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ABSTRACT: Stable organic radicals have been of great academic interest not only in the context of fundamental understand-
ing of reactive intermediates, but also because of numerous applications as functional materials. Apart from the early exam-
ples of triphenylmethyl and TEMPO derivatives, reports on air- and water-stable organic radicals are scarce, and their devel-
opment remains a challenge. Herein, we present the design and synthesis of a novel organic radical based on a 1,2-dicarbonyl
scaffold supported by N-heterocyclic carbenes (NHCs). The presented radical cations exhibit remarkable stability towards
various harsh conditions, such as the presence of reactive chemicals (reductants, oxidants, strong acids, and bases) or high
temperatures, by far exceeding the stability of triphenylmethyl and TEMPO radicals. In addition, physiological conditions
including aqueous buffer and blood serum are tolerated. The steric and electronic stabilization provided by the two NHC
moieties enabled the successful design of the highly stable radical.

Having an unpaired valence electron, organic radicals are
often thermodynamically and kinetically unstable, making
their isolation and structural characterization challenging.
Since the ‘radical’ discovery of the triphenylmethyl radical
- the first persistent organic radical - by Gomberg in 1900,!
-3 various strategies to stabilize organic radicals have been
developed, leading to the successful preparation of other
stable organic radicals including the most widely studied
aminoxyl radicals (also known as nitroxyl radicals) (Figure
1a).%7 Air- and water-stable organic radicals are promising
spin labels or contrast agents for bio-imaging applications.
These applications include the development of gadolinium-
free organic radical contrast agents for magnetic resonance
imaging (MRI).8-11 However, most currently known persis-
tentradicals are not suitable for this purpose, due to decom-
position in the presence of organic or biological reducing
agents such as ascorbate (TEMPO radicals) or reaction with
oxidants such as peroxides (triarylmethyl radicals).12-15
One possible solution to this problem is to enhance the sta-
bility of aminoxyl derivatives by steric protection with su-
pramolecular or polymeric chains.'¢-17 On the other hand,
the development of a new organic radical platform that is
inherently stable towards various harsh conditions is an at-
tractive alternative.

m-Conjugation enables the delocalization of spin density
and hence increases radical stability.'8 Glyoxal derivatives,
as one of the simplest m-conjugated molecules, have been
reported to generate corresponding 1,2-dicarbonyl radical
anions,'® which are well-known redox-active ligands. Con-
sequently, several metal complexes containing 1,2-dicar-
bonyl radical anions have been reported.2%2! However, free
1,2-dicarbonyl radical anions are unstable, and have only
been studied by spectroscopic and computational methods.
For example, one-electron reduction of phenylglyoxal de-
rivatives produced the corresponding 1,2-dicarbonyl radi-
cal anions which were detected by electron paramagnetic
resonance (EPR).1° Clearly, the increase in stability due to
the m-conjugation alone is not sufficient to render these rad-
icals persistent. Therefore, we postulated that further steric

and electronic stabilization would be necessary to obtain a
versatile organic radical based on the 1,2-dicarbonyl scaf-
fold.

Stable singlet carbenes?2-28 are well known to facilitate
the generation and utilization of unstable species,?°-3! such
as main group3? and organic radicals, including car-
bonyl,33-40 propargyl,#1-43 and aminyl*445 derivatives. In this
context, we designed 1,2-dicarbonyl radical cations sup-
ported by two N-heterocyclic carbenes (NHCs), which pro-
vide steric protection and delocalization of the spin density.

Herein, we report the synthesis and characterization of
highly stable 1,2-dicarbonyl radical cations carrying two
imidazolium substituents. The presented radical cations are
stable under various harsh conditions including high tem-
perature and the presence of a strong base. In addition, the
radical cations showed superior stability compared to the
widely used nitroxyl radicals toward common radical
quenchers such as peroxide, thiol, and ascorbate.

