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The isolation of carbon-centered diradicals is always challenging due to synthetic difficulties and their

limited stability. Herein we report the synthesis of a trans-1,4-cyclohexylene bridged bis-NHC–CAAC

dimer derived thermally stable dicationic diradical. The diradical character of this compound was

confirmed by EPR spectroscopy. The variable temperature EPR study suggests the singlet state to be

marginally more stable than the triplet state (2J ¼ −5.5 cm−1 (DEST ¼ 0.065 kJ mol−1)). The presence of

the trans-1,4-cyclohexylene bridge is instrumental for the successful isolation of this dicationic diradical.

Notably, in the case of ethylene or propylene bridged bis-NHC–CAAC dimers, the corresponding

dicationic diradicals are transient and rearrange to hydrogen abstracted products.
Introduction

Diradical compounds are of quite substantial scientic impor-
tance due to their versatile applications in various research
elds, ranging from synthetic chemistry to modern chemical
physics.1 In comparison to carbon-centered diradicals, the
heteroatom-centered diradicals with unpaired electrons
residing on nitrogen or oxygen centres are quite well studied.2
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This is due to the fact that carbon-centered diradicals are
generally much less stable.3,4 The design of synthetic pathways
and the subsequent successful isolation of carbon-centered
diradicals are therefore always challenging. Strategically, the
synthesis of carbon-centered diradicals can be facilitated by
applying electron transfer processes to redox-active organic
molecules. In recent years, several such compounds have
moved into the focus of interest: among them the electron
donor tetrathiafulvalene (TTF) I5 and the electron acceptor N,N′-
dimethyl-4,4′-bipyridinium dication (BIPY) II6 are of particular
interest (Scheme 1). These comprehensively studied species I
and II exhibit two reversible one-electron redox processes each
and exist in three isolable oxidation states. Considering this
kind of redox property, the synthesis of dicationic biradicals/
diradicals involving two units of TTF as well as BIPY have
been known such as III7 and IV.8 Moreover, compounds based
on two or more TTF and/or BIPY units were intensely investi-
gated for properties based on this notable redox-activity and for
various applications including those as organic semi-
conductors, electrochromic devices, and molecular machines.9

Electronically related to TTF, in recent years several carbene-
based electron-rich alkenes have been synthesized,10–14 such as
the NHC-CAAC dimer V11 (Scheme 1). These compounds exhibit
two reversible one-electron redox processes and all three
oxidation states can be isolated: neutral, radical cation, and
dication, similar to I and II. In the case of the radical cation
derived from NHC–CAAC dimers, the respective spin density
resides mostly on the carbenic carbon of the CAAC-scaffolds.10

In recent years CAAC-scaffolds have become known to stabilize
Chem. Sci., 2022, 13, 12533–12539 | 12533
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Scheme 1 Chemical structures of I–IX.
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various carbon-centered based open-shell compounds.15 Among
them the isolation of biradical VI16 (Scheme 1) demonstrates the
potential of CAAC-scaffolds to act as paramagnetic building
blocks. Also there was a report of pyridinium–NHC derived
diradical VII (Scheme 1).13 Thinking strategically, the genera-
tion of radical cation based biradicals/diradicals should, hence,
be possible by developing a new class of compounds bearing
two NHC-CAAC dimer motifs, i.e. species VIII (Scheme 1).

Herein we report the synthesis of the trans-1,4-cyclohexylene
bridged bis-NHC–CAAC dimer VIII derived dicationic diradical
IX (Scheme 1). The presence of the trans-1,4-cyclohexylene
bridge, which is tethered to the N-atoms of the two CAAC
scaffolds, is crucial for the successful isolation of the dicationic
diradical. In the case of an ethylene or a propylene bridge being
used for the bis-NHC–CAAC dimers, their dicationic diradicals
were only transiently formed and rearranged to the hydrogen
abstracted products.
Results and discussion

