shorter than the endocyclic B-N¢,q, bonds (avg.
1.4340(18) A), suggesting somewhat 7 bonding between B and
N; atoms. Additionally, the central pyridyl rings in 1 are almost
coplanar and the C,-C,, bond (1.374(2) A) between two pyridyl
rings is comparable to those of Bpin (1.375(4) A)>? and BMes,
(1.391(4) A)*** substituted analogues, further supporting the
closed-shell singlet state for 1.

N1 C15 C16

Fig. 2 Left: the solid-state structure of 1. Right: side view. Hydrogen
atoms are omitted and Dipp groups are simplified as wireframes for
clarity. Thermal ellipsoids are set at the 30% probability level.

Table 1 Mean bond lengths (A) and angles (°) of 1, 1'%, 12*, and 2

Nendo Co~Cm 0 Cn—Co Nendo
N4 \ c/ N
B—N; P i—B
ol AR
endo Co_Cm m~ “o endo
1 1 1%* 2
B-Nendo 1.4340(18) 1.424(5) 1.407(9) 1.436(2)
B-N; 1.4033(18) 1.476(5) 1.511(8) 1.451(2)
N;i-C, 1.4016(18) 1.378(4) 1.363(9) 1.400(2)
Co—Cm 1.3420(19) 1.354(5) 1.357(9) 1.350(2)
Cm=Cp 1.4558(18) 1.426(5) 1.389(9) 1.458(2)
Cp—Cp 1.374(2) 1.424(7) 1.479(8) 1.417(3)
BLA 0.0867(18) 0.048(5) 0.019(9) 0.079(2)
0 0 0 27.5 53.2
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To get insight into its electronic structure and ground state,
DFT calculations and analyses were carried out using Gaussian
16 (ref. 16) and Multiwfn."” Geometry optimizations and
frequency calculations were performed on the simplified model
1/, in which the Dipp groups were replaced with phenyls. Three
electronic states (closed-shell singlet (CS), open-shell singlet
(0S), and triplet (T) state) with the (U)B3LYP and (U)PBEO
functionals and Def2SVP and 6-311G(d) basis-sets were
considered. However, attempts to obtain the optimized 1’ as an
open-shell singlet species (1-0S) collapsed into a closed-shell
singlet (1-CS) electronic structure. The calculated singlet-
triplet energy gaps AEg 1 at different levels are between —25.0
and —28.7 kcal mol " for 1’ (Table S2t). The calculated structure
of 1-CS matches well with the X-ray structure, while the triplet
structure of 1-T significantly deviates from the experimental
data (Table S31). Thus, experimental and theoretical studies
confirm that the ground state of compound 1 is a closed-shell
singlet.

To our delight, the cyclic voltammogram of 1 reveals the first
reversible and second quasi-reversible single-electron oxidation
processes at E;;, = —0.99 and —0.29 V (Fig. 3a), respectively,
suggesting the targeted three-state redox nature. Such negative
potential for the first oxidation wave of 1 is close to those of
biscarbene congeners (—1.51 to —1.04 V),* suggesting their
similarly strong reducing properties to their all-carbon
analogues. However, in contrast to the narrow separations (AE
< 0.25 V) between two redox events for biscarbene systems,
compound 1 exhibits a markedly wide redox range (AE = 0.70
V), which indicates the significantly enhanced stability of its
radical cation.

Next, chemical oxidations of 1 were performed to examine
the possibility of generating the corresponding charged species.
Treatment of 1 with one equivalent of AgSbF, in CH,Cl, at —30 °©
C immediately afforded a NMR silent deep color solution, from
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Fig.3 (a) The cyclic voltammogram of 1in CH,Cl, (0.1 M ["Bu4NI[PFgl)
measured at a scan rate of 100 mV s~ (b) The EPR spectrum of
1"*[SbFg]~ in CH,CL,. (c) The calculated spin density map of 1'*. (d) The
UV-vis spectra of 1 (black), 1 (red) and 1%* (blue).
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Scheme 2 Oxidation reactions of 1.

which 1"*[SbF,]~ was isolated as a bluish violet powder in 66%
yield (Scheme 2). The EPR spectrum of 1"7[SbFe]~ displays an
unresolved broad signal with g = 2.0010 (Fig. 3b), suggesting
effective spin delocalization in the entire m-conjugated back-
bone. As the reaction of 1 with two equivalents of AgSbF still
gave 1"*[SbFg] ™, stronger oxidant Ag[Al(ORg),] (RF = C(CF;)s)
was employed and compound 1 was successfully doubly
oxidized to give 1>*-2[Al(ORg)4]~ in 52% yield (Scheme 2). The
"B{"H} NMR spectrum of 1*>* displays a broad signal at
19.6 ppm (Fig. S97), which is slightly shifted upfield with respect to
that (22.6 ppm) of 1 (Fig. S51). The "H NMR spectrum of 1%* shows
a greatly downfield shift for protons (6 = 8.23 and 7.82 ppm,
Fig. S61) of central bipyridyl rings relative to those (6 = 5.35
and 4.89 ppm) of 1, which illustrates the increasing aromaticity
within the bipyridyl rings.