The 1,2-dicarbonyl radical cations 2a** and 2b** can be
easily synthesized from oxalyl chloride and the correspond-
ing NHCs (Figure 1b). Under a Nz atmosphere, the reaction
of NHC 1a (IMes; 1,3-bis-(2,4,6-trimethylphenyl)imidazol-
2-ylidene) or 1b (IDipp; 1,3-bis-(2,6-diisopropylphenyl)im-
idazol-2-ylidene) with substoichiometric amount of oxalyl
chloride in THF produced [2a°**][C]-] or [2b**][CI ], and a
subsequent anion exchange afforded [2a°*][BFs+] or
[2b**][BF47], respectively, as deep purple solids. The reac-
tion involves the formation of the dication intermediate
[2a%*][Cl-]2, followed by a spontaneous one-electron reduc-
tion. To scrutinize the source of the electron, dication
[2a%*][BF4-]2 was synthesized (see below) and reacted with
potential electron sources. Indeed, when [2a2+][BFs ]2 was
reacted with soluble organic chloride sources, slow color
change was observed and an EPR signal corresponds to 2a**
was observed (Figures S1 and S2). This suggests that the
chloride in the reaction mixture may act as a reductant in
the formation of 2a*+.
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Figure 1. (a) State-of-the-art examples of the most widely used organic radicals. (b) This work: synthesis of the 1,2-dicarbonyl rad-
ical cations from NHCs and oxalyl chloride. Isolated yields were shown.

Single crystals suitable for X-ray crystallography were
grown by slowly evaporating the mixed water/acetone so-
lutions, enabling the determination of the molecular struc-
tures of [2a**][BF4+7] and [2b**][BF4+"] (Figure 2a,b and Ta-
ble S1). The structural parameters for [2a**][BFs+] and
[2b**][BF47] are almost identical and well reproduced by
DFT calculations on the M06/Def2-SV(P) level of theory
(Table S2). The bond lengths of the central C202 unit indi-
cate abond order of 1.5 (01-C2 1.245(2) A; C2-C3 1.411(4)
A; €3-02 1.245(2) A for [2a**][BF4+7]). The planar structure
of the central C202 unit also suggests m-delocalization of the
radical electrons (torsion angle for 01-C2-C3-02:
172.8(3)° for [2a**][BF47]). In addition, the calculated Wi-
berg bond orders were consistent with the single crystal X-
ray structures (01-C2 1.89; C2-C3 1.22; C3-02 1.89 for
[2a**][BF47], Figure S7).

In a typical case of singlet carbene-derived radicals,*6-58 a
significant amount of spin density is delocalized over the
carbene carbon and nitrogen atoms.>? In contrast, DFT cal-
culations suggest that 2a** and 2b** are very rare examples
of NHC-derived radicals with minimal delocalization of the
spin density over the NHC fragments. Very interestingly,
98% of the spin density of 2a** is localized on the central
C202 unit (01 32%; C2 17%; C3 17%; 02 32%), with ca.
~1% of the spin density on the NHC nitrogen atoms. It is no-
table that Bertrand, Martin, and others studied a series of
carbene-derived a-carbonyl radicals (or (amino)(car-
boxy)radicals), the stability of which could be well rational-
ized by the capto-dative effect® of their amino and carbonyl
groups.33-40 These radicals exhibit planar N-C-C-0 motifs
(with torsion angles less than 15°) and a significant delocal-
ization (>50%) of spin densities over the carbene frag-
ments.?> Ghadwal and others reported carbene-derived
radicals containing a redox-active Cz2Ez moiety (E = P or As)
with extended m-conjugation,®1-67 having >20% of spin den-
sity on the carbene fragments. In stark contrast, our 1,2-
dicarbonyl radicals have large N-C-C-0 torsion angles
(N-C1-C2-01 for [2a**][BF47]: 53.0(3)° [2b°*][BF4s]:
66.9(5)°) which results from the absence of conjugation
of the m electrons between the dicarbonyl and the NHC
fragments.

Experimental EPR spectra of [2a**][BF4"] and [2b**][BF4~
] were nearly identical, and could be successfully simulated
considering the splitting from the four nitrogen atoms char-
acterized by small hyperfine coupling constants (a(*4N) =