First, in order to obtain the trans-1,4-cyclohexylene bridged bis-
NHC–CAAC dimer, 1Cy was reacted with 217 giving 3Cy in a 90%
yield (Scheme 2).18 The reaction proceeds either through the
nucleophilic addition of NHC to the pyrrolinium cation or acid–
base reaction under the formation of bis-CAAC followed by C–H
insertion.13,19 Recently, a related bis-CAAC with trans-1,4-cyclo-
hexylene framework was reported.20 The subsequent reaction of
3Cy with two equivalents of LDA leads to the formation of the
12534 | Chem. Sci., 2022, 13, 12533–12539
light yellow colored bis-NHC–CAAC dimer 4Cy in a 83% yield
(Scheme 2).18 Compound 4Cy is inherently prone to undergo
a four-electron oxidation, which was, consequently, tested. The
reaction with four equivalents of AgOTf leads to the formation
of the tetracation 5Cy in a 89% yield and this redox transition is
reversible (Scheme 2).18 Subsequently, the 1 : 1 reaction of 4Cy

with 5Cy yielded thermally stable 6Cy as a dark red crystalline
solid almost quantitatively. We also observed the formation of
6Cy from the reaction of 4Cy with two equivalents of AgOTf, but
the associated purication step is essentially unmanageable.
Formation of 6Cy was conrmed by its solid-state molecular
structure determination (Fig. 1). The C2–C3/C5–C6 bond
lengths between the NHC and CAACmoieties of 6Cy are 1.439(7)/
1.431(7) Å, i.e. close to the related radical cation of the NHC–
CAAC dimer V (1.444 Å) and longer than that of the neutral
species V (1.358 Å).11

The spin density plot of 6Cy places the maximum spin-
density on the carbenic carbon atoms of the CAAC-scaffolds
(Fig. S109‡). In the UV/Vis spectrum, compound 6Cy exhibits
the longest wavelength absorbance at lmax ¼ 455 nm. TD-DFT
calculations suggest that the lowest-energy absorbance band
arises mainly from the HOMO-a / LUMO-a + 1 transition,
while the HOMO-a / LUMO-a and HOMO-b / LUMO-b tran-
sitions exhibit very weak oscillator strengths (Fig. S108 and
Table S17‡).

EPR spectroscopy of 6Cy in frozen 1 : 1 toluene/acetonitrile
solution conrmed its diradical nature with a weak half-eld
signal (Fig. 2 – le), which is readily detectable in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of 3Cy, 4Cy, 5Cy, 6Cy, and 7Cy.

Fig. 1 Molecular structure of 6Cy in the solid state with thermal
ellipsoids at the 50% probability level. All hydrogen atoms except on C1
and C4 are omitted for clarity. Selected bond lengths (Å) and bond
angles (�): N1–C2 1.380(6), C2–C3 1.439(7), N2–C5 1.366(6), C5–C6
1.431(7); N1–C2–C3 122.3(4), N2–C5–C6 122.5(4).
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View Article Online
temperature range of 10 to 140 K (Fig. 2 –middle). Fitting of the
temperature-dependent double-integral intensity to the
Bleaney-Bowers model gives a small singlet-triplet gap of 2J ¼
−5.5 cm−1 (DEST ¼ 0.065 kJ mol−1) (Fig. S83‡). Similarly, weak
exchange couplings were also observed for diradicals III,7 VI,16

and VII.13 The small singlet-triplet energy gap was conrmed by
a SQUID magnetometer measurement of 6Cy as the high-
temperature Curie Weiss tting provides a Weiss constant of q
¼ −3.065 K, corresponding to an energy gap of 0.025 kJ mol−1

(Fig. S88‡). Using the relative intensity of the half-eld (DMS ¼
© 2022 The Author(s). Published by the Royal Society of Chemistry
�2) to the allowed transitions (DMS ¼ �1), the distance r
between the unpaired spins can be estimated to be ca. 8.8 Å,21

relatively similar, hence, to the distances between the two car-
benic carbon atoms of CAAC-scaffolds in 6Cy (7.364 Å).

Quantum chemical calculations were performed to verify the
nature of the ground state and estimate the energy gap between
the singlet and triplet states of 6Cy. Initially, the energies of
singlet and triplet states were calculated by DFT using four
different functionals uB97XD, MN12SX, B3LYP-D3, and PBE0
with the Def2SVP basis-set (Table S16‡). Calculations provided
values of DEST in the range of −0.015 to 0.10 kJ mol−1, which is
in accordance with the small DEST obtained from EPR experi-
ments. The negative value of the exchange coupling constant J
from EPR studies indicates antiferromagnetic coupling between
two-spin centers and, hence, a singlet ground state. Interest-
ingly, while the uB97XD functional gave a positive value for J,
MN12SX, B3LYP-D3, and PBE0 yielded negative values corrob-
orating the EPR results. This may be based on the fact that the
DEST is very small. Multi-reference theoretical methods are
known to precisely describe the energies of singlet and triplet
states. Indeed the multi-reference CASSCF(2,2)/NEVPT2/def2-
TZVP approach22 veried the singlet ground states and
provided a much more accurate adiabatic DEST of −0.037 kJ
mol−1.