Crystallographic analysis reveals that the central bipyridyl
rings in 1'" are also coplanar (Fig. 4 and Table 1), while those in
1>* are distorted to a dihedral angle of 27.5° (Fig. 5 and Table 1).
Upon successive one-electron oxidations, the endocyclic B-
Nendo bonds are gradually shortened, while the exocyclic B-N;
bonds and central C,-C,, linkages are stepwise elongated, sug-
gesting the drastically diminishing exocyclic double bond
character. Additionally, the bond length alternation (BLA) in
central bipyridyl rings is remarkably reduced from 0.087(2) in 1
to 0.048(5) in 1"+ and further to 0.019(9) in 1**, which supports
the progressive aromaticity enhancement.

Calculations on 1'" at the UB3LYP/6-311G(d) level show that
the spin density is mainly delocalized across the central bipyr-
idyl moiety with small contributions from two terminal NHB
units (Fig. 3c and S217). The natural population analysis (NPA)
on 1>* reveals that two positive charges are highly delocalized

Lo

N2

Fig. 4 Left: the solid-state structure of 1'*. Right: side view. Hydrogen
atoms are omitted and Dipp groups are simplified as wireframes for
clarity. Thermal ellipsoids are set at the 30% probability level.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Left: the solid-state structure of 12*. Right: side view. Hydrogen
atoms are omitted and Dipp groups are simplified as wireframes for
clarity. Thermal ellipsoids are set at the 30% probability level.

with the majority residing on boron atoms (+0.98, Table S5t),
which are significantly larger than that of bis(carbodicarbene)
[BH** (+0.36) reported by Ong and coworkers,'® and are
comparable to those of bis(imino)[BPh]*" dication (+1.02)* and
borenium-imidazolium (0.94)" reported by the group of Inoue
and Aldridge, respectively. The nucleus independent chemical
shifts (NICS) calculations reveal the decreased NICS(1),, values
of central bipyridyl rings from 10.00 in 1’ to —4.24 in 1" and
further to —17.88 in 1** (Table S4f), further hinting at the
increasing aromatic character upon progressive one-electron
oxidations.

In the UV-vis absorption spectra (Fig. 3d), compound 1 shows
a maximum absorption band at 411 nm (HOMO — LUMO) and
1'* displays three absorption bands at 564, 620, and 687 nm
(SOMO—1(B) — SOMO(B)), while 1** exhibits an absorbance at
580 nm (HOMO — LUMO). To our knowledge, 1'* represents
the first example of crystalline radical cations derived from
neutral analogues of Chichibabin's hydrocarbon and 1** is
a rare example of three-coordinate diborenium dications.'*'®*?
Therefore, the terminal borylation of 4,4"-bipyridine by the
bulky 1,3,2-diazaborolyls stabilizes the first neutral analogue of
CH featuring three structurally characterized redox states.

As 1 is still a closed-shell singlet, further modification was
made to tune the ground state. The distortion of the central
linker has been proved as an efficient approach toward the
diradical species."*® Therefore, the replacement of 4,4’-bipyr-
idine by 3,3',5,5-tetramethyl-4,4"-bipyridine under the same
other conditions was carried out, giving compound 2 as a purple
solid in 49% yield (Scheme 3).
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B—Br + N N
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Dipp Di Dipp

/ PR /

N, N Ty=So N, N
[ B—N N—E ] [ B-N |
N N N N

\ o \
Dipp Dipp Dipp

2c

Scheme 3 Synthesis of 2.
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Fig.6 (a) The cyclic voltammogram of 2 in CH,Cl, (0.1 M ["Bu4NI[PFg])
measured at a scan rate of 100 mV s%. (b) The UV-vis spectrum of 2 in
toluene. (c) Solid-state structure of 2 with (d) side view. Hydrogen
atoms are omitted and Dipp groups are simplified as wireframes for
clarity. Thermal ellipsoids are set at the 30% probability level. (e) The
variable-temperature EPR spectra of 2 in the solid state. (f) Experi-
mental (black dots) and Bleaney—Bowers fit (red line) of IT-T plots with
the calculated spin density distribution map of 2’-OS (inset).