3.0, 3.0, 2.6, 2.6 MHz for [2a**][BF47]), in agreement with the
small percentage of spin density on the nitrogen atoms (Fig-
ure 2c). The DFT calculated singly occupied molecular or-
bital (SOMO) of 2a*+ (Figure 2d) well reproduced the typi-
cal W3 orbital of a conjugated system with four p orbitals
(e.g, 1,3-butadiene). The UV-vis absorption spectrum of
[2a°*][C]-] in distilled water at room temperature showed a
peak at Amax = 472 nm which was well approximated by
time-dependent DFT calculations at the M06/Def2-SV(P)
level of theory (calculated Amax = 534 nm corresponding to a
SOMO(a) to LUMO(a) transition, Figure S15). Interestingly,
[2a°*][C]l-] shows weak solvatochromism as its absorption
was red-shifted in organic solvents (Amax = 510 nm in ace-
tonitrile; Amax = 521 nm in dichloromethane, Figure S17).
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Figure 2. Characterization of the 1,2-dicarbonyl radical cati-
ons. (a) Solid-state structures of [2a°*][BFs] and (b)
[2b*+][BF4-] from single crystal X-ray crystallography. The
thermal ellipsoids are shown at the 30% probability level. Ani-
ons, hydrogen atoms, solvent molecules and disorders were
omitted for clarity. (c) Experimental (bottom) and simulated
(top) EPR spectra of [2a**][BF4-] (g = 2.0060; hyperfine cou-
pling constants: a(14N) = 3.0, 3.0, 2.6, 2.6 MHz). (d) DFT calcu-
lated SOMO(a) of 2a*+ (M06/Def2-SV(P); mesityl substituents
were omitted for clarity.
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Figure 3. Stability of the 1,2-dicarbonyl radical cation. (a) UV-vis spectra of 0.16 mM [2a°*][Cl-] in potassium phosphate buffer (0.1
M, pH 7.4) 1 h (solid line) and 168 h (dotted line) after dissolution. Amax = 472 nm. (b) Decay of 0.16 mM [2a**][C]-] in 0.1 M aqueous
hydrogen peroxide (black, Amax = 472 nm), 0.1 M aqueous sodium hydroxide (red, Amax = 472 nm), horse blood serum (yellow, Amax =
488 nm, serum(70%) mixed with distilled water(30%)), 0.1 M aqueous formic acid (green, Amax = 472 nm), 0.5 M thiophenol in
dichloromethane (blue, Amax = 521 nm), and 0.1 M aqueous sulfuric acid (purple, Amax = 472 nm). (c) EPR spectrum of [2a**][Cl-] after
heating for 6 hours at 200 °C. (d) Thermal gravimetric analysis (dark blue) and differential thermal gravimetric (DTG) analysis

(green) of [2a°*][Cl-] under air.

To test the stability of the 1,2-dicarbonyl radical cations
under physiological conditions, the concentration of
[2a*+][C]l-] in potassium phosphate buffer (0.1 M, pH 7.4)
was monitored by UV-vis spectroscopy at Amax = 472 nm.
Surprisingly, [2a**][Cl-] showed high stability as less than
3% of the radical cation decomposed over 7 days, which
corresponds to the half-life of ~4000 hours (Figure 3a and
Figure S18a). In addition, even in the presence of excess so-
dium ascorbate (which is a common biological reducing
agent known to be detrimental to organic radicals) in the
buffer solution, [2a**][C]l-] showed high stability, showing a
half-life of ~3000 hours (Figure S18b). Furthermore,
[2a**][Cl] remained stable under harsher conditions that
most other organic radicals do not tolerate (Figure 3b and
Figure $19). For instance, a solution of [2a**][C]-] in horse
blood serum showed only ca. 2% decrease of the UV-vis ab-
sorption signal over 500 minutes. [2a**][C]-] also showed
remarkable resistance towards highly basic or oxidizing
conditions, as illustrated by the fact that in 0.1 M aqueous
hydrogen peroxide or 0.1 M aqueous sodium hydroxide so-
lutions, less than 2% of [2a°**][C]l-] decomposed over 500
minutes. In the presence of high excess (0.5 M) of thiophe-
nol in a dichloromethane solution, ~25% decomposition of
[2a°*][Cl-] was observed over 500 minutes, while in 0.1 M
aqueous formic acid solution ~15% of [2a**][C]-] decom-
posed during this time. Notably, [2a**][C]-] showed half-life
of ~2 hours even in a highly acidic 0.1 M aqueous sulfuric
acid solution.

Furthermore, thermal stability of [2a**][Cl-] was studied
by heating a solid sample up to 200 °C over 6 hours, and no
sign of decomposition, such as a color change or a phase
transition was observed. The EPR spectrum of [2a**][C]] af-
ter heating was identical to the spectrum of a freshly syn-
thesized sample (Figure 3c). Thermal gravimetric analysis
(TGA) of [2a**][CI] under air showed decomposition tem-
perature of ca. 300 °C (Figure 3d), which is among the high-
est decomposition temperatures reported for organic radi-
cals.12