Subsequently, we have synthesized the radical-trication 7Cy

by the 1 : 1 reaction of 5Cy with 6Cy in a 88% yield (Scheme 2).18

The comproportionation reaction between 6Cy and 5Cy gives rise
to an EPR signal centered around g ¼ 2.0029, indicating the
formation of radical-trication 7Cy (Fig. 2 – right). The single
crystal X-ray structural analysis (Fig. 3) identies two different
C–C bond lengths between the NHC and CAAC moieties C2–C3
1.459(4)/C5–C6 1.488(4) Å, which suggests that one NHC–CAAC
unit is oxidized twice and the other one is oxidized only once.
This is further supported by the C–N bond distances of the two
CAAC-scaffolds (C2–N1 1.361(4)/C5–N2 1.277(3) Å).
Chem. Sci., 2022, 13, 12533–12539 | 12535
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Fig. 2 CW EPR spectrum of 6Cy in a 1 : 1 toluene/acetonitrile mixture at 40 K (left), temperature dependence of the half-field transitions between
10 and 140 K (middle), and experimental (black) and simulated (red) EPR spectra of 7Cy in acetonitrile (right). Best-fit simulation parameters: giso¼
2.0029, a(14N) ¼ 14.2 MHz (1N), 11.8 MHz (2N), and a(1H) ¼ 3.2 MHz (6H).

Fig. 3 Molecular structure of 7Cy in the solid state with thermal
ellipsoids at the 50% probability level. All hydrogen atoms except on C1
and C4 and three triflate anions are omitted for clarity. Selected bond
lengths (Å) and bond angles (�): N1–C2 1.361(4), C2–C3 1.459(4), N2–
C5 1.277(3), C5–C6 1.488(4); N1–C2–C3 122.0(3), N2–C5–C6
125.2(2).

Scheme 3 Synthesis of 5Et/5Pr, 8Et/8Pr, and 9Et/9Pr (Insert: Schematic
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To address the inuence of the alkylene bridge, which is
tethered to the N-atoms of the CAAC scaffolds, we have also
synthesized and studied the ethylene and the propylene bridged
bis-NHC–CAAC dimers 4Et/4Pr. Both of these bis-NHC–CAAC
dimers 4Et/4Pr undergo four-electron oxidation with AgOTf
under the formation of 5Et/5Pr in good yields (5Et ¼ 76% and 5Pr

¼ 89%) (Scheme 3).18 However, in contrast to trans-1,4-cyclo-
hexylene bridged 4Cy, the ethylene/propylene bridged bis-NHC–
CAAC dimers 4Et/4Pr upon two-electron oxidation do not facili-
tate the isolation of bis-radical cations 6Et/6Pr. Instead these
transient species proceed to double H-abstraction23 under the
formation of ethenylene/propenylene-bridged dications 8Et/8Pr

(Scheme 3).18 The formation of 8Et/8Pr was also realized by the
1 : 1 reaction of 4Et/4Pr and 5Et/5Pr.Moreover, the formation of
8Et has been conrmed by the solid-state molecular structure
12536 | Chem. Sci., 2022, 13, 12533–12539
determination (Fig. 4). Compound 8Et can be classied as
disubstituted E-diamino alkene and exhibits electron-rich
nature. Its oxidation with AgOTf leads to the partial formation
of corresponding radical trication, which has been conrmed
by solid-state structure determination (Fig. S77‡) and EPR
spectroscopy (Fig. S87‡). Quantitative EPR measurement indi-
cates a radical concentration of ca. 54% in the crystalline crude
products considering TEMPO as standard.
Presentation of X).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Molecular structure of 8Et in the solid state with thermal ellip-
soids at the 50% probability level. All hydrogen atoms except on C1,
C1′, C2, and C2′ are omitted for clarity. Selected bond lengths (Å) and
bond angles (�): N1–C2 1.457(2), C2–C3 1.505(3), C1–C1′ 1.324 (4);
N1–C2–C3 111.82(15), N1–C1–C1′ 127.4(3).

Fig. 5 Cyclic voltammetry plots for 5Cy at a scan rate of 100 mV s−1

and 1000 mV s−1 in acetonitrile (0.1 M [nBu4N][PF6]).