Like 1, the cyclic voltammogram of 2 also displays two
reversible single-electron oxidation processes (E;,, = —1.54 and
—0.99 V, Fig. 6a) with a wide redox range (AE = 0.55 V), indi-
cating that 2 also features three stable redox states and stronger
reducing ability than 1. However, the UV-vis absorption spec-
trum of 2 demonstrates a significantly red-shifted maximum
absorption band (Aymax = 527 nm, Fig. 6b) relative to 1 (Apax =
411 nm), which suggests the increasing diradical character.

Table 1 shows clear substituent effects on solid-state struc-
tures from 1 to 2. For example, in contrast to 1, the exocyclic B-
N; bonds (1.451(2) A) of 2 are longer than the endocyclic B-Nenqo
bonds (avg. 1.436(2) A), illustrating the diminished double bond
character in 2 (Fig. 6¢). It is noteworthy that bipyridyl rings of 2
are twisted with a dihedral angle of 53.2° (Fig. 6d), which is
greatly different from coplanar bipyridyl rings in 1. Concomi-
tantly, the C,-C,, bond length is elongated from 1.374(2) A in 1
to 1.417(3) A in 2, the latter of which is comparable to those
(1.398-1.457(7) A) of analogues of Chichibabin's hydrocarbon
with an open-shell singlet ground state,>**%¢ further support-
ing the enhanced diradical character.

Similar to 1, compound 2 also displays well-resolved "H NMR
signals at room temperature (Fig. S121). However, in contrast to

Chem. Sci., 2023, 14, 3548-3553 | 3551
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1, obvious NMR spectral broadening was observed for 2 upon
heating from 298 K to 333 K (Fig. S137), which is due to the
existence of the thermally populated triplet species (Scheme 3).
In addition, the EPR spectrum of 2 at room temperature shows
a featureless broad signal centered at a g-value of 2.0018.
Variable-temperature EPR measurements of 2 in powder*
demonstrate that the EPR signal intensity increases with
increasing temperature (Fig. 6e), which is typical for open-shell
singlet diradicaloids.” Fitting the data by using the Bleaney-
Bowers equation gave a singlet-triplet energy gap of
—2.50 kecal mol " (Fig. 6f), confirming its open-shell singlet
ground state.

DFT calculations at the UBH&HLYP/def2-SVP level on 2/,
where the Dipp substitutes were replaced with the phenyls,
demonstrated that the X-ray data of 2 are between those for
2'-CS and 2'-0S (Table S71), indicting a singlet ground state
with an intermediate diradical character for 2. The calculated
AEs_1 (—1.37 kcal mol™") is consistent with the experiment.
The spin density of 2’-0S is distributed through the central
bipyridyl rings with the major contribution from two central
carbon atoms (Fig. 6f). The diradical character y estimated
using the occupancy of the lowest unoccupied natural orbital
(LUNO), which represents the degree of the singlet diradical
character, is 0.46 calculated at the UBH&HLYP/def2-SVP
level. Thus, 2 combines the diradical character of Chichiba-
bin's hydrocarbon and multiple stable redox states of
viologens.

Conclusions

In summary, this work reports the bis-BN-based analogues of
Chichibabin's hydrocarbon with three stable redox states and
tunable ground states. Terminal borylation of 4,4"-bipyridine
derivatives by bulky 1,3,2-diazaborolyl ligands allowed both
compounds to display two reversible oxidation processes with
a wide redox range in electrochemical measurements. One- and
two-electron chemical oxidations of 1 gave the crystalline
radical cation 1"* and dication 1>*, respectively. Moreover,
modification of the 4,4-bipyridine with methyl substituents at
the meta-carbon positions made the ground-state electronic
structures of such neutral species tunable with 1 as a closed-
shell singlet and the tetramethyl-substituted 2 as an open-
shell singlet with moderate diradical character. EPR and NMR
measurements indicated that the excited triplet state of 2 is
thermally accessible because of a small singlet-triplet energy
gap. This work demonstrates that the strategy of terminal bor-
ylation and central distortion of 4,4-bipyridine may be extended
to other bi- or poly-pyridine derivatives to afford novel BN-based
radicals with multiple stable redox states and tunable diradical
character.

Data availability

Detailed experimental procedures and analytical data are
available in the ESL{
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