The redox stability of the radical cations was further ex-
amined using cyclic voltammetry. The cyclic voltammo-
grams of [2a**][BFs+7] and [2b**][BF4-] showed reversible
oxidation processes at E1/2 = 0.51 and 0.49 V, respectively
(vs. saturated Ag/AgCl electrode, Figure S11). Chemical ox-
idation of [2a**][BF4"] was performed using AgBF4 as an ox-
idant, providing the dication [2a2*][BF4]2 (Figure 4a). Sin-
gle crystal X-ray structure of [2a2*][BFs ]2 (Figure 4b)
showed shortened 01-C2 (1.191(2) A) and C3-02
(1.201(2) A), and elongated C2-C3 (1.536(5) A) bonds,
compared to [2a**][BF47]. In addition, the 01-C2-C3-02
torsion angle was significantly reduced from 172.8(3)° in
[2a**][BF47] to 156.9(4)° in [2a%*][BF4 ]2, which also indi-
cates the decrease in the strength of the C2-C3 7 bonding
interaction.
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Figure 4. Redox behavior of the 1,2-dicarbonyl radical cations. (a) One electron oxidation of [2a*+][BF4-]. (b) One electron reduction
of [2a**][Cl-]. (c) Solid-state structure of [2a2*][BF4-]2 and (d) 2a® from single crystal X-ray crystallography. The thermal ellipsoids
are shown at the 30% probability level. Hydrogen atoms, solvent molecules, and disorders were omitted for clarity.

On the other hand, the radical cations were stable to-
wards reduction potential down to -1 V (vs. Ag/AgCl) as in-
dicated by cyclic voltammetry (Figure S13). The reduction
process of 2a** was found to be reversible (E12 = -1.05 V;
Figure S12), which corresponds to 2a** + e~ 2 2a° Chemi-
cal reduction of [2a**][Cl-] using KCs as a reducing agent
generated the corresponding neutral compound 2a® which
was highly air- and moisture-sensitive (Figure 4c). Single
crystal X-ray structure of 2a® (Figure 4d) showed longer
01-C2 (1.300(3) A) and €3-02 (1.311(3) A), and shorter
C2-C3 (1.349(4) A) bonds, compared to 2a**. The solid-
state structures of 2a2* and 2a® were well reproduced with
DFT calculations at M06/Def2-SV(P) level of theory (Table
$2). The LUMO of 2a?* and the HOMO of 2a® were nearly
identical to the SOMO of 2a**, having a m-bonding interac-
tion between C2-C3, and m-antibonding interactions be-
tween 01-CZ and C3-02 (Figure S6).

Having highly stable and water-soluble organic radical
cations in hand, we investigated a simple C-H deprotona-
tion-deuteration reaction to demonstrate the stability of the
radical cations during chemical reaction under harsh condi-
tions. For instance, when [2a**][Cl-] was dissolved in D20
with excess potassium carbonate or sodium hydroxide as a
base and heated to 90 °C for 2 hours, complete deuteration
of [2a**][Cl-] without decomposition was observed (See
Supporting information for details).

In summary, highly stable and water-soluble 1,2-dicar-
bonyl radical cations 2a** and 2b** were synthesized and
fully characterized. X-ray crystallography, EPR spectros-
copy, and DFT calculations suggest that the unpaired elec-
tron is located on the central C202 unit, making these com-
pounds rare and surprising examples of NHC-derived radi-
cals with minimal delocalization of spin density over the
NHC fragments. In addition, 2a** and 2b** showed remark-
able stability towards various chemical and physiological

conditions. For instance, the presented radical cations not
only showed high resistance toward various radical
quenchers including peroxide, thiol, and ascorbate, but also
remained stable in presence of excess sodium hydroxide
and under biological conditions (KP buffer and blood se-
rum). A half-life of ca. 2 hours was measured even in 0.1 M
sulfuric acid, and the thermal decomposition temperature
was determined to be above 300 °C. These values are among
the highest reported for organic radicals so far. Cyclic volt-
ammetry showed that 2a** and 2b** are stable in the poten-
tial window between -1 Vand +0.5 V (vs. saturated Ag/AgCl
electrode). Stability of the presented radical cations is re-
markable and counterintuitive as they do not enjoy m-delo-
calization over the NHC fragments, which is indeed common
for NHC-derived stable radicals. This work demonstrates
the successful design of stable radicals which was enabled
by the redox-active dicarbonyl fragment and the NHC sub-
stituents providing suitable steric and electronic protection.
We hope the new examples of highly stable organic radicals
presented in this work would serve as a good platform for
designing stable radicals and further promote the develop-
ment of various functional materials for chemical and bio-
logical applications.
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