Fig. 6 Molecular structure of 9Pr in the solid state with thermal
ellipsoids at the 50% probability level. All hydrogen atoms except on
C2, C1, and C5 are omitted for clarity. Selected bond lengths (Å) and
bond angles (�):N1–C3 1.4200(18), C3–C4 1.352(2), C1–C2 1.330(2);
N1–C3–C4 122.66(12), N1–C2–C1 129.63(14).
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These observations conrm the formation of bis-radical
cation intermediates 6Et/6Pr which have very limited stability
compared to 6Cy, emphasizing the critically important inuence
of the alkylene bridge. In case of the ethylene/propylene bridge,
most likely the facile C–C double bond formation aer the
double H-abstraction is responsible for the limited stability of
their dicationic diradicals. Such type of facile C–C double bond
formation at the trans-1,4-cyclohexylene bridge is impaired by
conformational restriction. As a result, the trans-1,4-cyclo-
hexylene bridge is instrumental in stabilizing the dicationic
diradical.

These newly synthesized bis-NHC–CAAC dimers 4Cy, 4Et, and
4Pr react with ([nBu4N][PF6]) (Fig. S6‡) and therefore we were not
able to obtain cyclic voltammetric results. Subsequently, we
carried out the cyclic voltammetric studies of the corresponding
tetracations 5Cy, 5Et, and 5Pr along with dicationic diradical 6Cy

and radical tri-cation 7Cy in acetonitrile (0.1 M [nBu4N][PF6]).
Compound 5Cy exhibits two cathodic reversible waves at Epk ¼
−1.07 V (with a shoulder at Epk ¼−0.95 V) and Epk¼−1.66 V (at
100 mV s−1 scan rate) likely associated with the formation of
dicationic diradical 6Cy and bis-NHC–CAAC dimer 7Cy (Fig. 5).
The rst cathodic wave is closely associated with two one-
electron reduction processes and the second cathodic wave is
for a two-electron reduction process, which was conrmed by
a differential pulse voltammetry (DPV) study (Fig. S93‡).
Considering the relative current height of the backward oxida-
tion process from the measurements at 100 mV s−1 and
1000mV s−1 scan rates, conrms the instability of the generated
bis-alkene towards the electrolyte [nBu4N][PF6]. The cyclic vol-
tammetric studies of 6Cy and 7Cy exhibit the redox processes as
expected and along the line of 5Cy (Fig. S94–S99‡). On the other
© 2022 The Author(s). Published by the Royal Society of Chemistry
hand, the scan rate dependent cyclic voltammetry along with
differential pulse voltammetry (DPV) studies of 5Et and 5Pr

indicate that follow up chemical reactions occurred aer the
two-electron reduction (Fig. S100–S107‡) which is in accordance
with the chemical reduction experiments. The rst reduction
event in both cases 5Et and 5Pr is reversible, though (Fig. S102‡).

Lastly it was shown that 8Et/8Pr can be converted to the
crystalline N,N′-ethenylene/propenylene-bridged bis-NHC–
CAAC dimers 9Et/9Pr by double deprotonation reactions
(Scheme 3).18 The formation of N,N′-ethenylene/propenylene-
bridged bis-NHC–CAAC dimers 9Et/9Pr have been unambigu-
ously conrmed by their solid state molecular structure deter-
mination (Fig. S76‡ and 6). The overall transformation of the
N,N′-ethylene/propylene-bridged bis-NHC–CAAC dimers 4Et/4Pr
Chem. Sci., 2022, 13, 12533–12539 | 12537
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into the N,N′-ethenylene/propenylene-bridged bis-NHC–CAAC
dimers 9Et/9Pr is notably reminiscent of the recently reported
electron-catalyzed dehydrogenation of a saturated
bipyridinium-ethane backbone to a conjugated bipyridinium-
ethene backbone X by Stoddart et al. (Scheme 3 – insert).23

Conclusions

In conclusion, we have synthesized a trans-1,4-cyclohexylene-
bridged bis-NHC–CAAC dimer derived radical-cation based
crystalline and thermally stable diradical. Its singlet state is only
marginally more stable than the triplet state (2J ¼ −5.5 cm−1

(DEST ¼ 0.065 kJ mol−1)). The related radical-trication and the
tetra-cation were also isolated and characterized. Importantly,
this study points to the choice of the alkylene bridge being
crucial for the stabilization and successful isolation of the
dicationic diradical. With ethylene/propylene bridged bis-NHC–
CAAC dimers, the corresponding dicationic diradicals are
transient and rearrange to the hydrogen abstracted products.
The latter can be converted to ethenylene and propenylene-
bridged bis-NHC–CAAC dimers; these transformations consti-
tute dehydrogenations of the alkylene bridges. Notably, with
this synthetic route an extensive substrate scope can be
realized both in the NHC and CAAC scaffolds as well as in the
bridging unit.

Data availability

Full experimental and computational details are provided as
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